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Abstract 

 

Adaptation of avian influenza viruses of the subtype H9N2 to cells 

of the avian and human respiratory epithelium  

Meike Erdt 

 

Influenza viruses initiate infection by binding of the hemagglutinin (HA) to sialic acid 

residues presented by cell surface components. Viruses isolated from different host 

species may differ in their preference for the type of sialic acid, e.g. N-

acetylneuraminic acid (Neu5Ac), or for a linkage type connecting the sialic acid 

molecule to the neighboring sugar. Influenza viruses from mammalian hosts prefer �-

2,6-linked sialic acids whereas most avian influenza viruses preferentially recognize 

Neu5Ac attached via an �-2,3-linkage to galactose. Avian viruses of the H9 subtype 

are an exception, because several strains of H9 influenza viruses have been shown 

to favor �-2,6-linked sialic acids. This finding was surprising because in some avian 

species �-2,6-linked sialic acids are expressed in very low amounts, at least in the 

respiratory epithelium, a primary target for influenza virus infection.  

We analyzed the adaptation of an egg-grown avian influenza virus of the subtype 

H9N2 (strain A/chicken/SaudiArabia/CP7/1998) to the respiratory epithelium of 

chicken and turkeys. Tracheal organ cultures (TOC) served as a culture system 

which preserves the setting of epithelial cells as present in the avian trachea.  

The parental virus was passaged four times in either chicken or turkey TOCs. The 

progress of infection was monitored by determining the viral titer induced by this virus 

at various time points post infection. In the course of the passages, the virus 

underwent an adaptation process as indicated by an increase in the viral titer. 

Infection of chicken TOCs by the chicken TOC-adapted virus resulted in a 3.5-fold 

increase in the viral titer compared to the egg-grown virus. By contrast, infection of 

turkey TOCs with the turkey TOC-adapted virus was characterized by a nearly 10-

fold increase in viral titer.  
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Furthermore, Calu-3 cells, a permanent human cell line with features of the 

bronchiolar epithelium when grown under air-liquid interface conditions (ALI), were 

infected with these avian viruses. The influence of several passages in these cells 

was monitored and analysis of cell culture supernatants showed that avian H9N2 

viruses in Calu-3 cells reached higher titers than in the TOC system. In another 

experiment the replication of the avian H9N2 viruses was compared to a human 

influenza virus (A/Puerto Rico/8/34 (PR8)) and other avian viruses. These 

experiments showed a clear difference between the viral titers of the different 

influenza viruses. The H9N2 viruses showed the highest viral titers, whereas the 

H7N7 virus reached the lowest titer. The human influenza virus reached a virus titer 

about 15-fold lower than the H9N2 viruses.  

In a second part of this thesis soluble hemagglutinins of different human H1N1 

viruses were generated. These soluble proteins were used for binding studies on 

different cell lines. Moreover, in future studies they may be used as synthetic lectins 

to characterize the cellular binding sites for influenza viruses and their distribution on 

the cell surface.  

At first soluble forms of the H1 hemagglutinins were generated and expressed in 

mammalian cells. Afterwards two of the soluble H1 proteins comprising of the HA 

ectodomain connected to the human Fc backbone were used to perform cell-based 

binding assays on five different cell lines. The proteins 1918_Fc and 2009_Fc were 

able to bind to all cell lines analyzed. The strongest binding was observed with A549 

cells.  
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Zusammenfassung 

 

Adaptation von aviären Influenzaviren des Subtyps H9N2 an Zellen 

des aviären und humanen respiratorischen Epithels  

Meike Erdt 

 

Influenza-Viren initiieren eine Infektion von Wirtszellen durch die Bindung des 

Hämagglutinins (HA) an Sialinsäurereste, die auf der Zelloberfläche präsentiert 

werden. Viren, die aus anderen Wirtsspezies isoliert wurden, können sich in ihrer 

Präferenz für eine Sialinsäure, z. B. N-Acetylneuraminsäure (Neu5Ac), oder durch 

die Art der Bindung des Sialinsäure-Moleküls an den benachbarten Zucker 

unterscheiden. Influenzaviren, die aus Säugetierwirten isoliert wurden, binden 

bevorzugt an �-2,6-verknüpfte Sialinsäuren, während die meisten aviären 

Influenzaviren bevorzugt Neu5Ac erkennen, die über eine �-2,3-Verknüpfung an 

Galactose gebunden ist. Aviäre Viren vom Subtyp H9 bilden eine Ausnahme, da für 

verschiedene H9-Stämme gezeigt werden konnte, dass sie bevorzugt an �-2,6-

verknüpften Sialinsäuren binden. Dieses Ergebnis überraschte, da in einigen 

Vogelarten �-2,6-verknüpfte Sialinsäuren im respiratorischen Epithel, welches ein 

primäres Ziel für eine Influenzavirusinfektion darstellt, nur in sehr geringen Mengen 

exprimiert werden. 

In diesem Projekt wurde die Adaptation eines im Ei hochgezogenen aviären 

Influenzavirus des Subtyps H9N2 (Stamm A/chicken/SaudiArabia/CP7/1998) an das 

respiratorische Epithel von Hühnern und Puten untersucht. Trachealringkulturen 

(TOC) wurden als ein Zellkultursystem verwendet, das die natürliche Anordnung der 

Epithelzellen der aviären Trachea aufrechterhält. 

Das ursprüngliche Virus wurde viermal in Hühner- bzw. Puten-TOC passagiert. Der 

Fortschritt der Infektion wurde durch Bestimmung des viralen Titers zu 

verschiedenen Zeitpunkten nach der Infektion bestimmt. Im Verlauf der Passagen 

war das Virus einem Anpassungsprozess ausgesetzt, der durch eine Erhöhung des 

viralen Titers gezeigt werden konnte. Eine Infektion von Hühner-TOCs mit dem an 
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die Hühner-TOC angepassten Virus führte zu einem 3,5-fachen Anstieg des viralen 

Titers im Vergleich zum ursprünglichen Virus. Im Gegensatz dazu zeigte eine 

Infektion von Puten-TOC mit dem an die Puten-TOC angepassten Virus einen fast 

10-fachen Anstieg des viralen Titers im Vergleich zum ursprünglichen Virus. 

Zusätzlich wurden Calu-3-Zellen (humanes bronchial Adenokarzinom), die Merkmale 

des Bronchialepithels, zeigen wenn sie unter Luft-Flüssigkeits-Bedingungen (ALI) 

wachsen, mit diesen aviären Viren infiziert. Der Einfluss mehrerer Passagen in 

diesen Zellen wurde untersucht und die Analyse der Zellkulturüberstände zeigte, 

dass aviäre H9N2-Viren in Calu-3-Zellen höhere Titer erreichen als im TOC-System. 

Ein Vergleich der aviären H9N2-Viren mit einem menschlichen Influenzavirus 

(A/Puerto Rico/8/34 (PR8)) und weiteren aviären Viren zeigte einen deutlichen 

Unterschied in den viralen Titern der verschiedenen Influenzaviren. Die H9N2-Viren 

zeigten die höchsten Virustiter, während das H7N7-Virus den niedrigsten Titer 

aufwies. Das humane Influenzavirus erreichte einen etwa 15-fach niedrigeren 

Virustiter im Vergleich zu den H9N2-Viren. 

In einem zweiten Teil dieses Projekts wurden lösliche Hämagglutinine von 

verschiedenen menschlichen H1N1-Viren erzeugt werden. Diese wurden im weiteren 

Verlauf für Bindungsstudien auf verschiedenen Zelllinien verwendet. Künftig könnten 

sie als synthetische Lektine verwendet werden, um die zellulären Bindungsstellen für 

Influenzaviren und deren Verteilung auf der Zelloberfläche zu charakterisieren. 

Zunächst wurden lösliche Formen der H1 Hämagglutinine erzeugt und in 

Säugetierzellen exprimiert. Die Proteine wurden am C-Terminus mit dem Fc-Tag vom 

humanen Immunoglobulin G versehen. Mit zwei der erzeugten Konstrukten wurden 

zellbasierte Bindungstests auf fünf verschiedenen Zelllinien durchgeführt. Es konnte 

eine Bindung von 1918_Fc und 2009_Fc an alle untersuchten Zelllinien gezeigt 

werden. Die stärkste Bindung wurde auf A549-Zellen beobachtet.  
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1 Introduction 

1.1 Influenza virus 

Influenza A virus infections still pose a major threat to public health, and epidemics 

occur annually during autumn and winter in moderate climates. The resulting health 

problems cause hospitalizations and deaths mainly among high-risk groups (very 

young, elderly or chronically ill people). Worldwide, these annual epidemics result in 

about three to five million cases of severe illness, and about 250.000 to 500.000 

deaths. Most influenza associated deaths in industrialized countries occur among 

people aged 65 or older. In some tropical countries, however, influenza viruses 

circulate throughout the year with one or two peaks of infection occurring during the 

rainy seasons (http://www.who.int/mediacentre/factsheets/fs211/en/). Vaccination still 

remains the most effective strategy to avoid influenza virus infection and the resulting 

complications associated with the infection. However, as these viruses continue to 

evolve, with their antigenic structure changing over time, a process called “antigenic 

drift”, vaccines must frequently be reformulated with new influenza virus strains. The 

“antigenic drift” also permits a single individual to be infected with influenza viruses 

multiple times throughout their life (Basler, 2007; Shaw, M. L. and Palese, P., 2007). 

Influenza was noted for the first time, when E. Perroncito reported on outbreaks of a 

severe and highly contagious new poultry disease in Northern Italy in the last 

decades of the 19th century. In 1901, two other Italian scientists, E. Centanni and E. 

Savonuzzi, discovered that the disease, which they called fowl plague was caused by 

a filterable agent (Centanni, E. and Savonuzzi, E., 1901). However, the identity of the 

etiologic agent remained unclear until 1955, when W. Schäfer in Germany identified 

the fowl plaque virus (FPV) as an influenza A virus (Schäfer, W., 1955). After this 

finding, other avian influenza viruses were identified. Usually they were isolated 

during mild disease outbreaks from a wide variety of wild and domestic birds, and 

they included all known serotypes (H1-H16, N1-9). These low pathogenic avian 

influenza (LPAI) viruses have thus to be distinguished from highly virulent FPV or 

FPV-like viruses which are now called highly pathogenic avian influenza (HPAI) 

viruses. There is an agreement that wild aquatic birds, which are the natural hosts of 
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these LPAI viruses, provide a large genetic pool from which the HPAI viruses as well 

as the human and the other mammalian influenza A viruses are derived (Klenk et al., 

2008). Recently, an influenza virus has been reported the genomic RNA of which has 

been found in bats. This virus may be classified into a new subtype, H17 (Tong et al., 

2012). 

Avian influenza viruses are responsible for vast economic damages in the poultry 

industry. Outbreaks of HPAI in poultry flocks are confined only by slaughtering the 

entire flock. Chicken and turkey are the most frequently involved avian species in 

outbreaks of HPAI among domestic avian species. However, the host factors 

determining the differences in susceptibility to avian influenza viruses in the different 

avian species are until now not fully understood (Horimoto, T. and Kawaoka, Y., 

2005). 

In humans, influenza outbreaks have apparently occurred since the Middle Ages, if 

not since ancient times (Hirsch, A., 1886). There are reports of presumptive influenza 

virus infections in the early Greek writings of 412 BC, which have to be regarded with 

caution (Potter, C. W., 1998). The first report of an epidemic, where the symptoms 

matched those of influenza, occurred in 1173-4 (Hirsch, A., 1886), but it was not 

considered to have been a pandemic. Furthermore, there are several reports from 

the 14th and 15th century; the first convincing report was by (Molineux, T., 1694). But 

the first influenza pandemic to which all authors agreed occurred in 1580. The origin 

of this pandemic was in Asia during the summer of that year, and it spread to Africa, 

and then to Europe along two corridors from Asia and North-West Africa (Pyle, G. F., 

1986). Within a 6-month period, the whole of Europe was affected from south to north, 

and infection afterwards spread to America (Pyle, G. F., 1986; Beveridge, W. I., 

1991). The illness rates were high; 8000 deaths were reported from Rome, and some 

Spanish cities were decimated (Beveridge, W. I., 1991).  

Several references of influenza epidemics were found for the 17th century in America 

and Europe, but the quality and quantity of data only started to increase from the 

beginning of the 18th century on and medical historians were asked to comment on 

the number of infected persons, whether they were considering an epidemic or a 
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pandemic, the countries involved and the possible origins of the virus strains involved 

(Potter, C. W., 2001). Extensive reports of influenza in the 18th and 19th century can 

be found in four reports (Hirsch, A., 1886; Thompson, E. S., 1890; Creighton, C., 

1894; Finkler, D., 1899). Since the pandemic of 1889-92, data have been more 

reliable and more thoroughly reviewed, and since 1957, when the causal viruses 

were available for analysis, the status of pandemics is not questioned (Potter, C. W., 

2001). 

In the 20th century, three major influenza A pandemics occurred, in 1918 (Spanish 

influenza, H1N1), 1957 (Asian influenza, H2N2) and 1968 (Hong Kong influenza, 

H3N2); a less severe pandemic occurred in 1977 (Russian influenza, H1N1) 

(Kilbourne, E., 2006; Taubenberger et al., 2007). These pandemics were initiated by 

the introduction and successful adaptation of a novel hemagglutinin subtype to 

humans from an animal source, resulting in “antigenic shift” (Gething et al., 1980; 

Fang et al., 1981).  

The Spanish influenza of 1918-1919 for example was caused by a virus of the 

subtype H1N1 and was responsible for the death of about 40 million people (Johnson, 

N. and Müller, J., 2002). The segmented nature of the influenza virus genome, but 

also the existence of 16 HA types circulating in a variety of animal reservoirs, 

particularly in avian species, facilitates the “antigenic shift” (Basler, C. F., 2007). 

Such reassortment events appear to be the source of the pandemics of 1957 and 

1968 (Rohde, W. and Scholtissek, C., 1980). But the origin of the 1918 pandemic 

influenza virus is still uncertain, it may have evolved from an avian virus and not have 

been the product of a human-animal reassortment (Russell, C. J. and Webster, R. G., 

2005; Taubenberger et al., 2005). 

The previously circulating human strain of 1957 possessed HA and NA surface 

antigens of the H1 and N1 types and reassorted with an avian virus bearing H2N2 

surface antigens (Rohde, W. and Scholtissek, C., 1980). The resulting pandemic 

strain possessed the H2 and the N2 surface proteins and the PB1 viral polymerase 

subunit from the avian strain and the remaining genes from the previously circulating 

human strain (Rohde, W. and Scholtissek, C., 1980; Kawaoka et al., 1989). As the 
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resulting virus differed in the antigenic structure of its surface glycoproteins from the 

previously circulating human strains, it was able to spread in the human population 

(Basler, C. F., 2007).   

In 1968, a similar reassortment event occurred, but in this case the previously 

circulating H2N2 virus acquired two avian genes, an H3 type HA and a PB1 from an 

avian source (Rohde, W. and Scholtissek, C., 1980; Kawaoka et al., 1989). 

It is also possible that animal influenza viruses, e.g. avian influenza viruses, may 

directly acquire the ability to infect humans and transmit infection to other humans 

(Basler, C. F., 2007).  

The influenza virus of the 1977 pandemic, which was of the H1N1 subtype, 

represents a third potential source of a pandemic strain. The 1977 virus was nearly 

identical in sequence to viruses circulating in humans in the early 1950s (Nakajima et 

al., 1978). It therefore seems to have come from a “frozen” state, and might 

represent the escape of a laboratory strain. Although this virus became established in 

the human population, it caused illness mainly in young people, because those who 

had lived during the previous H1N1 period possessed antibodies to the reemerged 

virus (Basler, C. F., 2007). 

Since 2004, highly pathogenic influenza viruses of the subtype H5N1 circulate in 

avian species. They have also infected numerous people, resulting in more than 341 

human deaths worldwide (WHO; January 18, 2012). This has raised fears of a 

pandemic caused by an H5 virus. Since the vast majority of the human population 

has not been exposed to H5 viruses before, and consequently lacks neutralizing 

antibodies to such a virus, an H5 pandemic could be severe. Still, although H5N1 

viruses are able to replicate in humans, they have thus far not transmitted efficiently 

from human to human, perhaps due to their receptor usage or the properties of their 

polymerase, and hence, no pandemic has yet occurred (Basler, C. F., 2007).   
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1.1.1 Taxonomy 

Influenza A viruses belong to the genus Influenzavirus A within the Orthomyxoviridae 

family (from the Greek orthos, meaning “standard, correct”, and myxa, meaning 

“mucus”). They are enveloped viruses and possess a segmented, single-stranded 

RNA genome in negative-sense orientation (Cheung, T. and Poon, L., 2007). The 

family Orthomyxoviridae comprises three influenza virus genera, Influenzavirus A, 

Influenzavirus B and Influenzavirus C, and the two other genera Thogotovirus and 

Isavirus (Horimoto, T. and Kawaoka, Y., 2005). Influenza viruses of the genera A, B 

or C can be distinguished based on the antigenic differences between their 

nucleoproteins (NP) and matrix proteins (M) (Lamb, R. A. and Krug, R. M., 2001). All 

of these viruses can naturally infect humans; influenza B viruses are restricted to 

humans and seals (Osterhaus et al., 2000). Influenza C viruses are limited to 

infection of humans and pigs (Guo et al., 1983). Influenza A viruses alone have been 

responsible for all influenza pandemics (Potter, C. W., 1998) so far. Type A influenza 

viruses have been isolated from different animals, including humans, pigs, horses, 

sea mammals and birds (Horimoto, T. and Kawaoka, Y., 2005). Phylogenetic 

analysis of different influenza A virus isolates has revealed that the viral genes 

establish species-specific lineages, and that aquatic birds may be the source of all 

influenza A viruses in other animal species (Webster et al., 1992). 

Influenza A as well as influenza B viruses possesses eight RNA segments, whereas 

influenza C viruses contain only seven RNA segments (Desselberger et al., 1980). 

For type A influenza viruses, further subtyping is based on the antigenicity of the 

hemagglutinin (HA) and neuraminidase (NA) surface glycoproteins (Lamb, R. A. and 

Krug, R. M., 2001). Currently, there are 16 known subtypes of HA (Fouchier et al., 

2005) and 9 known subtypes of NA (Laver et al., 1984). Each of the hemagglutinin 

and neuraminidase subtypes has been isolated from aquatic birds, suggesting that 

waterfowl are the natural hosts of influenza viruses (Ito, T. and Kawaoka, Y., 1998).  

But influenza viruses usually do not cause disease in wild aquatic birds, indicating 

that the viruses have achieved an optimal level of adaptation in the natural reservoir 

(Horimoto, T. and Kawaoka, Y., 2005). Only H1N1, H2N2, H3N2, H5N1, H7N7, and 

H9N2 subtypes have been isolated from humans (Lamb, R. A. and Krug, R. M., 2001; 
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Claas et al., 1998; Fouchier et al., 2004; Guan et al., 1999; Guan, et al., 2003; 

Subbarao et al., 1998; Yuen et al., 1998) and established stable lineages in the 

human population (Nicholson et al., 2003), indicating that there is possibly a host 

restriction for influenza viruses.  

Recently, a new influenza A virus was isolated from little yellow-shouldered bats 

captured at two locations in Guatemala. This influenza virus is significantly divergent 

from known influenza A viruses. It was estimated that the HA of the bat virus 

diverged at roughly the same time as the known subtypes of HA and was therefore 

designated as H17. The neuraminidase (NA) gene of this new bat influenza virus is 

highly divergent from all known influenza NAs, and the internal genes from the bat 

virus diverged from those of known influenza A viruses before the estimated 

divergence of the known influenza A internal gene lineages. Despite its divergence 

from known influenza A viruses, the bat virus is compatible for genetic exchange with 

human influenza viruses in human cells, suggesting the potential capability for 

reassortment and contributions to new pandemic or panzootic influenza A viruses 

(Tong et al., 2012).     

The strain description of influenza viruses includes the designation of the viral genus 

(e.g. A), which is followed by the name of the host the virus was isolated from (except 

for the human isolates) and the country or region where the isolate was taken. The 

strain description proceeds with the strain number, and the year of isolation. The 

description of the viral subtype is given last, in parentheses [e.g. A/chicken/Saudi 

Arabia/CP7/98 (H9N2)] (Horimoto, T. and Kawaoka, Y., 2001). 

 

1.1.2 Pathology 

Influenza viruses are significant human respiratory pathogens that can cause both 

seasonal, endemic infections and periodic, unpredictable pandemics (Taubenberger, 

J. K. and Morens, D. M., 2008). But also many domestic and wild avian species are 

susceptible to influenza virus infection, although viruses that are highly pathogenic in 

one avian species might not be pathogenic in another (Alexander et al., 1986). 
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Furthermore, many different animals, including pigs, whales, horses, minks, and 

seals can also be infected by influenza viruses (Ito, T. and Kawaoka, Y., 2000; CDC 

2006).   

It has been shown that influenza A viruses can infect a great variety of birds, 

including free-living birds, captive caged birds, domestic ducks, chickens, turkeys 

and other domestic poultry. Influenza A viruses have been isolated from species of 

free-living birds covering all major avian families. However, the occurrence and the 

variation of subtypes observed in ducks and geese have exceeded those of other 

species. However, in wild aquatic birds the course of disease is asymptomatic, 

although virus can be found in many organs as well as in the blood of infected birds, 

indicating that they have achieved a high level of adaptation in their natural reservoir 

(Horimoto, T. and Kawaoka, Y., 2005). Due to this it is supposed that influenza A 

viruses in their natural reservoir are in a state of evolutionary stasis (Pillai et al., 

2010).  

Another essential factor for infectivity and dissemination of influenza A viruses and 

therefore for the viral pathogenicity is the proteolytic activation of the HA surface 

glycoprotein (Klenk et al., 1975; Webster, R. G. and Rott, R., 1987). The acquisition 

of enhanced HA cleavability is an essential event in the alteration of avirulent avian 

influenza viruses to virulent strains (Horimoto, T. and Kawaoka, Y., 2005). The HAs 

of LPAI viruses possess a single arginine at the cleavage site and are usually 

cleaved in only a limited number of organs, resulting in mild or asymptomatic 

infection. Proteases capable of cleaving the HAs of LPAI and HPAI viruses are often 

called ‘trypsin-like’ enzymes, and in vitro include blood-clotting factor Xa, tryptases, 

mini-plasmin and bacterial proteases (Gotoh et al., 1990; Kido et al., 1992; Murakami 

et al., 2001), in vivo some potential enzyme candidates within the respiratory tract 

have been identified (e.g. TMPRSS and HAT). On the contrary, the HAs of HPAI 

viruses possess a series of basic amino acids at the cleavage site, which are cleaved 

by ubiquitous proteases, such as furin and PC6 (proprotein convertase 6), which are 

present in a broad range of different host cells, supporting lethal systemic infection in 

poultry (Stieneke-Gröber et al., 1992; Horimoto et al., 1994). A carbohydrate side 

chain near the cleavage site can affect HA cleavability by interfering with the 
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accessibility of the cleavage site to the action of the host protease (Kawaoka et al., 

1984; Kawaoka et al., 1988). 

Avian influenza A viruses can be classified as highly pathogenic (HPAI) or low 

pathogenic (LPAI) depending on their pathogenicity in chickens and turkeys. HPAI 

viruses are capable of causing systemic lethal infections, killing birds as soon as 24 

hours post infection, and usually within one week, whereas LPAI only cause mild or 

asymptomatic disease in the field with lower associated morbidity and mortality rates 

than HPAI viruses (Webster et al., 1992). Most avian influenza viruses isolated in the 

field are low pathogenic; HPAI viruses have never been isolated from apparently 

healthy waterfowl, with the exception of pathogenic isolates collected from ducks or 

geese near a chicken influenza outbreak (Kawaoka et al., 1987; Röhm et al., 1996) 

or in 2010, when an H5N1 highly pathogenic avian influenza virus (HPAIV) was 

isolated from feces of apparently healthy ducks (Kajihara et al., 2011).  

 

LPAI 

LPAI viruses replicate mainly locally in intestinal and/or respiratory organs of infected 

birds, and are shed with the feces, resulting in mild or asymptomatic infection. 

Therefore, transmission of these viruses through the fecal-contaminated-water–oral 

route is an important mechanism of LPAI-virus distribution among aquatic birds. The 

severity of the disease induced by LPAI viruses is significantly influenced by the virus 

strain, the species and the age of host. Additional factors affecting the severity are 

the immune status of the host against the virus and in particular the presence of 

other infectious agents, immunodeficiency conditions and environmental factors. The 

course of the disease may be unapparent or mild with only transient respiratory signs 

and little or no drop in egg production (Alexander, D. J. and Spackman, D., 1981), 

but in rare cases it may also be associated with severe symptoms and a mortality 

rate of 40-97% (Capua et al., 2000). The general symptoms of LPAI include coughing, 

swelling of the infraorbital sinuses and a febrile condition associated with loss of 

appetite. Furthermore, the egg production rate may drop by 30% to 80% during the 

acute phase (Capua et al. 2000). 
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HPAI 

HPAI viruses, which replicate systemically in poultry, are also shed in high 

concentrations with the feces. However, these viruses are more easily transmitted 

among birds in densely populated flocks by the nasal and oral routes through contact 

with virus-contaminated materials. Chickens infected with HPAI viruses show 

common symptoms including swelling of the microvascular endothelium, multifocal 

hemorrhages and thrombosis (Alexander et al., 1986; Mo et al., 1998). HPAI viruses 

can replicate efficiently in vascular endothelial and perivascular parenchymatous 

cells, which aids viral dissemination and systemic infection. Additionally, involvement 

of the cardiovascular system is indicated, as HPAI antigens have been found in 

necrotic cardiac myocytes (Kobayashi et al., 1996).  

The sudden onset of high mortality, which may reach 100% within a few days, is in 

many cases the first sign of HPAI in poultry. Clinical signs that may be related to the 

high mortality are cessation of egg laying, respiratory symptoms, rales, excessive 

lacrimation, sinusitis, edema of the head and face, subcutaneous hemorrhage with 

cyanosis of the skin, particularly of the head and wattles, and diarrhea, occasionally 

neurological signs may be present. Usually, these signs are most prominent in birds 

that die after a prolonged course of disease (European Commission, 2000). 

Without exception, all HPAI viruses belong to the H5 or H7 subtypes, for reasons that 

are still unclear. There seems to be no association of a specific NA subtype with 

HPAI viruses (Horimoto, T. and Kawaoka, Y., 2005). 

 

1.1.3 Structure and genome 

Influenza viruses are enveloped viruses with shapes ranging from small spherical to 

long filamentous and a diameter of 80 to 120 nm (Cheung, T. and Poon, L., 2007). 

The morphology of influenza virus particles is a genetic characteristic; it is known that 

several viral proteins (HA, NA, M1, and M2) have an effect on the virus morphology 

(Burleigh et al., 2005; Elleman, C. J. and Barclay, W. S., 2004; Enami, M. and Enami, 

K., 1996; Jin et al., 1997; Mitnaul et al., 1996; Roberts et al., 1998). It could further be 
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shown by Roberts and Compans (Roberts et al., 1998) that virus morphology is also 

affected by the nature of the host cells.  

The lipid envelope of influenza A virus particles is derived from the host’s cell 

membrane during the viral budding process. In this lipid envelope three viral proteins 

are embedded, the hemagglutinin (HA), the neuraminidase (NA), and the ion channel 

M2 (Lamb, R. A. and Krug, R. M., 2001; Webster et al., 1992). The inner shell of the 

viral particle consists of a matrix protein (M1) layer (Ruigrok et al., 1989) and, at the 

center, all eight segments are bound to the nucleoprotein (NP) and to the influenza 

virus RNA polymerases to form ribonucleoprotein (RNP) complexes (Lamb, R. A. and 

Choppin, P. W., 1983) (fig. 1). The RNA polymerase subunits PB2, PB1 and PA form 

the RNA polymerase complex and interact with one end of the RNP (Murti et al., 

1988). 

 

 

Figure 1. Schematic drawing of an influenza A virion. 
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As already mentioned above, the influenza virus genome consists of eight segments 

and has a size of about 13 kb (Palese, P., 1977). To be infectious, each of the eight 

unique RNA segments has to be incorporated into a virus particle. The integration of 

the RNA segments into the virion is at least to some extent random. This random 

incorporation allows the generation of progeny viruses with novel combinations of 

genes (i.e., genetic reassortment) when cells are infected by two different parental 

viruses at the same time (Webster et al., 1992). Apart from M1, NP is the most 

abundant protein in the virion and it is thought to associate with the phosphate-sugar 

backbone of the vRNA in a sequence-dependent manner (Baudin et al., 1994). It has 

been shown that each NP monomer interacts with approximately 20 nucleotides of 

the vRNA (Lamb, R. A. and Krug, R. M., 2001). The nonstructural protein 2 (NS2), 

also called nuclear export protein (NEP), is also present in the influenza A virion in a 

low amount (Richardson, J. C. and Akkina, R. K., 1991; Yasuda et al., 1993; Cheung, 

T. and Poon, L., 2007). It appears to function as a nuclear export protein for vRNA in 

infected cells (O'Neill et al., 1998).  

The eight viral RNA segments of influenza viruses encode 10 gene products. These 

are PB1, PB2, and PA polymerases, HA, NA, NP, M1 and M2 proteins, and NS1 and 

NEP (Webster et al., 1992). Viral mRNAs from segments 1 and 3 to 6 are 

monocistronic, whereas the viral mRNAs from segment 2 of some viral isolates 

contain an alternative open reading frame. In contrast, viral mRNAs derived from 

segments 7 or 8 can undergo alternative splicing for protein expressions (Lamb, R. A. 

and Krug, R. M., 2001).   

 

Segment 1 – Basic Polymerase Protein 2 (PB2) 

One of the influenza A virus polymerase subunits, PB2, is encoded by segment 1 

(Cheung, T. and Poon, L., 2007) and is the slowest-migrating RNA species by gel 

electrophoresis (Webster et al., 1992). So far it is widely accepted that PB2, PB1, PA, 

and NP form the minimum set of proteins required for viral transcription and 

replication (Honda et al., 2002; Huang et al., 1990; Perales, B. and Ortín, J., 1997). 

PB2 contains a nuclear localization signal (Mukaigawa, J. and Nayak, D. P., 1991; 
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Perales et al., 1996), and is transported into the nucleus of infected cells for viral 

transcription and replication (Jones et al., 1986). PB2 plays an important role during 

the initiation of viral mRNA transcription as it recognizes and binds 5’ cap structures 

of host cell mRNAs for use as viral mRNA transcription primers (Webster et al., 1992; 

Blaas et al., 1982; Braam et al., 1983; Ulmanen et al., 1981; Ulmanen et al., 1983; 

Bouloy et al., 1980; Krug et al., 1979; Plotch et al., 1979). Another function of PB2 is 

the endonucleolytic cleavage of these cap structures from host mRNAs. Newly 

synthesized PB2 proteins migrate to the nucleus of infected cells (Webster et al., 

1992). Furthermore, PB2 is suggested to also be a major determinant in controlling 

the pathogenicity of influenza A viruses (Hatta et al., 2001).  

 

Segment 2 – Basic Polymerase Protein 1 (PB1) 

On segment 2, the PB1 RNA polymerase subunit is encoded. This protein is 

responsible for elongation of the primed nascent viral mRNA and also as elongation 

protein for template RNA and vRNA synthesis. It localizes in the nucleus of infected 

cells (Webster et al., 1992). Furthermore, PB1 carries the site for RNA polymerization. 

Moreover, PB1 plays a key role in both the assembly of the three polymerase protein 

subunits and the catalytic function of RNA polymerization (Cheung, T. and Poon, L., 

2007). Furthermore, it was recently proposed by (Honda et al., 2002) that the 

catalytic specificity of the PB1 subunit is modulated to the transcriptase by binding 

PB2 or the replicase by interaction with PA. 

 

Segment 2 – PB1-F2 protein  

Besides the PB1 polymerase gene, segment 2 of selected influenza A viruses also 

possesses a novel alternate reading frame. As mentioned before, this alternate 

reading frame can be found only in some influenza A viruses, e.g. in the pandemic 

strains of 1968, 1957, and the 1918 strain. It has been shown to impact host defense 

mechanisms and in turn enhance pathogenicity in vivo (Zamarin et al., 2006). This 

protein, named PB1-F2, has an apoptotic effect on macrophages, and consequently 
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reduces their ability to contribute to an immune response (Zamarin et al., 2005). As 

the major cause of influenza A virus associated death is due to a secondary bacterial 

pneumonia, it has been suggested that the PB1-F2 protein contributes to viral 

pathogenicity because of an inhibition of viral clearance, hence increasing 

cytotoxicity (Zamarin et al., 2006) or by directly targeting professional antigen 

presenting cells for destruction (Sethi, S., 2002). By the specific targeting of 

macrophages for elimination by PB1-F2, the induction of the acquired immune 

response is delayed and weakened. This leads to a reduced clearance of influenza A 

viruses, and because of this prolonged presence in the host there is an increase in 

damage to the host tissue and also production of more infectious virions, allowing an 

increased transmission. More importantly, any delay or deficiency in the immune 

response by PB1-F2 mediated destruction of professional antigen presenting cells 

could facilitate an opportunistic bacterial infection (Coleman, J. R., 2007). The PB1-

F2 protein is only short lived in the replication cycle; with its maximum expression 

occurring approximately 5 hours post infection (Chen et al., 2001). It localizes to the 

inner and outer membranes of mitochondria via a basic amphipathic helix in its C-

terminus (Gibbs et al., 2003). When PB1-F2 is localized to the mitochondria, PB1-F2 

can induce a dramatic degradation of mitochondrial morphology, resulting in the 

reduction of the membrane potential and the induction of apoptosis (Yamada et al., 

2004). PB1-F2 possibly functions by creating nonspecific pores in lipid bilayer 

membranes (Chanturiya et al., 2004). Experiments in tissue culture have confirmed 

that apoptotic induction occurs in monocytes much more readily than in epithelial 

cells. This apoptotic induction can occur either when the protein is expressed 

intracellularly or simply presented extracellularly to the macrophages (Lamb, R. A. 

and Krug, R. M., 2001). Furthermore, it could be shown that the PB1-F2 protein is not 

required for replication due to the viability in tissue culture of knockout viruses lacking 

the PB1-F2 frame (Zamarin et al., 2006).  
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Segment 3 – Acidic Polymerase Protein (PA) 

Segment 3 of influenza A viruses encodes for the PA protein which is the smallest 

subunit of the influenza RNA polymerase complex. Like the other influenza viral 

polymerase subunits, it contains nuclear localization signals (Nieto et al., 1994), 

which are required for transport into the nucleus (Jones et al., 1986). PA is known to 

be essential for viral transcription and replication (Huang et al., 1990; Perales, B. and 

Ortín, J., 1997) and mutations near the carboxyl terminus inhibit transcription 

(Zürcher et al., 1996). It was also demonstrated that a single amino acid mutation in 

the PA subunit of the influenza virus RNA polymerase inhibits endonucleolytic 

cleavage of capped RNAs and promotes the generation of defective interfering RNAs 

(Fodor et al., 2002; Fodor et al., 2003). Moreover, it has been shown that the PA 

subunit is required for efficient nuclear accumulation of the PB1 subunit of the 

influenza A virus RNA polymerase complex (Fodor, E. and Smith, M., 2004). In 

addition, amino acid sequence comparison with other known proteins suggests 

helicase and ATP-binding activities of the PA (La Luna et al., 1989). However, the 

exact functions of PA are still poorly understood. Interestingly, PA is found to induce 

proteolysis in infected cells (Sanz-Ezquerro et al., 1995), but this property is not 

related to any known viral function and the significance of these findings is yet to be 

determined (Cheung, T. and Poon, L., 2007). The amino-terminal one-third of the PA 

protein was identified to be responsible for the protease activity (Sanz-Ezquerro et al., 

1995). Cellular expression of PA in the absence of the other polymerase subunits 

induces a general proteolysis of both viral and cellular co-expressed proteins (Sanz-

Ezquerro et al., 1995). This might be the reason why the establishment of a PA-

expressing cell line was not successful (Stranden et al., 1993). In addition, the 

proteolytic activity of PA seems to require the nuclear localization signals of the PA 

(Sanz-Ezquerro et al., 1996), suggesting that nuclear transport is required for 

proteolytic activity. This might also be an explanation for the observation that the 

localization of PA in the nucleus is closely correlated with chromatin condensation 

and abnormal nuclear morphology (Nieto et al., 1992). It was shown that PA is a 

phosphorylated protein, and that thus the biological functions of PA might be 

regulated by a phosphorylation process (Sanz-Ezquerro et al., 1998). 
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Segment 4 – Hemagglutinin (HA) 

Segment 4 of influenza A viruses encodes the hemagglutinin (HA), which is 

responsible for the binding of viral particles to sialic acid-containing receptors on the 

cell surface, but it also mediates the fusion of the viral and cellular membranes 

(Lamb, R. A. and Krug, R. M., 2001; Steinhauer, D. A. and Wharton, S. A., 1998). In 

addition, it is the major target for the host immune response, and hence, for the 

neutralizing antibodies (Staudt, L. M. and Gerhard, W., 1983). The influenza virus HA 

also has the ability to agglutinate erythrocytes of different species, and this 

hemagglutination activity gave the protein its name (Webster et al., 1992; Horimoto, 

T. and Kawaoka, Y., 2001).  

The HA is a type I transmembrane protein that binds to sialic acid residues on target 

cell glycoproteins or glycolipids (Skehel, J. J. and Wiley, D. C., 2000). It forms a 

homotrimer that extends away from the viral membrane (Basler, C.F., 2007). The 

receptor-binding domain (RBD) of the HA is located at the distal end, where the 130-

loop (aa133-138), 220-loop (aa220-229), 190-helix, and other conserved residues 

(Y98, W153, H183, Y195) form the receptor binding site (Skehel, J. J. and Wiley, D. 

C., 2000; Stevens et al., 2006). Furthermore, the amino acid sequence in the pocket 

region controls the receptor-binding specificity (Connor et al., 1994; Vines et al., 

1998). As mentioned before, the amino acids that make up the RBD are highly 

conserved, even among the HAs of different subtypes of avian influenza virus; 

however, those of the human viruses display distinct variability (Matrosovich et al., 

1997). In particular, in the avian RBD the residues at position 138, 190, 194, 225, 

226 and 228 are highly conserved, whereas in humans, the HA shows substitutions 

at these positions (Vines et al., 1998). HAs with leucine at position 226 (L-226) and 

serine at position 228 (S-228) (human viruses) preferentially recognize �-2,6-linked 

sialic acids, whereas those with glutamine Q-226 and glycine G-228 (avian and 

equine viruses) recognize �-2,3-linked sialic acids (Connor et al., 1994).  

The influenza hemagglutinin also is a host-range determinant, because human and 

avian influenza virus HAs preferentially recognize 2,6- and 2,3-linked sialyl receptors, 

respectively (Rogers et al., 1983; Rogers, G. N. and Paulson, J. C., 1983). In addition 
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to the terminal sialic-acid linkages, internal linkages, as well as fucosylation, sulfation, 

and sialylation at the inner oligosaccharides, also determine receptor-binding affinity 

and specificity (Stevens et al., 2006a; Stevens et al., 2006b).  

The HA is synthesized as a precursor polypeptide, HA0 (Lamb, R. A. and Krug, R. M., 

2001; Steinhauer, D. A. and Wharton, S. A., 1998). This precursor polypeptide is 

post-translationally cleaved into two disulphide-linked subunits, HA1 (~324aa) and 

HA2 (~222aa). For viral infectivity the cleavage of the HA0 is a basic requirement. The 

cleavage process liberates the “fusion peptide” at the amino terminus of HA2 for 

membrane fusion. Furthermore, the cleavage allows the native HA molecule to 

undergo a conformational change, a process that is triggered by an acidic 

environment and is essential for membrane fusion (Skehel et al., 1982). It is believed 

that the HA0 is cleaved by trypsin-like proteases extracellularly. Lately, TMPRSS2 

(transmembrane protease serine 2) and HAT (human airway trypsin-like protease) 

were shown to cleave monobasic HAs of human origin (H1, H2 and H3) in situ 

(Böttcher et al., 2006; Böttcher-Friebertshäuser et al., 2010; Chaipan et al., 2009; 

Bertram et al., 2010). These proteases are localized in the human airway tissue and 

are therefore candidates for HA cleavage in vivo. 

However, the presence of multiple basic amino acids within the cleavage site forming 

an R-X-R/K-R motif (Garten et al., 1991; Vey et al., 1992) allows the protein to be 

cleaved by intracellular proteases, for example, furin (Horimoto et al., 1994), MSPL 

(mosaic serine protease large-form) and TMPRSS13 (transmembrane protease 

serine 13) (Okumura et al., 2010), which are ubiquitously expressed in most tissues. 

Therefore, these viruses are able to replicate throughout the host, causing systemic 

infections (Rott, R., 1992). Hence, influenza viruses containing HAs with multiple 

basic amino acids near the cleavage site are regarded as highly pathogenic and 

deletion of the multiple basic amino acids in the connective peptide could reduce the 

virulence of the highly pathogenic viruses (Cheung, T. and Poon, L., 2007; Webby et 

al., 2004).  
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The achievement of an enhanced HA cleavability is an essential event in the 

conversion of LPAI viruses to highly virulent strains. All avian influenza viruses that 

were responsible for the deaths of humans possessed a highly cleavable HA 

(Horimoto, T. and Kawaoka, Y., 2005). Nevertheless, the acquisition of a polybasic 

cleavage site alone is not sufficient to change an LPAI virus of a subtype different 

from H5 or H7 into a HPAI virus strain (Stech et al., 2009). Sequence alterations may 

arise from polymerase slippage or non-homologous recombination between the gene 

encoding the HA and other genes at the cleavage site (Horimoto, T. and Kawaoka, Y., 

2005). Due to the error rate of the viral RNA polymerase, the influenza virus HA is 

subject to a mutation rate of approximately 2x10-3 base substitutions per position per 

virus generation, which means about one base substitution in the HA gene per virus 

generation (Webster et al., 1992). 

 

Segment 5 – Nucleoprotein (NP) 

Segment 5 encodes for the nucleoprotein (NP), which is a phosphorylated basic 

protein with a net positive charge at neutral pH (Kistner et al., 1989; Winter, G. and 

Fields, S., 1981). NP is one of the essential components for transcription and 

replication (Huang et al., 1990; Perales, B. and Ortín, J., 1997). The amino terminus 

of NP contains an RNA-binding domain; thus, it has been suggested that the NP 

encapsidates the viral RNA in a sequence-independent manner (Albo et al., 1995; 

Kobayashi et al., 1994). Dissociation of the NP from the RNA template is not thought 

to be required for viral transcription and replication, because the NP only binds to the 

backbone of the viral RNA (Baudin et al., 1994). It has been suggested that NP plays 

a role in controlling the “switching” of the RNA polymerase from transcription to 

replication mode. Still, the mechanism by which NP might control such switching is 

not understood (Cheung, T. and Poon, L., 2007). It has also been shown that the NP 

is important for vRNA nuclear export (Martin, K. and Helenius, A., 1991; O'Neill et al., 

1995; Whittaker et al., 1996). It contains nuclear localization signals (Neumann et al., 

1997) and is a shuttle protein (Whittaker et al., 1996; Neumann et al., 1997). During 

the early stage of infection, the transport of incoming vRNPs from the viral particle 
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into the nucleus is believed to be mediated by NP (Martin, K. and Helenius, A., 1991; 

{O'Neill et al., 1995; Whittaker et al., 1996). In the late infection stage, however, 

progeny vRNAs associated with NP, M1, and NS2 are exported to the cytoplasm for 

viral packaging (Martin, K. and Helenius, A., 1991; O'Neill et al., 1995; Elton et al., 

2001). 

 

Segment 6 – Neuraminidas (NA) 

The influenza A neuraminidase (NA) is encoded on segment 6. NA is an integral 

membrane glycoprotein and the second major surface antigen of the virion (Webster 

et al., 1992). So far, nine subtypes of NA (called N1, N2, etc.) have been identified in 

nature. The NA is highly mutable with variant selection partly in response to host 

immune pressure (Webster et al., 1992). The NA monomer consists of four domains: 

a box-shaped globular head, a thin stalk, a transmembrane domain, and a 

cytoplasmic domain (Varghese, J. N. and Colman, P. M., 1991). NA is a surface 

glycoprotein and its glycosylation might be an important (but not the only) 

determinant of the neurovirulence of influenza viruses (Li et al., 1993). It is as a 

homotetramer (Hausmann et al., 1997), which has receptor-destroying activity by 

cleaving the �-ketosidic linkage between a terminal sialic acid, and an adjacent D-

galactose or D-galactosamine residue (Colman, P. M., 1998). Thus, it functions to 

free virus particles from host cell receptors, to permit progeny virions to escape from 

the cell in which they arose, and so to facilitate virus spread (Webster et al., 1992). 

The role of NA activity in the influenza virus life cycle is still not completely 

understood. It was shown that NA-deficient virus is infectious in cell culture and in 

mice, which suggests that the NA molecule is not essential for viral entry, replication, 

and assembly (Liu et al., 1995). Nevertheless, inhibition of NA activity results in the 

attachment of progeny viral particles to each other and/or to the cell surface to form 

large aggregates (Palese et al., 1974; Palese, P. and Compans, R. W., 1976). Thus, 

it is generally assumed that NA has an important role in releasing progeny viral 

particles from infected cells. Furthermore, some studies have suggested that the 

conserved cytoplasmic tail of NA might control virion morphology and virulence (Jin 
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et al., 1997; Mitnaul et al., 1996; Bilsel et al., 1993). As mentioned before, the NA is 

glycosylated and possesses an amino-terminal hydrophobic sequence which 

functions both as a signal for transport to the cell membrane and as a 

transmembrane domain; it is not cleaved away. The distribution of the NA on the 

surface of the viral particle has not been finally resolved. It was suggested that the 

NA tetramers are not evenly distributed over the virion envelope, as is the HA, but 

aggregate into patches or caps (Webster et al., 1992).    

 

Segment 7 – Matrix Proteins (M1 and M2) 

Segment 7 of influenza A viruses encodes for two proteins, M1 and M2 (Shih et al., 

1995). M1 is a colinear transcription product of segment 7, whereas M2 is encoded 

by the spliced mRNA of segment 7 (Cheung, T. and Poon, L., 2007). 

 

M1 Protein 

The M1 protein is the most abundant protein in the influenza virus virion and forms a 

shell surrounding the virion nucleocapsids underneath the virion envelope. This layer 

serves to separate the RNP from the viral membrane (Ruigrok et al., 1989; Ruigrok 

et al., 2000; Webster et al., 1992). M1 interacts with both the vRNA and protein 

components of RNP in assembly and disassembly of influenza A viruses (Ye et al., 

1999). In infected cells, the M1 protein is present in the cytoplasm as well as in the 

nucleus. Furthermore, it possesses no known enzymatic activity (Webster et al., 

1992). Yet, the M1 protein is reported to have several functions for the virus. First, it 

binds to RNA in a sequence-independent manner (Elster et al., 1994; Wakefield, L. 

and Brownlee, G. G., 1989; Ye et al., 1989) and inhibits viral transcription (Watanabe 

et al., 1996). M1 contains a nuclear localization signal (Ye et al., 1995) and seems to 

regulate vRNP nuclear transport (Martin, K. and Helenius, A., 1991). Binding of M1 to 

vRNP promotes vRNP nuclear export and inhibits nuclear import (Martin, K. and 

Helenius, A., 1991; Bui et al., 1996). It has been suggested that the vRNA and M1 

protein together facilitate the self-assembly of influenza virus NP into the typical 



 - 20 - Introduction 

 

quaternary helical structure of the vRNP. The interaction of NP with vRNA and M1 in 

a system lacking other viral proteins may lead to translocation of vRNP from the 

nucleus to the cytoplasm (Huang et al., 2001; Cheung, T. and Poon, L., 2007). The 

M1 protein also binds to the cell membrane (Gregoriades, A. and Frangione, B., 1981) 

and appears to have an effect on viral assembly, budding, and viral morphology 

(Elleman, C. J. and Barclay, W. S., 2004; Enami, M. and Enami, K., 1996; Roberts et 

al., 1998; Bourmakina, S. V. and García-Sastre, A., 2003; Gómez-Puertas et al., 

2000; Liu et al., 2002). The amino-terminal domain of the M1 protein carries the 

nuclear localization sequence (NLS) motif and is important for membrane binding, 

self-polymerization, and nuclear export of vRNPs (Arzt et al., 2004). Furthermore, it 

has been suggested that the M1 protein has the potential to bind and inhibit the 

amidolytic activity of the viral RNA polymerase PA subunit (Hara et al., 2003). 

 

M2 Protein 

The M2 protein of influenza A viruses is a type III transmembrane protein (Lamb et 

al., 1985) and exists as a disulphide-bonded homotetramer (Holsinger, L. J. and 

Lamb, R. A., 1991; Sakaguchi et al., 1997). In its tetrameric form, the M2 has ion 

channel activity (Pinto et al., 1992; Wang et al., 1994; Ciampor et al., 1992) for pH 

regulation. It has been proposed that the amino acid residues in the transmembrane 

domain of the M2 protein, histidine (His37) and tryptophan (Trp41) are essential for 

the pH-regulated proton conductance (Takeuchi et al., 2003). In the endosomes of 

infected cells, the ion channel activity of M2 allows acidification of the interior of the 

incoming viral particle. Acidification of the viral particle is supposed to be essential for 

viral replication, because it permits incoming vRNPs to dissociate from M1 proteins 

for nuclear import (Martin, K. and Helenius, A., 1991; Bui et al., 1996). Besides, the 

ion channel activity of M2 is also reported to maintain a high pH in the Golgi vesicles 

to stabilize the native conformation of newly synthesized HA during the intracellular 

transport for viral assembly (Takeuchi, K. and Lamb, R. A., 1994). It has further been 

shown that M2 proteins, together with the M1 matrix proteins, are important 

determinants in filamentous particle formation (Roberts et al., 1998). In other studies 
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it was shown that the matrix protein M1 is the only determinant to control the 

filamentous phenotype of influenza A virus (Elleman, C. J. and Barclay, W. S., 2004). 

Further studies have revealed that the aminoterminus of the M2 protein is important 

for its incorporation into the virions (Park et al., 1998), whereas the carboxyl terminus 

is responsible for viral replication (Castrucci, M. R. and Kawaoka, Y., 1995). Besides, 

different studies have shown that vaccine candidates for influenza viruses can be 

developed by targeting the extracellular domain (Fiers et al., 2004; Neirynck et al., 

1999), as well as by deleting the transmembrane domain of M2 proteins (Watanabe 

et al., 2002). It could also be shown that the amino terminus of the M2 protein 

induces antibodies with inhibitory activity and protective immunity against influenza 

virus replication (Liu et al., 2003; Liu et al., 2004). In addition, a synthetic vaccine that 

contains the extracellular domain of the M2 protein may induce influenza type A 

virus-specific resistance in mice (Mozdzanowska et al., 2003). 

 

Segment 8 – Nonstructural Proteins (NS1 and NS2) 

This segment also encodes for two viral proteins, NS1 and NS2 (Alonso-Caplen, F. V. 

and Krug, R. M., 1991; Nemeroff et al., 1992). The NS1 protein is a colinear 

transcription product of segment 8, whereas the NS2 is encoded by the spliced 

mRNA of segment 8 (Cheung, T. and Poon, L., 2007). 

 

NS1 Protein 

NS1 is the only nonstructural protein of influenza viruses and exists as an oligomer 

(Nemeroff et al., 1995) and accumulates mainly in the nucleus (Greenspan et al., 

1988). By binding to different RNA molecules, NS1 appears to regulate cellular and 

viral protein expression. In vitro studies have shown that NS1 binds to a wide range 

of RNA molecules, such as poly(A)-containing cellular RNA (Qiu, Y. and Krug, R. M., 

1994), vRNA (Hatada, E. and Fukuda, R., 1992), vRNP (Marión et al., 1997), double-

stranded RNA (dsRNA) (Hatada, E. and Fukuda, R., 1992), and small nuclear RNA 

(snRNA) (Qiu et al., 1995). It is also known to have inhibitory effects on splicing 
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(Fortes et al., 1994; Lu et al., 1994), cellular mRNAs nuclear export (Qiu, Y. and Krug, 

R. M., 1994; Fortes et al., 1994; Alonso-Caplen et al., 1992; Marión et al., 1997; Qian 

et al., 1994), cellular mRNA polyadenylation by interacting with the cellular 3’-end 

processing machinery (Chen et al., 1999; Nemeroff et al., 1998) and dsRNA protein 

kinase (PKR) activation (Lu et al., 1995). Moreover, the NS1 protein also appears to 

enhance viral protein expression by stimulating the translation of viral mRNA (Marión 

et al., 1997; La Luna et al., 1995; Enami et al., 1994). In recent studies it could be 

shown that the NS1 protein of H5N1/97 was able to make the virus less susceptible 

to the antiviral effects of interferons and tumor necrosis factor alpha. Moreover, it was 

shown that the NS gene of H5N1/97 was a potent inducer of proinflammatory 

cytokines in human macrophages (Cheung et al., 2002), suggesting that the unusual 

severity of human H5N1/97 disease might be due to the “cytokine storm” induced by 

the virus. 

 

NS2/NEP Protein 

It was believed previously that the NS2 protein was a nonstructural protein. Yet, 

further studies have indicated that NS2 is incorporated into viral particles at low 

amounts (Richardson, J. C. and Akkina, R. K., 1991; Yasuda et al., 1993). It was 

further suggested that NS2 plays a role in promoting normal replication of the 

genomic RNAs by an unknown mechanism. Moreover, the carboxy-terminal region of 

NS2 contains a M1 protein-binding site (Yasuda et al., 1993; Ward et al., 1995), 

suggesting that NS2 may regulate and cooperate with the function of M1. It was 

shown that the NS2 protein contains a nuclear export signal and facilitates the vRNP 

export. Therefore it was proposed to rename this protein as NEP (viral nuclear export 

protein) (O'Neill et al., 1998). Further studies also confirmed that this protein is 

essential for vRNP nuclear export (Neumann et al., 2000). It has been shown that the 

nuclear export of VRNPs is carried out by the cellular protein Crm1 (Elton et al., 2001) 

and there is evidence that NS2/NEP mediates the association between the two 

proteins. The current model suggests an export complex in which NS2/NEP is 
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associated with Crm1 at the N-terminus and with the viral M1 protein at the C-

terminus, which is in turn bound to vRNPs (Akarsu et al., 2003).     

 

1.1.4 Replication 

The life cycle of influenza A viruses can be divided into the following stages: entry 

into the host cell; entry of vRNPs into the nucleus; transcription and replication of the 

viral genome; synthesis of viral proteins; export of the vRNPs from the nucleus; 

assembly and budding at the host cell plasma membrane (Samji, T., 2009). 

The infection cycle of influenza A viruses (fig.2) is initiated by the attachment of the 

HA to sialic acid residues present on the surface of the host cells (Samji, T., 2009; 

Basler, C. F., 2007; Shaw, M. L. and Palese, P., 2007). Upon binding to the host cell, 

receptor-mediated endocytosis occurs and the virus is enclosed in an endosome 

(Samji, T., 2009; Shaw, M. L. and Palese, P., 2007). The acidic pH within the 

endosomal compartment triggers a conformational change of HA0 that preserves the 

HA1 receptor-binding domain but exposes the HA2 fusion peptide. The fusion peptide 

inserts itself into the endosomal membrane and results in the fusion of the viral and 

the endosomal membranes (Samji, T., 2009). The M2 proton channel results in the 

acidification of the interior of the virion. As a consequence of the low pH, the vRNPs 

are released from the M1 protein which uncovers the nuclear localization signals and 

thus enables the vRNPs to be transported from the cytoplasm into the nucleus 

(Basler, C. F., 2007; Samji, T., 2009). 

As influenza A virus transcription and replication occur in the nucleus, transport of the 

vRNPs from the cytoplasm into the nucleus is essential for viral replication. Each of 

the viral proteins that is necessary for replication (PA, PB1 and PB2) and NP, 

possesses one or more nuclear localization signals (NLSs) (Shaw, M. L. and Palese, 

P., 2007); Boulo et al., 2007). These NLSs can bind to the cellular nuclear import 

machinery and, thus, enter the nucleus (Samji, T., 2009).  
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Since the influenza virus genome is made up of negative-stranded RNAs, it has to be 

converted into a positive-stranded RNA first to serve as a template for the production 

of viral RNAs (Samji, T., 2009). Viral RNA synthesis can be divided into two 

processes, replication and transcription. In the replication mode, the amplification of 

the viral genome does not require a primer. A negative sense vRNA serves as a 

template for the production of a full-length complement of the vRNA, known as cRNA, 

by the viral RNA dependent RNA polymerase (RdRp) (Samji, T., 2009; Basler, C. F., 

2007). This positive-sense RNA product then serves as a template for more vRNA. In 

transcription, the vRNA serves as a template for the production of viral mRNAs 

(Basler, C. F., 2007). 

Viral RNA synthesis has to be specific to ensure that only viral templates are used. 

For this purpose, “promotors” which contain the 5’ and 3’ ends of the vRNA and 

cRNA molecules serve as recognition sites for the viral polymerase (Neumann et al., 

2004). PB1 is the central component of the polymerase trimer binding to the two 

other polymerase subunits, PA and PB2. PA is bound to PB1 by its amino-terminus 

and PB2 via its carboxy-terminus (González et al., 1996; Ohtsu et al., 2002).   

Viral transcription results in the production of 5’-capped, 3’-polyadenylated molecules 

that are less than full-length complements of the vRNA template (Neumann et al., 

2004; Engelhardt, O. G. and Fodor, E., 2006). Furthermore, these molecules also 

possess 10 to 13 nucleotides at their 5’ ends that are not copied from the vRNA. 

These “foreign” sequences are 5’-capped primers cleaved from the host cell mRNAs 

by the viral polymerase and used as primers for mRNA synthesis. This process is 

named “cap-snatching”. The PB2 protein binds to caps because of its homology to 

cellular cap-binding proteins. In the current model, cleavage of the host cell mRNA 

occurs due to the endonuclease activity of the PA protein, which is located in the 

amino-terminal 209 residues of the PA subunit. However, the exact role of the PA 

subunit still remains unclear (Dias et al., 2009). 
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Figure 2. Single cell replication cycle of Influenza A viruses. [Own illustration; adapted from 

Neumann et al. Nature 459, 931-939 (2009)] 

 

The 5’ end of the cleaved mRNA primer is apparently positioned near the polymerase 

active site on PB1 to act as a primer for RNA synthesis. Elongation of the nascent 

mRNA then proceeds along the vRNA template until it reaches a stretch of 5 to 7 U 

residues. At this point the polymerase stutters, resulting in the repetitive addition of A 

residues thus creating a polyA tail. A model suggests that the polymerase remains 

bound to both the 5’ and 3’ ends of the vRNA template during mRNA synthesis. As 

the template winds through the polymerase, its progress would be sterically hindered 

as the polymerase approaches the 5’ end of the template. This might then cause the 

stuttering that adds the polyA tail (Shaw, M. L. and Palese, P., 2007). A consequence 

of the cap-snatching process is the requirement for ongoing host cell transcription to 

facilitate virus replication (Engelhardt, O. G. and Fodor, E., 2006; Spooner, L. L. and 

Barry, R. D., 1977). 

The replication requires the synthesis of positive-sense, full-length replicas of the 

vRNA called cRNA, as well as new full-length, negative sense vRNAs (Neumann et 

al., 2004). Even though the template is the same as in viral transcription and the 

same viral proteins are involved, synthesis of positive-sense cRNA occurs without 

the use of cap-snatched primers and does not terminate with the addition of a polyA 
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tail. The resulting cRNAs serve as templates for vRNA synthesis. Exactly how the 

products of cRNA synthesis can differ so dramatically from those of the viral 

transcription, even with the use of the same template is unclear, but it is possible that 

structurally different forms of the polymerase carry out transcription versus replication 

reactions (Basler, C. F., 2007).    

As the viral RNA synthesis occurs in the nucleus and the virus budding takes place at 

the plasma membrane, the assembly of viral particles requires the nuclear export of 

vRNAs in form of RNPs. It appears that the M1 protein and the nuclear export protein 

(NEP) are needed for the export into the cytoplasm. M1 appears to interact with the 

RNPs (Martin, K. and Helenius, A., 1991), but also with NEP (Akarsu, et al., 2003; 

Yasuda et al., 1993). NEP has shown to interact with components of the nuclear pore, 

nucleoporins, via interaction with Crm1, a nuclear export receptor (O'Neill et al., 

1998). The RNP-M1-NEP complex then mediates the nuclear export of the RNPs into 

the cytoplasm, and once in the cytoplasm, the association of the RNPs with the 

cytoplasmic M1 is thought to prevent their reimport into the nucleus (Elton et al., 

2001; Ma et al., 2001; Whittaker et al., 1996).  

RNPs exported from the nucleus need to be incorporated into budding viral particles. 

Influenza viruses can only replicate efficiently if the infected cells contain a copy of 

each of the viral segments. Therefore, packaging of the complete number of eight 

viral RNPs into a virion must occur at a reasonable frequency. Recently, packaging 

signals within the 3’ and 5’ noncoding regions of viral RNA segments have been 

identified. Apparently, such signals are present on all eight genomic segments, and 

signals have been mapped for the influenza A virus PA, PB1, PB2, HA, NA and NS 

segments (Fujii et al., 2003; Fujii et al., 2005; Muramoto et al., 2006; Watanabe et al., 

2003; Liang et al., 2005). Furthermore, it has been suggested that the segments are 

packaged independently and that vRNA packaging influences or perhaps regulates 

virion formation (Fujii et al., 2005; Fujii et al., 2003; Muramoto et al., 2006; Watanabe 

et al., 2003). 

For influenza virus assembly, the three viral integral membrane proteins HA, NA and 

M2, as well as the matrix protein M1 and the vRNPs have to be incorporated into the 
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newly formed particles (Basler, C. F., 2007). Following translation, the HA, NA and 

M2 proteins reach the plasma membrane via the secretory pathway through the 

endoplasmic reticulum and the Golgi, with the HA and NA undergoing N-linked 

glycosylation during this process. HA and M2 are palmitoylated on cysteine residues 

of their cytoplasmic tails. The HA and NA possess apical sorting signals and become 

associated with lipid rafts, while M2 is excluded from lipid rafts (Barman, S. and 

Nayak, D. P., 2000; Scheiffele et al., 1997; Takeda et al., 2003; Schroeder et al., 

2005; Leser, G. P. and Lamb, R. A., 2005). The concentration of HA into lipid rafts 

appears to be important for virus replication, possibly reflecting the necessity to 

assure sufficient levels of HA in budding particles (Takeda et al., 2003; Schroeder et 

al., 2005; Barman et al., 2004). In contrast, M2 is present in virions in 

disproportionately low levels relative to its abundance on the cell surface, perhaps 

reflecting its exclusion from the lipid rafts (Leser, G. P. and Lamb, R. A., 2005). The 

M1 protein and the viral RNPs reach the site of viral budding by poorly defined 

mechanisms, although a role for cytoskeletal elements is likely (Shaw, M. L. and 

Palese, P., 2007).  

Following budding of virus particles, the particles must be able to disperse to infect 

adjacent cells or to transmit to new hosts (Palese et al., 1974). One of the most 

important steps that needs to occur before the newly made viral particles can leave 

the plasma membrane is the cleavage of sialic acid residues from glycoproteins and 

glycolipids (Samji, T., 2009). Viral encoded neuraminidase facilitates escape of the 

newly formed virus particles from the infected cell by removing the sialic acids. This 

NA activity is required for efficient virus release; without this process, the viral particle 

would not be released from the plasma membrane or only with low efficiency (Palese 

et al., 1974). 

 

1.1.5 H9N2 viruses 

Avian influenza viruses (AIV) of the subtype H9N2 have widely circulated since they 

have first been isolated from turkeys in Wisconsin in 1966 (Homme, P. J. and 

Easterday, B. C., 1970), where the virus was associated with mild respiratory disease. 
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In Asia, long-term monitoring in live poultry markets in Hong Kong from 1975 to 1985 

detected H9N2 influenza viruses in apparently healthy ducks but not in chickens 

(Shortridge, K. F., 1992). In 1988, the isolation of an H9N2 virus from a Japanese 

quail in Southern China was the first recorded land-based poultry case in Asia (Perez 

et al., 2003a; Perez et al., 2003b). In China, the first H9N2 AIV was isolated from 

chicken in Guangdong province in 1994 (Chen et al., 1994). The virus then spread to 

several other southern provinces and resulted in severe economic losses for the 

poultry industry (Ping et al., 2008). In domestic avian species in Northern America, 

H9N2 influenza viruses occur primarily in turkeys, occasionally in quail, and rarely if 

ever in chickens (Kawaoka et al., 1988; Sharp et al., 1997; Guan et al., 1999). Prior 

to 1990, H9N2 viruses were mainly detected in avian species in North America and 

“healthy” ducks during surveillance in Southeast China (Brown et al., 2006). Since 

the early 1990’s, H9N2 influenza viruses of domestic ducks have become 

established in the domestic poultry of Asia (Sun, Y., 1997; Guan et al., 1999). By 

1997, H9N2 viruses had been isolated in multiple avian species throughout Asia, the 

Middle East, Europe and Africa (Alexander, D. J., 2000; Lee et al., 2000; Naeem et 

al., 1999; Perk et al., 2006). But H9N2 viruses have also been reported in pigs 

(Alexander, D. J., 2000; Cong et al., 2007; Peiris et al., 2001; Shi et al., 2008). 

Surveillance of avian influenza in a live-poultry market in Hong Kong in 1997 has 

shown that H9N2 avian influenza viruses were the second-most prevalent isolates, 

next to H5N1 viruses (Guan et al., 1999).  

A significant amount of H9N2 field isolates have acquired human virus-like receptor 

specificity, preferentially binding �-2,6-linked sialic acids (leucine (L) at position 226 

in the HA), in contrast to the classic avian virus-like receptor specificity that 

preferentially binds �2-,3-linked sialic acids (glutamine (Q) at position 226 in the HA) 

(Choi et al., 2004; Matrosovich et al., 2001; Wan, H. and Perez, D. R., 2006). A few 

of the H9N2 viruses recognizing �-2,6-linked sialic acids have transmitted directly to 

humans, causing mild flu-like illness and the fear that they may become pandemic 

(Butt et al., 2005; Guo et al., 1999; Lin et al., 2000; Peiris et al., 1999). It is further 

suggested that H9N2 viruses may have contributed to the genetic and geographic 

diversity of H5N1 viruses (Lin et al., 2000; Guan et al., 2000). Due to previous 
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studies, two different lineages of H9N2 influenza viruses have been defined: North 

American and Eurasian lineages. The Eurasian lineage is further divided into at least 

three sublineages, which are represented by their prototype strains: 

A/chicken/Korea/38349-p96323/96 (Korean-like), A/duck/Hong Kong/Y280/97 (Y280-

like), and A/quail/Hong Kong/G1/97 (G1-like) (Guan et al., 2000; Matrosovich et al., 

2001).  

Antigenic and genetic analysis of H9N2 viruses isolated during the last two decades 

indicate that these viruses are extensively evolving and have reasserted with other 

avian influenza viruses to generate multiple novel genotypes (Li et al., 2005; Li et al., 

2003; Xu et al., 2004; Xu et al., 2007a; Xu et al., 2007b). Recent studies also suggest 

increased abilities of H9N2 viruses to replicate in mice and pigs (Choiet al., 2004; Li 

et al., 2005). Other infection studies also revealed that H9N2 viruses were able to 

infect mice without prior adaptation, and this resulted in different levels of lethality 

and kinetics of replication (Guo et al., 2000; Li et al., 2005). More recent experiments 

have demonstrated that an H9N2 virus showed enhanced replication and efficient 

transmission by direct contact in a ferret model (Wan et al., 2008).  

H9N2 influenza virus infection often results in a decrease in the laying rate of hens, 

and coinfection with other viruses or bacteria can cause severe morbidity and high 

mortality (Kim et al., 2006; Nili, H. and Asasi, K., 2002). H9N2 influenza virus 

infections in Asia and the Middle East have caused outbreaks in poultry, resulting in 

serious economic losses (Guo et al., 2008; Li et al., 2003; Liu et al., 2004; Lee et al., 

2007; Xu et al., 2007a; Guo et al., 2000; Lee et al., 2000; Guan et al., 1999; 

Haghighat-Jahromi et al., 2007). The causal strains, however, are avirulent and none 

of them have multiple basic amino acid residues at the cleavage site of the HA (Liu et 

al., 2004; Guo et al., 2000). Furthermore, infection of specific-pathogen-free chicken 

that were experimentally infected with H9N2 isolates from diseased chickens showed 

no clinical symptoms (Mo et al., 1998).   

In 1999, the first H9N2 influenza viruses were isolated from humans (Peiris et al., 

1999), and since then they have been considered as potential candidates for causing 

the next human influenza pandemic (Zhang et al., 2011). Until now, H9N2 viruses 
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have caused only relatively mild clinical signs in humans (Butt et al., 2005; Peiris et 

al., 1999). In March 1999, a human disease associated with H9N2 viruses was 

documented in two children in Hong Kong (Peiris et al., 1999). The two virus isolates 

were similar to an H9N2 virus isolated from a quail in Hong Kong in the late 1997. 

The two infected girls, aged 4 years and 13 months, however, had no known link. 

Although they differed in their surface hemagglutinin and neuraminidase components, 

a notable feature of these H9N2 viruses was that the six genes encoding the internal 

components of the virus were similar to those of the 1997 H5N1 human and avian 

isolates (Lin et al., 2000). In July and August 1999, H9N2 viruses were isolated from 

additional five patients with influenza-like illness in the Guangdong province of China 

(Guo et al., 1999). In November 2003, another H9N2 avian influenza virus infection 

was detected in a child with a flu-like illness in Hong Kong (Butt et al., 2005). 

However, it is unknown whether H9N2 influenza viruses have acquired the ability to 

be transmitted from human to human yet (Wu et al., 2010). 

Recent infection studies with H9N2 viruses in swine have caused significant 

morbidity and mortality (Xu et al., 2004). Of the diseased pigs, many showed typical 

respiratory signs, including fever, nasal and ocular discharge, coughing and 

dyspnoea. Paralysis associated with fatal disease was also observed in some cases 

(Cong et al., 2007). As pigs are believed to serve as intermediate hosts for 

adaptation of avian influenza viruses that infect humans, and since it has been 

shown that some of the H9N2 influenza viruses currently circulating in China have 

molecular features that allow them to preferentially bind to human �-2,6-NeuAcGal 

receptors (Matrosovich et al., 2001; Saito et al., 2001), the recurrent presence of 

H9N2 infections in pigs and humans has raised concerns about the possibility that 

H9N2 viruses are capable of evolving into pandemic strains (Guo et al., 2000; Shi et 

al., 2008; Wan et al., 2008).    
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1.1.6 H7N7 viruses 

Several self-limiting human infections with H7 viruses have been documented earlier 

(Campbell et al., 1970; Taylor, H. R. and Turner, A. J., 1977; Webster et al, 1981). In 

1996, an H7N7 avian influenza virus was isolated from a woman with conjunctivitis in 

England (Kurtz et al., 1996). The source of the virus was considered to be waterfowl, 

as the woman nourished a collection of ducks that mixed freely with feral waterfowl 

on a small lake. The entire HA gene of this human isolate showed close homology 

with an H7N7 virus isolate from a turkey in Ireland in 1995 (Banks et al., 1998). 

Between February and May 2003, an HPAI H7N7 virus infected poultry in the 

Netherlands and was then transmitted to at least 89 people, 83 of whom exhibited 

conjunctivitis. The cases of influenza-like illness were limited and showed a mild 

course of disease (Fouchier et al., 2004; Koopmans et al., 2004). However, there 

was one fatal case of pneumonia in combination with acute respiratory distress 

syndrome (van Kolfschooten, F., 2003). Human-to-human transmission of the H7N7 

virus was documented in three cases, in which the virus was acquired from a family 

member with conjunctivitis. In 59% of the household contacts of infected poultry 

workers antibodies against H7N7 were also detected. Of the 500 persons examined 

after having had contact with infected poultry during the epidemic approximately 50% 

had antibodies against the virus. It is estimated that at least 1,000 individuals were 

infected with the H7N7 virus during this epidemic in the Netherlands (Bosman et al., 

2004). To date H7N7 HPAI virus outbreaks in domestic poultry still occur regularly 

(Horimoto, T. and Kawaoka, Y., 2005).  

 

1.1.7 H5N2 viruses  

The Pennsylvanian influenza virus outbreaks from April to September 1983 were 

associated with the isolations of H5N2 influenza viruses which displayed a low 

pathogenicity in laboratory tests. This virus caused mild to severe respiratory disease 

and egg production problems in layers, but mortality was low, usually 0 to 15%. But 

in October 1983 the mortality increased significantly and a disease with clinical signs 
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of classical HPAI was reported. Viruses from these outbreaks were confirmed by 

laboratory tests as highly pathogenic H5N2 (Eckroade et al., 1984).  

In another series of influenza virus outbreaks in Mexico during May to December 

1994, the viruses were reported to be of the H5N2 subtype, low pathogenic for 

poultry. But in January 1995, several flocks in the states of Puebla and Querétaro, 

Mexico, which had shown high mortality and lesions characteristic of HPAI, were 

reported to be infected with HPAI virus of H5N2 subtype (Senne et al., 1996). In 1994, 

the epizootic disease began in the northern part of Pakistan and spread to 156 out of 

286 poultry farms in a radius of 100 km. The mortality of the disease was 50-100%, 

affecting 2.2 million birds (Naeem, K., 1998). Nucleotide sequencing of the 

hemagglutinin cleavage site region of the HA gene indicated variations in different 

isolates, supporting the argument of the genetic drift in AIV (Alexander et al., 1996). 

When in 2005 a novel LPAI H5N2 was introduced into vaccinated turkey flocks in 

Lombardy, the infection spread to 15 turkey farms. Two of these farms were 

unvaccinated and 13 were vaccinated. The vaccinated flocks consisted of adult 

turkeys close to slaughter, with post-vaccinal HI titers ranging between 1:4 and 1:16. 

These findings demonstrated the difficulty in obtaining an adequate duration of 

immunity in the turkey and may explain the ability of the virus to enter the vaccinated 

population. Although it was not possible to avoid the introduction of AI viruses in 

vaccinated turkey flocks, the spread of the infection was limited and the containment 

of the outbreaks was successful in a shorter time compared to previous epidemics, 

with a marked reduction in economic losses (Capua, I. and Marangon, S., 2007).    

 

1.1.8 H1N1 viruses 

When in 1918 the H1N1 pandemic arose, the H1N1 virus had in parallel also infected 

pigs, although it remains uncertain which infection came first. Since then, the 1918 

H1N1 virus has remained endemic in swine as the ‘‘classical swine’’ H1N1 virus 

(Vincent et al., 2008). Experimental infections of pigs with the genetically 

reconstructed 1918 virus have shown that it replicates and transmits in swine 
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effectively (Weingartl et al., 2009). The 1918 H1N1 virus is also the ancestor of the 

present seasonal influenza H1N1 virus, and also many of the current swine H1 virus 

lineages derive from this 1918 H1N1 precursor. Because of the “herd-immunity” 

which had developed in the human population throughout the last 90 years, the 

seasonal H1N1 had to undergo substantial antigenic drift. In contrast, in pigs, where 

little herd-immunity was observed since they only possess a relatively short life span 

and a quick turnover, the classical swine H1 virus remained antigenically relatively 

stable until the past 10 years or so when a series of reassortment events led to the 

emergence of the ‘‘triple reassortant’’ swine viruses that appeared to be more diverse 

genetically and variable antigenically (Vincent et al., 2008). The result was an 

increasing antigenic variance between the swine H1 viruses and human H1N1 

viruses. Consequently, humans infected exclusively with recent human seasonal 

H1N1 viruses have no cross-neutralizing activity against recent swine H1-subtype 

viruses including H1N1v (H1N1v, variant of the seasonal H1N1 viruses), while 

humans born earlier in the 20th century (and exposed to human H1N1 viruses more 

closely related to classical swine H1N1) do. Approximately a third of the human 

population over 60 years of age have cross-neutralizing antibody to the pandemic 

H1N1 2009 virus while few of the younger individuals do (CDC 2009). 

The 2009 H1N1 pandemic virus was derived by reassortment between two 

preexisting swine influenza viruses - a North American swine H1N2 “triple 

reassortant” lineage virus and a Eurasian H1N1 swine lineage virus - although it is 

currently unknown whether the novel virus first emerged in humans or the swine virus 

(Garten et al., 2009; Dunham et al., 2009). Like the 1957 and 1968 pandemic viruses, 

the 2009 pandemic virus is also a descendant of the 1918 pandemic virus (Morens et 

al., 2009), through the “classical” swine H1N1 lineage that circulated enzootically in 

swine in North America since 1918. That the 1957, 1968, 1977, and 2009 pandemic 

viruses all share genetic ancestry with the 1918 pandemic virus suggests that we 

have been living in a specific pandemic era since the 1918 pandemic (Morens et al., 

2009). 
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From March to April 2009, the novel H1N1 virus was first detected in a widespread 

outbreak in Mexico (Outbreak of swine-origin influenza, 2009; Perez-Padilla et al., 

2009), but it may have been circulating in the population as early as late 2008 

(Fraser et al., 2009; Smith et al., 2009). While severe pneumonias have been 

described, especially associated with the initial Mexican outbreak (Perez-Padilla et 

al., 2009; Chowell et al., 2009), most cases in the United States and in other 

countries have been self-limited, and appear clinically similar to seasonal influenza 

(Dawood et al., 2009). A WHO report on the 2009 influenza pandemic indicated that 

nearly all countries reported cases of H1N1 virus infection, with more than 17.000 

deaths worldwide. In the United States, the number of clinical illnesses was 

estimated at 59 million, 265.000 hospitalizations, and 12.000 deaths (Bautista et al., 

2010). 

The human H1N1 isolate A/PR/8/34 (PR8), used in this study for the infection of 

Calu-3 cells, is a laboratory-adapted human isolate, which retains mammalian 

signature residues at a majority of the known loci (Wit et al., 2004; Fields, S. and 

Winter, G., 1982). At the branch of the human viruses, the PR8 virus is still relatively 

close to its avian root. The PR8 strain has been passaged many times in different 

hosts. However, comparison of the earliest PR8 isolate available with a most recent 

PR8 isolate did not show significant differences (Scholtissek et al., 2002). 

 

1.2 Sialic acids 

A dense glycocalyx composed of glycolipids, glycoproteins, glycophospholipid 

anchors and proteoglycans covers the surface of all eukaryotic cells. More than 1% 

of the genome participates in the generation of the developmentally regulated and 

tissue-specific glycosylation characteristics of each cell type in humans and other 

vertebrates. The biosynthesis of these glycan chains mostly occurs in stepwise 

reactions in compartments of the ER-Golgi pathway, involving specific 

glycosyltransferases, glycosidases and other glycan-modifying enzymes (Varki, A., 

1999; Drickamer, K. and Taylor, M., 2006). During embryogenesis, cancer, injury and 

inflammation the expression of some of these gene products is altered, which results 
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in altered glycan patterns. Sialic acids (Sia) are mainly found in higher animals at the 

outermost position of glycan chains of glycoproteins and glycolipids; they act as 

important intrinsic factors and are required for a normal development (Schwarzkopf 

et al., 2002; Varki, A., 2007).  

The term sialic acid describes a group of more than 50 nine-carbon 

monosaccharides that derive from the precursor N-acetyl-neuraminic acid. They are 

mostly found in higher animals on the outermost position of glycan chains of 

glycoproteins and glycolipids. The 1-carbon carries a carboxyl group that is 

responsible for the negative charge of the molecule (Traving, C. and Schauer, R., 

1998). A variety of linkages to the underlying sugar chain from the 2-carbon as well 

as various types of substitutions at the 4, 5, 7, 8, and 9th carbon position combine to 

generate their diversity (Varki, A., 1997; Schauer, R., 2000; Angata, T. and Varki, A., 

2002). An N-acetyl group at the 5-carbon for example forms N-acetylneuraminic acid. 

Hydroxylation at this position results in N-glycolyl-neuraminic acid. Other potential 

modifications are acetylation, methylation, phosphorylation or sulphatation (Varki, A., 

1992). There are enzymes which catalyze the addition of sialic acids to the sugar 

chains; they are called sialyltransferases. They link sialic acids either to the 3-carbon 

or the 6-carbon hydroxyl group of galactose (�-2,3- or �-2,6-linkage) or to N-

acetylglucosamine and N-acetylgalactosamine. An �-2,8-linkage to other Sias is also 

possible (Nicholls et al., 2008). During the development and differentiation of a cell 

the sialic acid expression varies. The most common Sia is N-acetyl-neuraminic acid 

(Neu5Ac) which is thought to be the biosynthetic precursor for all other members of 

the family (Varki, A., 1992). 

Sialic acids play an important role in many processes of health and illness. They 

repel each other because of their negative charge and, thus, result for example in the 

viscosity of mucus which is composed of glycoproteins, called mucins, or prevent 

thrombocytes from clumping. The negative charge of Sias shields the inner sugars of 

the oligosaccharide and therefore protects the glycoproteins from degradation. But 

the most important function of Sias is their role in cellular and molecular recognition. 

Sias are employed by the immune system to distinguish between self and non-self-

structures. Furthermore, the glycosylation pattern to a large extent determines the 
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different blood types (Traving, C. and Schauer, R., 1998). However, sialic acids are 

not only recognized by cells but also by different pathogens. For many viruses, such 

as influenza viruses, Sias serve as receptor determinants. 

That Sias serve as a receptor determinants for influenza A and B viruses was the first 

discovered „function” of Sias (Klenk, E. and Stoffel, W., 1956). Most influenza viruses 

that infect and spread among wild and domesticated birds preferentially recognize 

Sias that are connected via an �-2,3-linkage to the underlying glycan chains. This 

linkage type is most abundant in avian species, whereas most human isolates, on the 

contrary, prefer �-2,6-linkages. It has been assumed for a long time, that infection of 

humans by an avian influenza virus strain would only be possible after its acquisition 

of the human-receptor binding preference. This might be achieved by single 

mutations within the influenza virus genome (antigenic drift) or reassortment within a 

cell which was infected with both avian- and human-type influenza viruses (antigenic 

shift). As it was shown for the pig that it expresses both �-2,3- and �-2,6-linkage 

types, it was supposed to serve as a „mixing vessel” for the generation of pandemic 

viruses (Horimoto, T. and Kawaoka, Y., 2005). Nevertheless, after the discovery that 

the distribution of Sia linkages is not as restricted as supposed, and several reports 

of direct transmission of avian influenza viruses to humans had emerged, this dogma 

had to be revised, (Horimoto, T. and Kawaoka, Y., 2005). 

Both Sia linkage types, �-2,3 and �-2,6, were detected on the human respiratory 

epithelium, though �-2,6-linked Sias predominate. Sias connected via an �-2,3-

linkage were found primarily in the lower respiratory tract, expressed by ciliated cells, 

while �-2,6-linked Sias were mainly detected on the surface of non-ciliated cells 

(Matrosovich et al., 2004; Nicholls et al., 2007). Nevertheless, an unfavorable Sia 

linkage distribution might be overcome by a high local concentration of virus (Ha et 

al., 2002; Nicholls et al., 2008). Moreover, there might also be other important factors 

for receptor recognition, e.g. the type of linkage, the underlying sugar, as well as the 

type of carbon modification (Gambaryan et al., 2005; Gambaryan et al., 2008; 

Nicholls et al., 2008). 
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For the detection of Sias in tissue culture, the sugar binding properties of different 

lectins are utilized. Although recombinant mammalian receptors and antibodies are 

also applied, most of these lectins are of microbial or plant origin. It is possible to 

discriminate between �-2,3- and �-2,6-linked Sia by the use of the agglutinins derived 

from Sambucus nigra (SNA) and Maackia amurensis (MAA). SNA binds in a highly 

selective manner to Sias connected via an �-2,6-linkage to either galactose or N-

acetylgalactosamine (GalNAc) (Shibuya et al., 1987). MAA is used for the 

identification of �-2,3-linkages. There exist two isoforms of MAA: MAA-1 (also called 

MAL, the „leukoagglutinin”) and MAA-2 (MAH, a „hemagglutinin”). While MAA-2 binds 

only to one type of sialylated sugar chain with high affinity 

(Sia�2,3Gal1,2(Sia�2,6)GalNAc), MAA-1 additionally recognizes sugars terminating 

in other Sias as well as a glycan wherein the Sia is replaced by a sulfate ester at the 

3-position of galactose (Bai et al., 2001). Identification of different glycans by these 

methods is severely limited, for this purpose, new additional tools for the identification 

of different Sia types and linkages need to be developed. 

 

1.3 Tracheal Organ Culture (TOC) 

The establishment of tracheal organ cultures (TOCs) in the 1960s has until now 

enabled the isolation of several "new" respiratory viruses, and provides a model 

system to study the effects of various viruses on the ciliated epithelium of the 

respiratory tract (Hoorn, B. and Tyrrell, D. A., 1969). In the beginning, the common 

technique was to place carefully cut pieces of trachea in plastic dishes, to wash the 

pieces with medium, and to observe ciliary activity with low-power microscopy and 

reflected light (Cherry, J. D. and Taylor-Robinson, D., 1970). But this method also 

has disadvantages for instance that with this forms of culture it was difficult to 

quantify ciliary activity. Further problems were the frequent occurrence of bacterial 

and fungal contamination, and the small amount of culture dishes that could be 

prepared in a reasonable time period (Cherry, J. D. and Taylor-Robinson, D., 1970). 

Later on, organ cultures of ciliated epithelium stored in glass test tubes have been 

described (Harnett, G. B. and Hooper, W. L., 1968). This technique, which was very 
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easy to perform, decreased the risk of contamination. Additionally, the cutting of 

tracheal sections diagonally in the form of rings allowed the examination of ciliary 

activity microscopically in a conventional manner with directly transmitted light (Butler, 

M., 1969; Johnson et al., 1969). Therefore this procedure permitted a more precise 

evaluation of ciliary activity and was less time consuming than the reflected-light 

method (Cherry, J. D. and Taylor-Robinson, D., 1970). 

In 1970, TOCs derived from embryonic chicken were described by Cherry and 

Taylor-Robinson (Cherry, J. D. and Taylor-Robinson, D., 1970). Along with this 

technique, the longer maintenance of ciliary activity in cultures incubated in roller 

drums was demonstrated. (Cherry, J. D. and Taylor-Robinson, D., 1970) described 

the attachment of the rings to the side of the tube, which kept them alternately in 

contact either with medium or with air. 

A criterion for the viability of the organ cultures is the ciliary activity which can persist 

for at least 1 month when the medium is changed at 5- to 7-day intervals and for 10 

to 15 days without a change (Cherry, J. D. and Taylor-Robinson, D., 1970). An 

infection of TOCs with influenza viruses results in ciliostasis (Gerganov, G. and 

Surtmadzhiev, K., 1982). The appearance and the progress of ciliostasis can be used 

for the evaluation of the progress of infection. 

As TOC preserve the natural arrangement of the respiratory epithelium, they 

represent a tissue model that is more closely related to the in vivo situation than 

cultures of individualized cells. 

 

1.4 Calu-3 cell line 

The Calu-3 cell line is a human bronchial epithelial cell line, which originates from 

human pulmonary adenocarcinoma epithelial cells of serous origin from the proximal 

bronchial airways (3rd to 6th generation) of a 25 year old white Caucasian male 

(Finkbeiner et al., 1993). The cultures are comprised of a mixed phenotype of ciliated 

and secretory cells that differentiate to exhibit “tight” barrier properties (e.g. high 

transepithelial electrical resistance (TEER), low permeability to paracellular transport 
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markers) (Cavet et al., 1997; Singh et al., 1997; Winton et al., 1998). Furthermore, 

Calu-3 cells do not express 15-lipooxygenase, an enzyme specifically localized at the 

surface epithelium; however, they do express other markers of serous gland cells, 

including secretory component, secretory leukocyte protease inhibitor, lysozyme, 

lactoferrin, and cystic fibrosis transmembrane conductance regulator (Basbaum et al., 

1990; Finkbeiner et al., 1993; Shen et al., 1994). In addition to the serous phenotype, 

Calu-3 cells express the mucin gene muc-2, which is usually expressed on the 

surface of goblet and gland mucous cells of native airway epithelial cells (Finkbeiner 

et al., 1993). In the human lung, the submucosal glands are a major source of airway 

surface liquids, mucins, and other immunological active substances, and Calu-3 cells 

reflect these properties (da Paula et al., 2005; Dubin et al., 2004; Joo et al., 2004; 

Zhang et al., 2001). They resemble the native airway epithelia in many ways 

reflected by the polarized mucin secretion (Berger et al., 1999), apical chloride and 

bicarbonate ion transport (Singh et al., 1997), expression of NA+-glucose transporters 

(Finkbeiner et al., 1993), secretory IgA receptors (Loman et al., 1997), and polarized 

release of cytokines IL-1�, IL-6, IL-8, GM-CSF, TGF-�, and TNF-� (Witschi, C. and 

Mrsny, R. J., 1999). Furthermore, the Calu-3 cell line is one of the few respiratory cell 

lines that form tight junctions in vitro, allowing it to be used for modeling the airway 

epithelial barrier in lung research (Borchard, G., 2002; Florea et al., 2003; Ehrhardt et 

al., 2002; Shen et al., 1994; Foster et al., 2000). The cell line produces features of 

differentiated, functional human airway epithelial cells (Shen et al., 1994), and has 

become the principal cell line for in vitro research in tracheobronchial epithelial 

permeability (Grainger et al., 2006). Calu-3 cells grown at an air-liquid interface (ALI) 

demonstrate many characteristics of the bronchiolar epithelium, which, in vivo, 

serves as the barrier layer between inspired gas and other visceral tissues. ALI 

cultures therefore enable the approximate calculation of the in vivo situation (Babu et 

al., 2005). The apical fluid and protein secretions in Calu-3 cultures are similar to 

those from primary airway cultures and model many aspects of the intraluminal 

condition in the conducting airways of the lung (Zhu et al., 2010). Furthermore, Calu-

3 cells contain a relatively equal distribution of both �-2,6- and �-2,3-linked sialic 

acids and possess protease activity, supporting multiple-cycle growth of different 
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influenza virus subtypes (Pappas et al., 2008; Zeng et al., 2007). So far, Calu-3 cells 

have been used in many areas of biomedical research since their establishment. 

 

1.5 Aim of the study 

The aim of this study was to investigate the adaptation of avian influenza viruses of 

the subtype H9N2 to cells of the avian and human respiratory epithelium. At the 

beginning of the study, the infectivity of the H9N2 viruses was analyzed in the 

homologous system to have the opportunity to draw a conclusion from the results 

obtained in later experiments in the heterologous system. For the analysis in the 

homologous system the method of tracheal organ culture (TOC), a primary organ 

culture system, was chosen. TOCs provide a close-to-nature model of the avian 

respiratory epithelium as they preserve the natural arrangement of the trachea. 

Furthermore, TOCs derived from embryonic chicken and turkeys are easy to prepare 

and cultivate, and due to the use of embryonated eggs, this method does not require 

animal tissue donors, which otherwise need to be registered according to the 

German animal protection law. For the infection of TOCs three viruses of the H9N2 

subtype were used; the first one was an egg-grown H9N2 virus, whereas the others 

were the parental virus passaged four times in either chicken or turkey TOCs. After 

the infection studies in TOCs, the H9N2 viruses were used for infection of a 

permanent human cell line, Calu-3. These cells have the ability to develop features of 

the native human respiratory epithelium if grown under air-liquid interface (ALI) 

conditions (e.g. development of microvilli, mucus production). Furthermore, these 

cells are, when grown under ALI conditions, very close to the in vivo situation. For a 

better comparison of the replication efficiency of the H9N2 viruses in the Calu-3 cells, 

four additional influenza A viruses were used, three other avian viruses H7N7, H5N2 

and another H9N2, as well was one human isolate, PR8. Besides of the infection 

experiments, the Calu-3 cells grown under ALI conditions were further characterized 

by staining of sialic acid residues found on the surface of the cells and by staining of 

the tight junction protein ZO-1. The staining of sialic acid residues was performed by 

using the plant lectins MAAII (Maackia amurensis agglutinin), which preferentially 
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binds to sialic residues connected via an �-2,3-linkage to the underlying sugar, and 

SNA (Sambucus nigra agglutinin), which prefers sialic acids connected via an �-2,6-

linkage.  

In a second part of this thesis soluble hemagglutinins of different human H1N1 

viruses should be generated. These soluble proteins should be used for binding 

studies on different cell lines. Besides, in future studies they might be used as 

synthetic lectins to characterize the cellular binding sites for influenza viruses and 

their distribution on the cell surface of different primary and permanent cell lines and 

thus help to investigate the distribution of the virus receptor determinant. So far, there 

are only MAA and SNA available to differentiate between different types of sialic 

acids. The generation of soluble HAs might increase the number of possible tools for 

the detection of several sialic acids.  
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2 Material  

2.1 Cell lines 

Most of the continuous cell lines used during the time of this Ph.D. thesis (see table 

1) were provided by the Institute of Virology at the University of Veterinary Medicine 

Hannover, Foundation. Only the chicken lung epithelial cells (CLEC213) and the 

newborn pig trachea cells (NPTr) were provided by other institutes. The CLEC213 

cells were provided by Evelyne Esnault from the INRA (Infectiologie Animale et 

Santé Publique, Pathologie et Immunologie Aviaires, 37380 Nouzilly, France), 

whereas the NPTr cell line was provided by François Meurens from the INRA (Institut 

National de la Recherche Agronomique (INRA), Unité de Recherche 1282, 

Infectiologie Animale et Santé Publique, 37380, Nouzilly, France.). 

 

Table 1. Adherent, continuous cell lines. 

Cell line Species Source Properties Growth medium 

MDCKII Dog kidney epithelium 

polar 

epithelial 

adherent 

DMEM + 10% FCS + 

1% Pen/Strep 

Calu-3 
Human 

(homo sapiens) 

lung 

(adenocarcinoma) 

polar 

epithelial 

adherent 

EMEM + 5% FCS 

+ 1% non-essential 

amino acids +           

1% Sodium pyruvate +    

1% Pen/Strep 

HEK-293T 
Human 

(homo sapiens) 
kidney 

non-polar 

epithelial 

adherent 

DMEM + 10% FCS + 

1% Pen/Strep 

HBE 
Human 

(homo sapiens) 

lung 

(bronchus) 

non-polar 

epithelial 

adherent 

DMEM + Ham’s F12 

(1:1) + 5% FCS +      

1% Pen/Strep 

A549 
Human 

(homo sapiens) 

lung 

(carcinoma) 

polar 

epithelial 

adherent 

Ham’s F12 + 10% FCS 

+ 1% Pen/Strep 
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NPTr Newborn pig trachea 

non-polar 

epithelial 

adherent 

EMEM + 10% FCS       

+ 1% Pen/Strep 

CLEC213 

Chicken 

(Gallus gallus 

domesticus) 

lung 

polar 

epithelial 

adherent 

DMEM + Ham’s F12 

(1:1) + 4% FCS +      

1% Pen/Strep           

+ 3% BSA + 1% ITS      

+ 0.25% hEGF 

 

2.2 Embryonated eggs 

SPF chicken eggs Lohmann, Cuxhaven 

Turkey eggs Moorgut Kartzfehn von Kameke, Bösel  

2.3 Viruses 

The viruses listed in table 2 were utilized for the different infection experiments. 

Table 2. Utilized viruses with strain description. 

Strain Abbreviation Obtained from Grown in 

A/chicken/Saudi 

Arabia/CP7/98 (LPAI) H9N2 
H9N2 p 

Prof. S. Rautenschlein, 

Clinic for Poultry, University 

of Veterinary Medicine, 

Hannover 

embryonated 

SPF chicken 

eggs 

A/chicken/Saudi 

Arabia/CP7/98 (LPAI) H9N2  

[4th passage chicken TOC] 

  H9N2 ck 

3rd passage in chicken 

TOC, 

Henning Petersen, 

Clinic for Poultry, University 

of Veterinary Medicine, 

Hannover 

four passages 

in chicken 

tracheal organ 

cultures (TOC) 

A/chicken/Saudi 

Arabia/CP7/98 (LPAI) H9N2 

[4th passage turkey TOC] 

  H9N2 tk 

3rd passage in turkey TOC, 

Henning Petersen, 

Clinic for Poultry, University 

of Veterinary Medicine, 

Hannover 

four passages 

in turkey 

tracheal organ 

cultures (TOC) 
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A/chicken/Hong Kong/G9/97 

(LPAI) H9N2 
  H9N2 M 

Prof. W. Garten,  

Institute of Virology, 

Philipps University Marburg 

embryonated 

SPF chicken 

eggs 

A/duck/Potsdam/15/80 

(LPAI) H7N7 
  H7N7 

Prof. S. Rautenschlein, 

Clinic for Poultry, University 

of Veterinary Medicine, 

Hannover 

embryonated 

SPF chicken 

eggs 

A/teal/Föhr/Wv1378-79/2003  

(LPAI) H5N2 
  H5N2 

FLI, Federal Research 

Institute for Animal Health, 

Insel Riems, Germany 

embryonated 

SPF chicken 

eggs 

A/Puerto Rico/8/34 

H1N1 
  PR8 

Prof. W. Garten,  

Institute of Virology, 

Philipps University Marburg 

embryonated 

SPF chicken 

eggs 

 

2.4 Bacteria 

Escherichia coli (E. coli) MRF XL-1 blue 
Stratagene, La Jolla, USA 

2.5 Plasmids 

pCG1 The pCG1 plasmid was obtained from R. Cattaneo (Mayo Clinic College 

of Medicine, Rochester, Minnesota, USA). Between the promotor of 

cytomegalovirus (CMV) and the multiple cloning site (MCS), an intron is 

inserted which is derived from the rabbit �-tubulin gene. The plasmid 

contains an ampicillin resistance gene for selection in bacteria. This 

plasmid was used to express the soluble influenza hemagglutinins in 

eukaryotic cell lines. 

 

pCGFc The pCGFc vector is derived from the pCG1 plasmid. In the MCS of the 

original plasmid, the Fc fragment of human immunoglobulin G is inserted 

via a SphI restriction site. The pCGFc plasmid was used to generate 

soluble hemagglutinins fused to an Fc-tag to enable easy detection of 
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the chimeric protein. A derivative of this vector is the pCGFc-ATG vector 

which expresses the Fc alone because of the inserted start codon ATG 

in front of the Fc gene. 

 

pCGT The pCGT vector is derived from the pCG1 plasmid. A modified GCN4 

leucine zipper trimerization domain is cloned into the MCS via a SphI 

restriction site. This trimerization domain is used to stabilize soluble 

hemagglutinin trimers. An amino acid change from valine or asparagine 

or leucine to isoleucines results in increased trimer formation of the 

coiled-coiled-helices (Harbury et al., 1993). This GCN4-pII mutant (in the 

following referred to as "trimerization domain" (T)) was used by (Yang et 

al., 2000b) to stabilize the human immunodeficiency virus envelope 

glycoprotein in membrane bound (Yang et al., 2000b) and soluble form 

(Yang et al., 2000a). 

 

pCGT6his A vector for the formation of trimeric proteins with a his-tag is the 

pCGT6his. It is derived from the pCGT plasmid with a his-tag motif 

inserted downstream of the trimerization domain. 

2.6 DNA 

The DNA used for the cloning of the different soluble hemagglutinins (see table 3) 

was provided by Priv.-Doz. Dr. Thorsten Wolff (Robert-Koch-Institut, Berlin, 

Germany). The fragment encoding the ectodomain of the HA was amplified and 

inserted into the MCS of the pCGFc vector upstream of the human Fc-tag, as well as 

into the pCG1, pCGT and the pCGT6his vector.  

Table 3. Overview of the different soluble HA constructs. 

Name Construct Size (bp)/ aa 

1918_HA 
full length HA of  

A/South Carolina/1/18 (H1N1) HPAI 
1701/ 657 
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1918_sol 
ectodomain of HA  

A/South Carolina/1/18 (H1N1) HPAI 
1590/ 529 

1918_Fc 
ectodomain of HA fused to Fc-tag  

A/South Carolina/1/18 (H1N1) HPAI 
2352/ 783 

1918_T 
ectodomain of HA fused to trimerization domain 

A/South Carolina/1/18 (H1N1) HPAI 
1710/ 569 

1918_T6his 
ectodomain of HA fused to T6his-tag  

A/South Carolina/1/18 (H1N1) HPAI 
1728/ 575 

2009_HA 
full length HA of  

A/California/04/2009 (H1N1) HPAI 
1701/657 

2009_sol 
ectodomain of HA  

A/ California/04/2009 (H1N1) HPAI 
1587/529 

2009_Fc 
ectodomain of HA fused to Fc-tag  

A/ California/04/2009 (H1N1) HPAI 
2352/ 783 

2009_T 
ectodomain of HA fused to trimerization domain  

 A/ California/04/2009 (H1N1) HPAI 
1683/ 561 

2009_T6his 
ectodomain of HA fused to T6his-tag 

A/ California/04/2009 (H1N1) HPAI 
1779/ 593 

 

2.7 Cell culture media 

2.7.1 DMEM (Dulbecco’s Minimal Essential Medium), pH 6.9 

DMEM powder 13.53 g/l GIBCO/Invitrogen, Karlsruhe 

NaHCO3 2.20 g/l Merck, Darmstadt 

Penicillin 0.06 g/l Sigma-Aldrich, Munich 

Streptomycin 0.05 g/l Sigma-Aldrich, Munich 

2.7.2 EMEM (Eagles Minimal Essential Medium), pH 7.0 

EMEM powder 9.60 g/l GIBCO/Invitrogen, Karlsruhe 

NaHCO3 2.20 g/l Merck, Darmstadt 

Penicillin 0.06 g/l Sigma-Aldrich, Munich 

Streptomycin 0.05 g/l Sigma-Aldrich, Munich 
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2.7.3 Ham’s F12 

Ham’s F12 with L-Glutamine 

ready to use 
pH 7.0-7.5 PAA, Pasching, Austria 

 

2.7.4 Freezing medium 

DMEM/ EMEM/ Ham’s 

F12 

  

FCS 10 % Biochrom, Hamburg 

Glycerol (sterile) 10 % AppliChem, Darmstadt 

   

2.7.5 Overlay medium 

DMEM 
  

Methylcellulose 9.2 g/l Sigma-Aldrich, Munich 

Pen/Strep  PAA, Pasching, Austria 

Acetylated trypsin 1 µg/ml Sigma-Aldrich, Munich 

 

2.7.6 Trypsin/EDTA 

NaCl 
8.00 g/l Merck, Darmstadt 

KCl 0.20 g/l AppliChem, Darmstadt 

Na2HPO4 x 12 H2O 2.31 g/l Merck, Darmstadt 

KH2PO4 x 2 H2O  0.20 g/l Merck, Darmstadt 

CaCl2 0.13 g/l Merck, Darmstadt 

MgSO4 x 7 H2O 1.10 g/l Merck, Darmstadt 

Trypsin (3 U/mg) 1.25 g/l GIBCO/ Invitrogen, Karlsruhe 

EDTA 1.25 g/l Merck, Darmstadt 

Streptomycin 0.05 g/l Sigma-Aldrich, Munich 

Penicillin 0.06 g/l Sigma-Aldrich, Munich 
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2.7.7 Medium 199 with Hanks’ salts 

Medium 199 with Hanks’ 

salts ready to use 

 Biochrom AG, Hamburg 

Streptomycin 0.05 g/l Sigma-Aldrich, Munich 

Penicillin 0.06 g/l Sigma-Aldrich, Munich 

Clotrimazol 0.20 g/l Sigma-Aldrich, Munich 

 

2.8 Bacteria media 

2.8.1 Luria-Bertani (LB) media 

Tryptone 
10 g/l AppliChem, Darmstadt 

NaCl 10 g/l AppliChem, Darmstadt 

Yeast extract  5 g/l Roth, Karlsruhe 

 

2.8.2 LB agar 

Tryptone 
10 g/l AppliChem, Darmstadt 

NaCl 10 g/l AppliChem, Darmstadt 

Yeast extract  5 g/l Roth, Karlsruhe 

Agar 20 g/l Roth, Karlsruhe 

2.9 Buffers and solutions 

2.9.1 Anode buffer I, pH 9.0 

Tris 1M 
300 ml/l Roth, Karlsruhe 

Ethanol 200 ml/l AppliChem, Darmstadt 

adjust pH with HCl   
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2.9.2 Anode buffer II, pH 7.4 

Tris 1M 
25 ml/l Roth, Karlsruhe 

Ethanol 200 ml/l AppliChem, Darmstadt 

adjust pH with HCl   

 

2.9.3 Cathode buffer, pH 9.0 

Tris 1M 
25 ml/l Roth, Karlsruhe 

Aminocaproic acid 5.25 g/l Sigma-Aldrich, Munich 

Ethanol 200 ml/l AppliChem, Darmstadt 

adjust pH with HCl   

 

2.9.4 DAPI staining solution 

Ethanol 
 AppliChem, Darmstadt 

DAPI 1 mg/l Sigma-Aldrich, Munich 

 

2.9.5 Ethidium bromide staining solution 

TAE buffer 
  

Ethidium bromide 10 g/l Sigma-Aldrich, Munich 

 

2.9.6 Mowiol 

Mowiol 4-88 
120 g/l Calbiochem, Heidelberg 

Glycerol 300 g/l Roth, Karlsruhe 

DABCO 25 g/l Sigma-Aldrich, Munich 

Tris/HCl 120 mM AppliChem, Darmstadt 
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2.9.7 Paraformaldehyde, pH 7.4 

PBSM 
  

Paraformaldehyd 30 g/l AppliChem, Darmstadt 

 

2.9.8 PBS, pH 7.5 

NaCl 
8.00 g/l AppliChem, Darmstadt 

KCl 0.20 g/l AppliChem, Darmstadt 

Na2HPO4 1.15 g/l Merck, Darmstadt 

KH2PO4 0.20 g/l Merck, Darmstadt 

MgCl2 x 6 H2O 0.10 g/l Merck, Darmstadt 

CaCl2 x 2 H2O 0.13 g/l Merck, Darmstadt 

 

2.9.9 PBSM, pH 7.5 

NaCl 
8.00 g/l AppliChem, Darmstadt 

KCl 0.20 g/l AppliChem, Darmstadt 

Na2HPO4 1.15 g/l Merck, Darmstadt 

KH2PO4 0.20 g/l Merck, Darmstadt 

 

2.9.10 PBSM 0.1% Tween 

PBSM 
  

Tween 20 1 ml/l Roth, Karlsruhe 

 

2.9.11 SDS running buffer 1x 

SDS 
1.0 g/l Roth, Karlsruhe 

Tris 3.0 g/l AppliChem, Darmstadt 

Glycine 14.4 g/l AppliChem, Darmstadt 
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2.9.12 SDS sample buffer 2x 

0.5M Tris/HCl (pH 6.8) 
200 ml/l AppliChem, Darmstadt 

10% SDS 400 ml/l Roth, Karlsruhe 

Glycerol 200 ml/l AppliChem, Darmstadt 

2% Bromphenol blue 20 ml/l Merck, Darmstadt 

 

2.9.13 Separating gel (8%) 

H2O 
2.3 ml  

Acrylamide solution (30%) 1.3 ml Roth, Karlsruhe 

1M Tris/HCl, pH 8.8 1.3 ml AppliChem, Darmstadt 

10% SDS (in H2O) 50 µl Roth, Karlsruhe 

10% APS (in H2O) 50 µl AppliChem, Darmstadt 

TEMED 8 µl AppliChem, Darmstadt 

 

2.9.14 Stacking gel 

H2O 
3.4 ml  

Acrylamide solution (30%) 0.83 ml Roth, Karlsruhe 

1M Tris/HCl, pH 6.8 0.63 ml AppliChem, Darmstadt 

10% SDS (in H2O) 50 µl Roth, Karlsruhe 

10% APS (in H2O) 50 µl AppliChem, Darmstadt 

TEMED 50 µl AppliChem, Darmstadt 

 

2.9.15 TAE buffer, pH 8.0 

Tris 
10.80 g/l AppliChem, Darmstadt 

Acetic acid 1.14 ml/l Roth, Karlsruhe 

EDTA 0.74 g/l Roth, Karlsruhe 
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2.9.16 TBE buffer, pH 8.0 

Tris 
4.84 g/l AppliChem, Darmstadt 

Boric acid 5.34 g/l Roth, Karlsruhe 

EDTA 0.74 g/l Roth, Karlsruhe 

 

2.9.17 TFB I buffer 

CaCl2 
10mM Roth, Karlsruhe 

Glycerol 15% (v/v) AppliChem, Darmstadt 

Potassium chloride 30mM Merck, Darmstadt 

Rubidium chloride 100mM Merck, Darmstadt 

Manganese chloride 50mM Merck, Darmstadt 

 

2.9.18 TFB II buffer 

CaCl2 
75mM Roth, Karlsruhe 

Glycerol 15% (v/v) AppliChem, Darmstadt 

Rubidium chloride 10mM Merck, Darmstadt 

Manganese chloride 50mM Merck, Darmstadt 

MOPS, pH 7.0 10mM Sigma-Aldrich, Munich 

 

2.9.19 CaCl2 (2.5M) for Calcium Phosphate Transfection 

CaCl2 x 2 H2O 
18.375 g Merck, Darmstadt 

in 50 ml dH2O   
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2.9.20 2xHBS buffer for Calcium Phosphate Transfection, pH 7 

280mM NaCl 
1.63 g AppliChem, Darmstadt 

1.5M Na2HPO4 x 7 H2O 0.2 g AppliChem, Darmstadt 

50mM HEPES 1.2 g Roth, Karlsruhe 

in 100 ml dH2O   

(sterile filtration of the buffer)   

 

2.10 Antibodies 

The following primary antibodies were used to detect the soluble hemagglutinins or to 

analyze influenza virus infection. Depending on the experiment (immunofluorescence 

(IF), Western Blot (WB), FACS) different secondary antibodies had to be used. 

Table 4. Antibodies. All antibodies were diluted in 1% BSA for IF or in PBSM for WB. (FITC = 

Fluorescin isothiocyanate, HRP = horse reddish peroxidase, Cy3 = Cyanine 3) 

Notation Epitope Isotype Dilution Implication Source 

�-NP influenza NP mouse-IgG 1:750 IF 
AbDSeroTec, 

Düsseldorf 

�-H1 
influenza H1N1 

hemagglutinin 
mouse-IgG 

1:100/ 

1:200 
IF, WB 

Santa Cruz, 

Heidelberg 

�-ZO-1 

N-terminus of 

ZO-1 (human 

origin) 

mouse-IgG 1:20 IF 
Santa Cruz, 

Heidelberg 

�-mouse-Cy3 mouse IgG goat IgG-Cy3 1:500 IF 
Sigma-Aldrich, 

Munich 

�-mouse-FITC mouse IgG goat IgG-FITC 1:500 IF 
Sigma-Aldrich, 

Munich 

�-goat-Cy3 goat IgG goat IgG-Cy3 1:200 IF 
Sigma-Aldrich, 

Munich 

�-human-Cy3 human IgG goat IgG-Cy3 1:500 IF 
Sigma-Aldrich, 

Munich 

�-human-FITC human IgG goat IgG-FITC 1:500 IF 
Sigma-Aldrich, 

Munich 
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�-human-HRP human IgG goat IgG-HRP 1:10.000 WB 
Sigma-Aldrich, 

Munich 

�-Phalloidin- 

Rhodamin 

Actin, 

Cytoskeleton 
 1:200 IF 

Invitrogen,Life 

Technologies, 

Darmstadt 

�-Streptavidin- 

Cy3 

biotinylated 

antibodies 

Streptomyces 

avidinii 
1:200 IF 

Sigma-Aldrich, 

Munich 

 

2.11 Lectins 

Table 5. Lectins. SNA was used diluted in 1% BSA, 1:100; MAAII was used undiluted. 

Notation Specificity Source 

biotinylated  Maackia amurensis lectin II  SA-�2,3 
Vector laboratories, 

Burlingame, USA 

FITC-labeled Sambucus nigra lectin  SA-�2,6 
Vector laboratories, 

Burlingame, USA 

 

2.12 Enzymes 

2.12.1 Restriction enzymes 

PacI 
New England Biolabs, Frankfurt (Main) 

SalI New England Biolabs, Frankfurt (Main) 

 

2.12.2 Other enzymes 

Neuraminidase type V (Clostridium perfringens) 
Sigma-Aldrich, Munich 

Acetylated trypsin from bovine pancreas Sigma-Aldrich, Munich 

Pfu polymerase MBI Fermentas, St. Leon-Rot 

Phusion High Fidelity DNA polymerase Finnzymes, Schwerte 

GoTaq DNA polymerase Promega, Madison, USA 
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T4 ligase MBI Fermentas, St. Leon-Rot 

Calf intestine alkaline phosphatase (CIAP) MBI Fermentas, St. Leon-Rot 

 

2.13 Chemicals 

1,4-Dithiotreitol (DTT) 
Roth, Karlsruhe 

2-Mercaptoethanol FLUKA, Basel, Switzerland 

Acetic acid Roth, Karlsruhe 

Acrylamide solution 30% "Rotiphorese Gel 30" Roth, Karlsruhe 

Agar Agar Roth, Karlsruhe 

Agarose Biozym, Hess. Oldendorf 

Albumin fraction V (pH 7.0) AppliChem, Darmstadt 

Aminocapronic acid Sigma-Aldrich, Munich 

Ammonium persulfate (APS) Bio-Rad, Munich 

Boric acid Roth, Karlsruhe 

Bovine Serum albumin (BSA) Roth, Karlsruhe 

Calcium chloride Roth, Karlsruhe 

DABCO Sigma-Aldrich, Munich 

DAPI Sigma-Aldrich, Munich 

DEPC-treated water Roth, Karlsruhe 

Disodium hydrogen phosphate Roth, Karlsruhe 

dATP MBI Fermentas, St. Leon-Rot 

dCTP MBI Fermentas, St. Leon-Rot 

dGTP MBI Fermentas, St. Leon-Rot 

dTTP MBI Fermentas, St. Leon-Rot 

EDTA Roth, Karlsruhe 

Ethanol Merck, Darmstadt 

Ethidiumbromide Sigma-Aldrich, Munich 

Fetal calf serum (FCS) Biochrom AG, Hamburg 

Formaline 37% AppliChem, Darmstadt 

Gene Ruler 1kb DNA Ladder Plus MBI Fermentas, St. Leon-Rot 
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Glycerol Roth, Karlsruhe 

Glycine Roth, Karlsruhe 

Hydrochloric acid Roth, Karlsruhe 

HEPES Roth, Karlsruhe 

Human Epidermal Growth Factor (hEGF)  Biochrom, Berlin 

Isopropanol (2-Propanol) Roth, Karlsruhe 

Insulin-Transferrin-Selenium-X (100X) / ITS Life Technologies, Darmstadt 

6x loading dye solution MBI Fermentas, St. Leon-Rot 

Magnesium chloride Roth, Karlsruhe 

Magnesium sulfate Roth, Karlsruhe 

Methanol Roth, Karlsruhe 

Methylcellulose Sigma-Aldrich, Munich 

Mowiol 4-88 Calbiochem, Heidelberg 

N,N,N',N'-Tetramethylene diamine (TEMED) Roth, Karlsruhe 

Non-essential amino acids Biochrom AG, Hamburg 

Paraformaldehyde Sigma-Aldrich, Munich 

Potassium chloride Merck, Darmstadt 

Potassium dihydrogen phosphate Roth, Karlsruhe 

Rubidium chloride Merck, Darmstadt 

Sodium acetate Merck, Darmstadt 

Sodium chloride Roth, Karlsruhe 

Sodium desoxycholate Roth, Karlsruhe 

Sodium dihydrogen phosphate Roth, Karlsruhe 

Sodiumdodecylsulfat (SDS) Roth, Karlsruhe 

Sodium hydrogen phosphate Roth, Karlsruhe 

Sodium hydroxide Roth, Karlsruhe 

Tetracycline Roth, Karlsruhe 

Tris-Hydroxymethylaminomethan (TRIS) Roth, Karlsruhe 

Triton X-100 Roth, Karlsruhe 

Tryptone Roth, Karlsruhe 

Tween 20 Roth, Karlsruhe 
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Yeast extract Roth, Karlsruhe 

 

2.14 Other substances 

Blocking reagent 
Roche, Mannheim 

Super Signal West Dura Extended Duration 

Substrate 
Pierce, Rockford, USA 

Super Signal West Femto Extended Sensitivity 

Substrate 
Pierce, Rockford, USA 

PageRuler prestained protein ladder plus (250 kDa) MBI Fermentas, St. Leon-Rot 

Spectra multicolor high range protein ladder (300 

kDa) 
MBI Fermentas, St. Leon-Rot 

 

2.15 Synthetic oligonucleotides 

Oligonucleotides (see 1.16.1 and 1.16.2) were synthesized by Sigma-Aldrich Chemie 

GmbH, Steinheim and used for PCR in a 10 µM concentration. 

2.15.1 Oligonucleotides for cloning 

 

Table 6. Oligonucleotides for cloning  

No. Name Sequence 5’ ���� 3’ 

1 SouthCaro_s(PacI) AAGGCCTTAATTAAATGGAGGCAAGACTACTG 

2 SouthCaro_as(SalI) AAGGCCTAGTCGACCTGATAGACCCCCATTGATTC 

3 SouthCaro_as_sol(SalI) AAGGCCTAGTCGACTCACTGATAGACCCCCATTGATTC 

4 California_s(PacI) AAGGCCTTAATTAAATGAAGGCAATACTAGTAGTT 

5 California_as(SalI) AAGGCCTAGTCGACCTGGTAAATCCTTGTTGATTC 

6 California_as_sol(SalI) AAGGCCTAGTCGACTCACTGGTAAATCCTTGTTGATTC 
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2.15.2 Oligonucleotides for sequencing 

 

Table 7. Oligonucleotides for sequencing. 

No. Name Sequence 5’ ���� 3’ 

7 Uni12 AGCAAAAGCAGG 

8 Bm-HA-1 TATTCGTCTCAGGGGAGCAAAAGCAGGGG 

9 Bm-NS-890R ATATCGTCTCGTATTAGTAGAAACAAGGGTGTTTT 

23 H9N2_sense TTCCGGATGGAAACAATATCACT 

24 H9N2_600nt_sense AAGTTTGTACATAAGAACCGACACA 

25 H9N2_antisense CCGGTATACAAATGTTGCACCTGCAA 

26 H9N2_HA_750_sense AACCAGGCCAGACATTGCG 

27 H9N2_HA_350_reverse CCCAGGGTAACACGTTCCATTT 

28 H1_1918_sense TTGGATGGAGGCAAGACTACTGG 

29 H1_1918_600nt_sense CCGGTACTGATCAACAGAGTCTCTA 

30 H1_1918_antisense TTGGCCTGATAGACCCCCATTGATT 

31 H1_2009_sense TTGGATGAAGGCAATACTAGTAGTT 

32 H1_2009_600nt_sense CCATCTACTAGTGCTGACCAACAAA 

33 H1_2009_antisense TTGGCCTGGTAAATCCTTGTTGATT 

 

2.16 Kits 

QIAQuick PCR Purification Kit 
Qiagen, Hilden 

QIAQuick Gel Extraction Kit Qiagen, Hilden 

NucleoBond Xtra Midi Kit Machery-Nagel, Düren 

QIAamp Viral RNA Mini Kit Qiagen, Hilden 

QIAprep Spin Miniprep Kit Qiagen, Hilden 
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2.17 Equipment 

2.17.1 Agarose gel electrophoresis 

Electrophoresis Box, Gel Mold, Gel Comb 
Keutz, Reiskirchen 

Microwave MWS 2820 Bauknecht, Schorndorf 

UV-Transluminator UVP, Upland, USA 

Power supply Bio-Rad, München 

Eppendorf BioPhotometer plus Eppendorf AG, Hamburg 

 

2.17.2 Bacteria culture 

Petri dishes, 100 cm 
Greiner, Nürtingen 

Erlenmeyer flask, 100 ml, 300 ml, 500 ml Jürgens, Hannover 

Shaking inkubator Type 3033 GFL, Burgwedel 

Incubator Type B16 
Heraeus, Osterode 

2.17.3 Magnetic stirrer 

Magnetic stirrer, RCT basic 
IKA Labortechnik, Staufen 

2.17.4 Microscope 

Axioplan 2 Fluorescence Microscope 
Zeiss, Jena 

Leica TCS SP5 X Leica, Solms 

LAS AF Leica, Solms 

Nikon Eclipse Ti 
Nikon, Düsseldorf 

2.17.5 PCR 

Primus 25/96 Thermocycler 
MWG Biotech, Ebersberg 

0,2 ml PCR reaction tubes 
Biozym, Hess. Oldendorf 
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2.17.6 pH-Meter 

pH-Meter Jürgens, Hannover 

2.17.7 Pipettes and pipette helpers 

10 µl, 100 µl, 1000 µl 
Eppendorf, Hamburg 

10 µl, 100 µl SafeSeal-Tips Biozym, Hess. Oldendorf 

1 ml, 2 ml, 5 ml, 10 ml, 20 ml glas pipettes Jürgens, Hannover 

Accu Jet Pipette helper Brand, Wertheim/Main 

 

2.17.8 SDS-PAGE und Semi-dry Western Blot 

Slab Gel chamber 
Keutz, Reiskirchen 

Filter paper Schleicher & Schuell, Dassel 

Nitrocellulose transfer membrane Schleicher & Schuell, Dassel 

Transfer chamber Biometra, Analytic Jena, Ober-Ramstadt 

ChemiDoc EQ Bio-Rad, Munich 

Quantity One V 4.4.0 (Software) Bio-Rad, Munich 

  

2.17.9 Safety cabinets 

NuAire Class II 
Nuaire, Plymouth (USA) 

Hera Safe Heraeus, Hanau 

NuAire Class II Type A/B3 Nuaire, Plymouth (USA) 

KOJAIR KR-130 BW MSC CL II En12469 KOJAIR, Vilppula, Finland 

2.17.10 Reaction tubes, columns and sterile filters 

FP 30/0.2 CA-S sterile filter 
Schleicher & Schuell, Dassel 

15 ml and 50 ml reaction tubes Greiner, Nürtingen 

Amicon Ultra-15 Centrifugal Filter Devices Millipore, Schwalbach/Ts. 
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2.17.11 Vortex 

Reax top 
Heidolph, Kehleim 

Reax 2000-05-20 Heidolph, Kehleim 

2.17.12 Scales 

Electronic analysis scale, Type 1712 MP 8 
Sartorius, Göttingen 

Sartorius Portable scale Lauda A100 Sartorius, Göttingen 

 

2.17.13 Water bath 

Water bath GFL, Burgwedel 

2.17.14 Cell culture 

Tissue culture flasks 75 cm2 
Greiner, Nürtingen 

96-Well plates (flat bottom) Costar Corning, Sigma-Aldrich, Munich 

24-Well plates Greiner, Nürtingen 

6-Well plates Greiner, Nürtingen 

CO2 Incubator Heraeus, Hanau 

Swiveling table Keutz, Reiskirchen 

Coverslips Roth, Karlsruhe 

Microscope slide Roth, Karlsruhe 

Corning® Transwell® polyester 

membrane cell culture inserts (6.5mm 

Transwell with 0.4�m pore size; 

CLS3470) 

Costar Corning, Sigma-Aldrich, Munich 
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2.17.15 Preparation of tracheal organ cultures 

5 ml tubes, sterile, 75x13 mm, PS  
Sarstedt, Nümbrecht 

Reax 2, overhead rotator Heidolph, Kehlheim 

Microtome blades Type A35  Feather, Japan 

Illuminated magnifying lamp unkown 

 

2.17.16 Centrifuges 

Microcentrifuge 5415 D 
Eppendorf, Hamburg 

Megafuge 1,0R Heraeus, Hamburg 

Centrifuge 5417C/R Eppendorf, Hamburg 
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3 Methods  

3.1 Cell culture 

3.1.1 Cultivation of cells 

All cells were cultured at 37°C and 5% CO2 in 75 cm2 culture flasks containing 20 ml 

medium (cell lines and culture conditions see chapter 2.1, table1). Every third or 

fourth day, the cells were passaged. After removing the cell culture medium, the cells 

were washed one time with 5 ml PBS. Afterwards the cells were detached by two 

treatments with trypsin (first: 5 ml, 5 min; second: 3 ml, 10-15 min) and resuspended 

in 7 ml medium. A volume of 1 to 2 ml was used for passaging. The cell culture flasks 

were then filled with the respective medium to a total volume of 20ml. 

 

3.1.2 Test for mycoplasma 

The screening of cell cultures for a contamination with mycoplasma by DAPI (4',6'-

Diamidino-2-phenylindol) staining was performed every two to four weeks.  

For this purpose the different cell lines were seeded on sterile coverslips in a 24-well 

plate at a concentration of <105 cells/ ml, in order to avoid complete confluency of the 

cells on the next day when the DAPI staining was performed.  

On the following day, the cells were washed with PBS. Afterwards 250 �l DAPI were 

added and the cells were incubated at 37°C for 15 min. Subsequently, the cells were 

washed twice with distilled H2O and placed cell side down on a droplet of Mowiol on 

a microscope slide. The samples were analyzed for mycoplasma under a 

fluorescence microscope. 

In addition to DAPI staining a mycoplasma ELISA (Roche) of all cell cultures was 

performed by the technical staff every two months according to the manufacturer’s 

instructions. 

 



 - 64 - Methods 

 

3.1.3 Cryoconservation 

For cryoconservation the cells were trypsinized and afterwards resuspended in the 

respective medium. Then the cells were centrifuged at 200 x g for 10 min. The 

supernatant was discarded and the pellet resuspended in 3 ml of the corresponding 

freezing medium. Cells were slowly frozen at aliquots of 1 ml and stored at -80°C. 

For thawing of cryoconserved cells an aliquot of the corresponding cell line was 

thawed in a 37°C water bath, resuspended in 10 ml cell culture medium and pelleted 

as described above. Subsequently, the cells were resuspended in 20 ml of the 

matching medium and seeded in a 75 cm2 cell culture flask. The cells were then 

cultured as described above. 

 

3.1.4 Air-liquid interface (ALI-) culture of Calu-3 cells 

For the cultivation of Calu-3 cells under air-liquid interface (ALI) conditions Corning® 

Transwell® polyester membrane cell culture inserts were used, which had a pore size 

of 0.4 µm and a diameter of 6.5 mm (24-well plate; Costar Corning). 1x105 cells per 

cm² filter membrane were transferred to the apical chamber in a volume of 250 µl. In 

the basolateral chamber 500 µl of cell culture medium were provided. The cells were 

incubated overnight at 37°C with 5% CO2. One day after seeding ALI conditions were 

established. For this purpose the medium was removed from the apical and the 

basolateral chamber and replaced only in the basolateral compartment (750 µl cell 

culture medium). The cells were afterwards cultured for 14 days at 37°C and 5% CO2 

with medium change every other day. Experiments were performed 14 days after 

establishing ALI conditions. 
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3.1.5 Calcium-Phosphate transfection of HEK-293T cells 

3.1.5.1 Transfection for immunofluorescence 

One day prior to transfection, HEK-293T cells were seeded on cover slips in 24-well 

plates in DMEM containing 10% FCS at a density of 105 cells/ ml. In each well 1ml 

cell suspension was added and the cells were then incubated overnight at 37°C and 

5% CO2. On the next day, when cells had reached a confluency of 70 – 90% the 

transfection mixtures were prepared.  

 

2 µg DNA + 21 µl dH2O (sterile) per well 

5 µl CaCl2 + 25 µl 2xHBS buffer per well 

 

First, the DNA/ H2O mix and the CaCl2/ 2xHBS mix were prepared, mixed and 

incubated for 5 min at RT. Then, the transfection mix was added dropwise to the 

cells. A medium change prior to transfection was not necessary. After 24 h, cells 

were first washed three times with PBS and then fixed with 3% PFA. Analysis was 

done by immunofluorescence staining. 

 

3.1.5.2 Transfection for production of soluble H1 hemagglutinins 

For the generation of soluble H1 hemagglutinins, the transfection was performed as 

described above, but the cells were seeded either in 6-well plates (for the detection 

of soluble proteins in the supernatant) or in 10 cm dishes (for the production of a 

large amount of soluble proteins) and the volume of reagents was adapted to the 

larger scale.  

 

  18 µg DNA + 210 µl dH2O (sterile) per 10 cm dish 

  50 µl CaCl2 + 250 µl 2xHBS per 10 cm dish 
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At 16 to 20 h post transfection, the medium was changed and only 3% FCS was 

added to the medium for the next days. Supernatants were taken 48 h and 72 h post 

transfection, centrifuged at 2800 x g for 20 min and either stored at 4°C for fast 

protein liquid chromatography (FPLC), or frozen at -20°C for a longer storage. The 

soluble hemagglutinins were afterwards purified via FPLC and used for binding 

studies on different permanent cell lines. 

 

3.2 Primary cell culture 

3.2.1 Tracheal organ culture (TOC) 

For the preparation of tracheal organ cultures (TOC), 20 days old SPF chicken 

embryos or 24 days old turkey embryos were used. First, the egg was opened on the 

flat side with a piece of forceps. Then the embryo was removed from the egg with the 

help of a piece of forceps and decapitated using a pair of scissors. After the yolk sac 

had been removed, the trachea was prepared. Under an illuminated magnifying 

glass, the trachea was put on filter paper soaked with medium 199 with Hank’s salts 

and freed from the surrounding tissue. Afterwards it was manually cut into small rings 

of approximately 1 mm thickness using a microtome blade. 

For the cultivation of TOCs, each ring was put separately in a clear sterile 10 ml tube 

containing 0.5 ml medium 199 with Hank’s salts. The tubes were then incubated 

overnight on an overhead rotator at 37°C. Due to the overhead rotation the medium 

circulates inside the tubes and therefore the TOCs are alternately incubated either 

with the medium or with air.  

Experiments were performed after overnight incubation of the TOC in an overhead 

rotator. 
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3.3 Virological methods 

3.3.1 Virus propagation in embryonated chicken eggs 

Most of the viruses were propagated in 10 days old embryonated chicken eggs. For 

this purpose the blunt end of the egg was disinfected and a small hole was pierced 

into the shell at the top of the egg. A volume of 100 µl of the virus solution (virus 

stock 1:100 in PBS) was injected into the allantoic cavity. The hole in the shell was 

sealed with glue. The eggs were kept at 37°C for up to three days in an egg 

incubator. The eggs were candled daily to monitor the viability of the embryo; eggs 

containing a dead embryo were transferred to 4°C (Henle, W. and Henle, G., 1949; 

Lin, O. C. and Henle, W., 1951; Lin, O. C. and Henle, W., 1953; Finter et al, 1954, 

Pyhälä et al., 1987). 

At day three, all remaining eggs were incubated at 4°C for at least 2h. The eggs were 

opened with a piece of forceps and the allantoic fluid was collected using a plastic 

pipette. Cell debris was removed by centrifugation at 3500 x g for 20 min. The virus 

containing allantoic fluid was frozen in aliquots and stored at -80°C. The viral titer 

was determined by immunoplaque assay. 

 

3.3.2 Virus propagation in TOCs 

For the propagation of viruses in either chicken or turkey TOCs, tracheas of 20 days 

old SPF chicken embryos or 24 days old turkey embryos were prepared as described 

above. The TOCs were incubated overnight in an overhead rotator and on the next 

day the medium was removed and infection was performed with 104 pfu/ring at 37°C 

for 1h. Afterwards the TOCs were washed three times with PBS and each ring was 

provided with 1 ml medium 199 with Hanks’ salts containing 0.2% BSA and further 

incubated at 37°C in an overhead rotator. At 24h post-infection, the supernatants of 

all TOCs were pooled and aliquots were frozen and stored at -80°C. The viral titer 

was determined by immunoplaque assay. 
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3.3.3 Immunoplaque assay 

One day prior to the immunoplaque assay, MDCKII cells (2 ml cell suspension in 15 

ml medium per 96-well plate; 150 µl/well) were seeded in 96-well plates in DMEM 

containing 10% FCS and incubated at 37°C and 5% CO2. On the next day, the cells 

showed a confluency of 90 - 100%. Serial tenfold dilutions of the virus suspension 

were prepared in DMEM. After the cells had been washed once with PBS, 50�l of 

each virus dilution was added to a well, leaving one uninfected control row at the end 

of each plate which was incubated with medium only. Each titration of the 

immunoplaque assay was performed in duplicate. 

The cells were incubated at 37°C and 5% CO2 with gentle shaking for 1h. Afterwards, 

the virus inoculum was removed and methylcellulose containing acetylated trypsin 

(1:1000) was added to each well and the cells were further incubated. After two days, 

the overlay-medium was removed and the cells were washed three times with PBS. 

Then the cells were fixed with 3% PFA.  

Staining was performed by first permeabilizing the cells with 0.2% Triton X-100. Then 

25 �l/well of the primary antibody �-NP (see table 4) were added and the 96-well 

plates were incubated on a shaker for 1 h at RT. Afterwards the primary antibody 

was removed and the cells were washed three times with PBS. Next, the plates were 

incubated with 25 �l/well of the secondary antibody �-mouse-Cy3 (see table 4) on a 

shaker in the dark for 1 h at RT. Then the 96-well plates were washed one time with 

PBS and two times with water. Evaluation was done by counting the foci under a 

fluorescence microscope. The viral titer was calculated in ffu/ml using the following 

formula:  

t = viral titer in ffu/ml 

N1, N2 = number of foci per well in each of the duplicate plates 

df = dilution factor 

                                             �

� � �
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�

�
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�
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3.3.4 Infection of chicken and turkey TOCs 

Chicken and turkey TOCs were infected with 104 pfu/ring one day after preparation. 

The medium was removed and 100�l of the virus suspension diluted in medium 199 

with Hanks’ salts was added to each ring and incubated at 37°C for 1h. The inoculum 

was removed and the TOCs were washed with PBS three times. Each ring was 

provided with 1 ml medium 199 with Hanks’ salts containing 0.2% BSA and further 

incubated at 37°C in an overhead rotator.   

Chicken TOCs were infected with the H9N2 egg-grown, parental virus (H9N2 p; see 

table 2) and the chicken TOCs-adapted virus (H9N2 ck; see table 2), whereas the 

turkey TOCs were infected with either the H9N2 wt virus or the turkey TOC-adapted 

virus (H9N2 tk; see table 2). 

 

3.3.5 Harvesting of TOC supernatants 

Supernatants of the different viruses were taken at ten different time point’s post-

infection (wash, 2h, 6h, 12h, 24h, 36h, 48h, 60h, 72h and 96h p.i.). For this purpose 

the supernatants of four TOCs per virus were collected at each time point, pooled 

and aliquots of 1 ml were frozen and stored at -80°C. The virus concentration of the 

supernatants was determined by immunoplaque assay. 

 

3.3.6 Infection of Calu-3 ALI cultures 

Calu-3 cells were seeded on filter inserts 14 days prior to infection (see 3.1.4). 

Infection of Calu-3 cells was performed with an m.o.i. of 0.1. Virus dilutions were 

prepared prior to infection and the cells were washed once with pre-warmed PBS. 

Afterwards 500 µl medium (see table 1) without FCS were provided to the basolateral 

compartment. 250�l of each virus dilution was added to the apical compartment of 

every filter insert and incubated at 37°C for 1h on a shaker. The inoculum was 

removed and the Calu-3 cells were washed three times with PBS. Afterwards, each 
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filter was provided with 750 µl medium without FCS and with acetylated trypsin 

(1:1000) in the basolateral compartment. 

Calu-3 cells were infected with the viruses shown in table 2; apart from H9N2 ck and 

H9N2 tk.   

 

3.3.7 Harvesting of Calu-3 ALI culture supernatants 

Supernatants of Calu-3 cells for the different viruses were taken at ten different time 

points post-infection (wash, 2h, 6h, 12h, 24h, 36h, 48h, 60h, 72h and 96h p.i.). For 

each virus five filter inserts were available. 250 µl of pre-warmed PBS were applied 

to the apical surface of the filter insert and incubated for 30 min at 37°C on a shaker. 

Afterwards the PBS of the filter inserts was collected. For every time point and for 

each virus the supernatant of the five inserts was pooled and aliquots of 0.25 - 0.5 ml 

were frozen and stored at -80°C.  

 

3.4 Molecular biological methods 

3.4.1 Isolation of viral RNA 

The isolation of viral RNA was performed according to the manufacturer’s 

instructions of the QIAamp viral RNA Mini Kit (Qiagen). 
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3.4.2 Reverse-transcriptase (RT) PCR 

The reverse-transcriptase PCR of the isolated viral RNA was performed according to 

the manufacturer’s instructions of the ImProm-II™ Reverse Transcription System 

(Promega). The only difference to the protocol was that in the experimental reaction 

for influenza virus RT PCR the Uni12 Primer was used.  

 

Experimental Reaction 

Component Volume 

Experimental RNA (up to 1�g/reaction) 2 – 4 µl 

Uni12 Primer 1 µl 

Nuclease-Free Water to a final volume of 5 µl 

 

3.4.3 Polymerase chain reaction (PCR) 

The method of Polymerase chain reaction (PCR) was used to generate the different 

soluble hemagglutinins and for the amplification of influenza A virus proteins from the 

supernatants of infected Calu-3 cells for sequencing. The specific primers for the 

generation of the soluble constructs are listed in table 3 and the generated constructs 

are more precisely described in chapter 4.3. The different PCR protocols for the 

cloning of the soluble hemagglutinins are depicted below. For the amplification of the 

different PCR products the Phusion High Fidelity DNA Polymerase was used, 

because it offers a strong performance and can be used for all kinds of PCR 

applications. It possesses a unique structure, consisting of a novel Pyrococcus-like 

enzyme which is fused to a processivity-enhancing domain, which therefore 

increases the fidelity and the speed. The Phusion High Fidelity DNA Polymerase can 

be used for cloning and also for long or difficult amplicons. It has an error rate which 

is 50-fold lower than that of the Taq DNA Polymerase and 6-fold lower than that of 

Pyrococcus furiosus (Pfu) DNA Polymerase. Therefore the Phusion High Fidelity 

DNA Polymerase is the most accurate thermostable polymerase available.   

(http://www.neb.com/nebecomm/products_intl/productM0530.asp)  
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3.4.3.1 Amplification of soluble H1 hemagglutinins 

PCR conditions for the HA of A/South Carolina/1/1918: 

1918_Fc, 1918_T, 1918_T6his 1918_sol 

1.0 µl    Plasmid-DNA  1.0 µl    Plasmid-DNA  

2.5 µl    SouthCaro_s (PacI) 2.5 µl    SouthCaro_s (PacI) 

2.5 µl    SouthCaro_as (SalI) 2.5 µl    SouthCaro_as_sol (SalI) 

1.5 µl    dNTPs 1.5 µl    dNTPs 

1.0 µl    Phusion Polymerase 1.0 µl    Phusion Polymerase 

10.0 µl  GC buffer 10.0 µl  GC buffer 

31.5 µl  DEPC water 31.5 µl  DEPC water 

 

 

 

 

 

 

 

 

 

98°C 1 min 

98°C 30 sec 

63°C / -0.2°C per cycle 30 sec 

72°C 3 min 

98°C 30 sec 

61°C 30 sec 

72°C 3 min 

72°C 10 min 

4°C � 

10x 

20x 
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PCR conditions for the HA of A/California/04/09: 

2009_Fc, 2009_T, 2009_T6his 2009_sol 

1.0 µl    Plasmid-DNA  1.0 µl    Plasmid-DNA  

2.5 µl    California_s (PacI) 2.5 µl    California_s (PacI) 

2.5 µl    California_as (SalI) 2.5 µl    California_as_sol (SalI) 

1.5 µl    dNTPs 1.5 µl    dNTPs 

1.0 µl    Phusion Polymerase 1.0 µl    Phusion Polymerase 

10.0 µl  GC buffer 10.0 µl  GC buffer 

31.5 µl  DEPC water 31.5 µl  DEPC water 

 

 

 

3.4.3.2 Amplification of influenza A virus proteins from Calu-3 

supernatants 

For the amplification of influenza A virus proteins from Calu-3 supernatants viral RNA 

had to be isolated (see chapter 3.4.1). Afterwards a RT-PCR of the isolated viral 

RNA was performed (see chapter 3.4.2). The resulting cDNA was used for the PCR 

of the different viral proteins. The PCR with the specific primer set was performed 

according to the protocol of Hoffmann et al. (2001).    

98°C 1 min 

98°C 30 sec 

61°C / -0.2°C per cycle 30 sec 

72°C 3 min 

98°C 30 sec 

59°C 30 sec 

72°C 3 min 

72°C 10 min 

4°C � 

10x 

20x 
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3.4.4 PCR purification 

The purification of PCR products was performed according to the manufacturer’s 

instructions of the QIAquick PCR Purification Kit (Qiagen). 

 

3.4.5 Restriction digestion 

For the integration of the gene of interest into a new vector the DNA has to be 

cleaved by restriction endonucleases at the 3’/5’-ends.  

For an analytical digestion 0.5-1.0 µg DNA were used. For a preparative digestion for 

subcloning 5 µg DNA were employed. The cleavage was performed according to the 

manufacturer’s instructions with 20 U/reaction. Plasmid DNA was incubated for 1 h 

with the respective restriction endonucleases, while the cleavage of PCR fragments 

was carried out overnight.   

Restriction digestion of the PCR products part 1: 

 

40.0 µl PCR product after gel isolation 

2.0 µl PacI (10 u/µl) 

6.0 µl buffer 1 

6.0 µl BSA (100 µg/ml) 

6.0 µl DEPC water 

 

The digestion took place overnight at 37°C. Subsequently, the enzyme was 

inactivated for 20 min at 65°C. Then, PCR purification according to the 

manufacturer’s instructions was performed. Afterwards, the restriction digestion with 

the second enzyme was done. 
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Restriction digestion of the PCR products part 2: 

 

40.0 µl PCR product after PCR purification 

2.0 µl SalI (10 u/µl) 

5.0 µl buffer O (orange) 

3.0 µl DEPC water 

 

The digestion was performed for 6-8 h at 37°C. Subsequently, the enzyme was 

inactivated for 20 min at 65°C. Then, PCR purification according to the 

manufacturer’s instructions was performed. Afterwards, the concentration of the PCR 

product was determined and a ligation (see chapter 3.4.9) was performed. 

Restriction digestion part 1 for the vector DNA: 

 

5 µg pCG1, pCGFc, pCGT, or pCGT6his 

2.0 µl PacI (10 u/µl) 

5.0 µl  buffer 1 

5.0 µl BSA (100 µg/ml) 

x µl DEPC water 

  

The digestion was performed for 1 h at 37°C. Subsequently, the enzyme was 

inactivated for 20 min at 65°C. Then, PCR purification according to the 

manufacturer’s instructions was performed. Afterwards, the restriction digestion with 

the second enzyme was done. 

Restriction digestion part 2 for the vector DNA: 

 

40.0 µl plasmid after PCR purification 

2.0 µl SalI (10 u/µl) 

5.0 µl buffer O (orange) 

3.0 µl DEPC water 
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The digestion was performed for 1 h at 37°C. Subsequently, the enzyme was 

inactivated for 20 min at 65°C. Then, PCR purification according to the 

manufacturer’s instructions was performed. Afterwards, the concentration of the 

digested vector plasmids was determined and a ligation (see chapter 3.4.9) was 

performed. 

 

3.4.6 Agarose gel electrophoresis 

Agarose gel electrophoresis was used for the separation of DNA fragments by size. 

For the analysis of DNA fragments TBE buffers in a concentration of 0.8 - 1% were 

used, whereas for preparative purposes TAE buffers in a concentration of 1-1.5% 

were used. Electrophoresis for analytic gels was performed at 120 V and at 80 V for 

preparative purposes. To visualize the different DNA fragments, the gel was stained 

in an ethidium bromide bath for 5 min and afterwards thoroughly washed in a water 

bath for about 10 min. As ethidium bromide intercalates into DNA and emits light 

when activated by UV light, the gels were analyzed under UV light. 

 

3.4.7 Gel extraction 

After restriction digestion or for sequencing of defined PCR fragments the DNA was 

initially separated on a preparative gel (TAE, 80 V, 60 min). To protect the DNA from 

damage by UV light, only one reference strip was stained with ethidium bromide after 

electrophoresis, containing a part of the DNA sample and a marker lane. The 

reference strip was separated from the actual sample by an empty pocket. At this 

position, the gel was divided with a scalpel. The DNA segments were defined in the 

UV light and marked by scalpel cuts, so they could be easily transferred to the non-

colored portion of the gel. The following gel extraction was performed according to 

the manufacturer’s instructions of the QIAquick Gel Extraction Kit (Qiagen). 
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3.4.8 Dephosphorylation 

To minimize the possibility of re-ligation of the vector, the vector DNA was 

dephosphorylated using calf intestine alkaline phosphatase (CIAP, Fermentas). The 

principle in doing so is that after cleavage with the restriction enzymes, phosphate 

residues remain at the 5'-ends of the fragments, which play an important role during 

ligation. Through the CIAP, the terminal phosphate residues of the vector are 

removed; therefore, there is no more re-ligation of the vector. However, the insert still 

possesses the phosphate residues and can thus be ligated to one of the two strands 

of the vector DNA, which is sufficient for a successful ligation. 

Dephosphorylation mix: 

 

Amount after gel extraction 40 µl 

10x buffer BAP, CIAP 5 µl 

CIAP (5 u/µl) 2 µl 

DEPC water ad 50 µl 

 

The mixture was incubated at 37°C for 30 to 45 min and afterwards purified via 

QIAquick PCR Purification Kit according to the manufacturer’s instructions. The 

mixture was then used for ligation. 

 

3.4.9 Ligation 

For ligation of the DNA fragments of the soluble HAs the DNA ligase of 

bacteriophage T4 was used. The DNA fragments utilized for the ligation were 

previously digested with restriction endonucleases. The T4 DNA ligase has the ability 

to connect the 5'-phosphate and 3'-OH groups of DNA fragments under ATP usage. 

The linearized plasmid DNA was used for ligation in a molar ratio of 1:5 to insert DNA 

in a total volume of 20 µl. The ligation was incubated overnight at 14°C. 
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Ligation mix: 

 

HA insert x µl ~ 500 ng 

Vector DNA x µl ~ 100 ng 

10x T4 ligase buffer 2 µl  

T4 ligase (5 u/µl) 2 µl  

DEPC water ad 20 µl  

 

3.4.10 Quantification of DNA 

DNA was quantified by photometric measurement of the absorption of a 20-fold 

diluted sample at 260 nm using distilled water as a blank value. The DNA 

concentration was calculated as follows: 

 

dfDNA = dilution factor (20) 

CoefficientdsDNA = 50 

                   

DNA concentration in mg/ml  = ���������� � ����� �
�� ����� ��

�
 

 

3.4.11 DNA sequencing 

DNA sequencing was performed by Eurofins MWG in Ebersberg with the program 

“Value Read” or by QIAGEN in Hilden using the “Easy Read Sequencing” service. 

The sequences were analyzed using the online program ClustalW2. 

(www.ebi.ac.uk/Tools/clustalw2/index.htm)  
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3.5 Microbiological methods 

3.5.1 Transformation 

Transformation is defined as the uptake of DNA in bacteria. This can be done by 

exposing chemical competent E. coli XL-1 Blue to a heat shock.  

Initially, a 100 µl aliquot of chemical competent E. coli XL-1 Blue was thawn on ice 

and afterwards incubated with either 5 to 10 µl of the ligation preparation or with 1 to 

3 µl of Plasmid-DNA for 30 min on ice. Subsequently, the bacteria were heat-

shocked at 42°C for 30 sec and afterwards incubated on ice for 2 min. Then 250 µl of 

LB-medium (without antibiotics) were added to the bacteria suspension and the 

whole was incubated for 1h at 37°C on a shaker.  After this time 50 to 100 µl of the 

bacteria suspension were plated on ampicillin (100 µg/ml) -containing LB-agar plates. 

These plates were incubated overnight at 37°C. 

 

3.5.2 Colony PCR 

To identify a bacteria clone with the desired insert, a colony PCR was performed. For 

this purpose, a small 10 µl pipette tip was used. One single colony was transferred 

into the PCR reaction solution as well as into a 1.5 ml reaction tube containing 250 µl 

LB medium with ampicillin. A total of 10 to 20 colonies were analyzed for each 

construct. The PCR reaction was performed as shown in the reaction and thermal 

profile below. As a positive control the ligation preparation was used, while the 

negative control consisted of a PCR reaction without colony to exclude contamination 

of the PCR mix. The 1.5 ml reaction tubes containing the different colonies were 

incubated at 37°C on a shaker until the PCR was evaluated. Clones showing the 

preferred PCR product were used for further preparations. 
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Colony PCR mix for one single colony: 

 

DEPC water 11,0 µl 

2x MM buffer + dNTPs 4,5 µl 

Primer sense 0,45 µl 

Primer antisense 0,45 µl 

GoTaq polymerase 0,08 µl 

 

 Thermal Cycling Conditions for the colony PCR 

 

95°C 2 min  

95°C 30 sec  

         
54°C 1 min 

72°C x min* 

72°C 7 min 
 

4°C �  

 

 * The elongation time depends on the length of the fragment which needs to be amplified. It 

should at least be 1 min/kb. 

 

3.5.3 Plasmid preparation 

For a small scale plasmid preparation of up to 20 µg of plasmid DNA the QIAprep 

Spin Miniprep KIT (Qiagen) was used. Otherwise the large scale plasmid preparation 

was performed according to the manufacturer’s instructions of the NucleoBond Xtra 

Midi Kit (Macherey-Nagel).  

 

 

25x 
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3.6 Protein biochemistry 

3.6.1 Preparation of soluble proteins 

For the production of soluble hemagglutinins, HEK-293T cells were transfected with 

the respective plasmid as described in 3.1.5.2. As the soluble hemagglutinins are 

lacking the membrane anchor, they were secreted into the cell culture medium if they 

were folded and processed in the correct manner. The medium was changed 16 to 

20 h post transfection and replaced by fresh medium (DMEM + 3% FCS). 

Supernatants containing the soluble proteins were harvested 48 h and 72 h post 

transfection.  

To concentrate the proteins in the supernatant, Amicon Ultra-15 Centrifuge Filter 

Devices with a 30 kDa filter were used at the beginning. During centrifugation at 3000 

x g proteins smaller than 30 kDa and fluid passed through the filter. Larger proteins 

and part of the fluid were retained by the filter and were stored as aliquots at -20°C.  

After it had been shown that the proteins were enriched in the supernatant, in the 

next step, the soluble proteins were purified by fast protein liquid chromatography 

(FPLC) so that other undesired cellular proteins were removed from the supernatant. 

  

3.6.2 Immunofluorescence 

Immunofluorescence microscopy was used to monitor the expression of the soluble 

constructs within HEK-293T cells and to visualize the binding of soluble HAs (see 

chapter 4.4). For this purpose, samples were incubated with an H1-specific antibody 

followed by incubation with a second antibody containing a fluorescent tag.  

For the monitoring of the expression of the soluble hemagglutinins, HEK-293T cells 

were seeded on coverslips one day prior to transfection. The cells were transfected 

as described in chapter 3.1.5 and ready for immunofluorescence analysis one day 

later.  
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The cells were fixed with 3% paraformaldehyde for 20 min at RT followed by washing 

and incubation with 0.1 M glycin in PBS for 5 min at RT. To facilitate intracellular 

staining the cells were permeabilized with 0.2% Triton X-100 in PBS for 10 min at 

RT. To detect the hemagglutinins, the primary antibody (H1 for detecting the HA or 

human IgG Cy3 or human IgG FITC for detecting the Fc-tag; see table 4) was diluted 

in 1% BSA. The coverslips were incubated, cell side down, on top of a 20 µl droplet 

of antibody dilution. After 1 h incubation at RT, the coverslips were transferred back 

to the 24-well plate and washed three times with PBS. The incubation with the 

secondary antibody (see table 4) was performed as described above. After 1 h 

incubation at RT, the coverslips were placed back into the 24-well plate, washed one 

time with PBS and twice with water. The coverslips were then embedded, cell side 

down, on top of a droplet of mowiol containing DAPI, placed on a microscope slide 

and were then ready for fluorescence or confocal laser scanning microscopy. 

 

3.6.3 SDS-Page 

The sodium dodecylsulfate polyacrylamide gel electrophoresis is a method to 

separate proteins. In this work, a discontinuous system was used (Laemmli, 1970), 

where the proteins are separated according to size. SDS (sodium dodecylsulfate) is 

an anionic detergent, which shields the intrinsic charges of proteins. Using SDS, the 

proteins are denatured and the protein-protein interactions are prevented. In an SDS-

PAGE, SDS-protein complexes migrate within the electric field to the positive pole. 

Thereby the molecular filter effect of a porous polyacrylamide matrix separates SDS-

protein complexes according to their molecular weight.  

In the first step, the gel apparatus was assembled. Then, the separating gel mixture 

was filled into the space between the two glass plates and covered with isopropanol. 

After the polymerization of the separating gel was completed the isopropanol was 

removed; the stacking gel mixture was prepared and immediately filled into the gel 

apparatus. Straightaway, the comb with the pockets for the samples was put into the 

stacking gel mixture. 
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The separating gels had a size of 50 x 80 x 0.75 mm3 and an acrylamide 

concentration of 8-10%. Separation was performed under reducing and non-reducing 

conditions (without and with 100 mM DTT, which cleaves disulfide bridges), boiled (5 

min at 95°C) and not boiled depending on the experiment. The gels were run at 80 V 

until the samples entered the separating gel. Then the power supply was turned to 

130 V. For larger proteins, such as the HA trimer, the SDS-Page was run longer to 

improve separation of high molecular weight proteins.  

 

3.6.4 Western Blot 

After gel electrophoresis, the proteins in the gel were transferred to a nitrocellulose 

membrane with the semidry blotting technique (Kyhse-Andersen, 1984). On a 

graphite plate (anode) filters, membrane and gel were placed in the following order 

from bottom to top: 2 filter papers soaked in anode buffer I, 1 filter paper soaked in 

anode buffer II, followed by the membrane (activated in water), the gel and on top 3 

filter papers soaked in cathode buffer. The chamber was closed with a second 

graphite plate, the cathode. For transfer 300 mA per gel were applied for 15 min. 

Additionally, thermal packs were put onto the blotting chamber to avoid excessive 

heat development.  

After blotting, those parts of the membrane that had not bound proteins were blocked 

by a blocking reagent (0.5% in PBSM) for 1 h at RT or overnight at 4°C. To detect the 

proteins on the membrane, the membrane was washed three times with PBSM + 

0.1% Tween for 10 min and incubated with the primary antibody against the protein. 

After incubation for 1 h at 4°C, the membrane was washed again three times and 

then incubated with the secondary antibody for 1 h at 4°C. The secondary antibody 

was conjugated to a peroxidase complex which can be activated by Super Signal 

West Femto Extended Sensitivity or Super Signal West Dura Extended Duration 

substrate. The resulting chemiluminescence was detected with the ChemiDoc Imager 

(Bio Rad) and the software Quantity One. 
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3.6.5 Purification of soluble proteins via Fast Protein Liquid 

Chromatography (FPLC) 

FPLC is a method for the separation of proteins or other biomolecules from a 

complex mixture with the aid of a liquid mobile and a fixed stationary phase.  

For the purification of soluble proteins during this work, 48 h and 72 h after 

transfection, the protein-containing cell culture supernatants were collected and 

centrifuged at 2800 x g and 4°C.  

For the purification of the soluble proteins with an Fc-tag, the Hi Trap™ Protein A HP 

Columns were used, which are characterized by their specificity for the Fc region. 

Prior to the purification, the supernatants containing the soluble proteins were filtered 

through a 0.8 µm porous filter membrane under a vacuum to get rid of bigger 

particles and to facilitate the purification. After the pumps had been washed 

according to the manufacturer’s instructions, 100 ml of the pre-filtered cell culture 

supernatants were loaded onto the FPLC column and washed with the same volume 

of PBS. The bound proteins were eluted with 10 ml elution buffer and fractions of 1 

ml per tube, which already contained 200 µl neutralization buffer, were collected. 

After purification, the concentration of the soluble proteins was determined 

photometrically, and the proteins were afterwards aliquoted and stored at -20°C. 

 

3.6.6 Binding studies with different permanent cell lines 

For the binding assay of the soluble HAs, A549, Calu-3, HBE, CLEC213 and NPTr 

cells were seeded on coverslips one day before testing. On the following day, the 

coverslips were incubated for 1 h at 4°C with 30 µg of the different purified proteins 

as described above (chapter 3.6.2). Afterwards the cells were transferred back to the 

24-well plate and washed three times with PBS. Then the incubation with the specific 

antibody (anti human IgG FITC) was performed. After 1 h incubation at RT, the 

coverslips were placed back into the 24-well plate, washed one time with PBS and 
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twice with water. Finally the coverslips were embedded in mowiol containing DAPI 

and were then ready for fluorescence or confocal laser scanning microscopy.  
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4 Results  

4.1 Infection of tracheal organ cultures with avian H9N2 influenza 

virus 

The aim of this study was the investigation of the adaptation of avian influenza 

viruses of the subtype H9N2 to cells of the avian and human respiratory epithelium. 

Prior to infection studies of human respiratory epithelial cells, infection of cells of the 

avian respiratory epithelium was performed to analyze the replication efficiency in the 

homologous system.  

For this purpose, tracheal organ cultures (TOCs) were chosen as a culture system, 

because in TOCs the natural arrangement of the tracheal tissue is preserved. 

Furthermore, by using this technique, animal experiments were avoided, but the 

experiments remained at the same time close to the in vivo situation. 

Before starting the experiments, the parental virus was passaged four times in either 

chicken or turkey TOCs. For this purpose, chicken or turkey TOCs were prepared as 

described in 3.2.1. The parental virus (A/chicken/Saudi Arabia/CP7/98) and the first 

three passages were provided by Henning Petersen from the Clinic for Poultry. The 

fourth passage was performed in the Institute of Virology as part of this thesis by 

inoculating chicken and turkey TOCs with 1x104 pfu/ring of the respective virus.  

After four passages the viruses were analyzed for amino acid changes in their 

hemagglutinin and the sequencing results showed that, during passages in chicken 

TOCs, the adapted virus acquired no additional mutation. The turkey TOC-adapted 

virus acquired one mutation within the hemagglutinin (Q226L). This mutation in the 

receptor binding site of the HA resulted in a shift in the receptor-binding specificity 

from a preference for �-2,3-linked to �-2,6-linked sialic acids (Connor et al., 1994).     

For the analysis of the replication efficiency in the homologous system, chicken and 

turkey TOCs were infected with 1x104 pfu/ring. Chicken TOCs were infected with the 

parental virus and the fourth passage of the chicken TOC-adapted virus, whereas the 

turkey TOCs were infected with the fourth passage of the turkey TOC-adapted virus 
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and the parental virus. The progress of infection was monitored by determining the 

viral titer induced by this virus at various time points post infection.     

 

4.1.1 Analysis of TOCs supernatants after H9N2 infection by 

immunoplaque assay 

The titration of chicken and turkey TOCs supernatants served as a criterion for the 

replication efficiency of the parental virus and the fourth passage of the chicken and 

turkey TOC-adapted H9N2 virus. An alteration in virus titer between the different 

viruses may indicate that during the adaptation process the mutations which have 

occurred have an influence on the replication efficiency. Furthermore the infection of 

either chicken or turkey TOCs should show, if there is a difference in infectivity 

between the two different bird species. 

For the analysis of the TOCs supernatants, ten different time points post infection 

were chosen (see chapter 3.3.5). At the beginning of the experiments the difference 

in viral titer between the different viruses at the different time points was investigated. 

It was obvious that in the course of passaging, the viruses underwent an adaptation 

process as indicated by an increase in viral titer (figure 3 and 4). The highest viral 

titer in chicken and turkey TOC was observed 24 h p.i., regardless of prior adaptation.  
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Figure 3. Infection of chicken TOCs by influenza A viruses. Shown are the viral titers of 

supernatants of chicken TOCs infected by 10
4
 pfu/ring of egg-grown A/chicken/SaudiArabia/CP7/1998 

(H9N2 p) or the H9N2 virus passaged four times in chicken TOCs (H9N2 ck).   

In chicken TOC the parental virus reached a viral titer of 6.9x105 ffu/ml. The chicken 

TOC-adapted H9N2 virus reached a titer of 2.4x106 ffu/ml in chicken TOCs (figure 3). 

The infection of turkey TOCs showed that the parental virus reached a viral titer of 

3.4x105 ffu/ml (figure 4). The turkey TOC-adapted virus, however, reached a viral titer 

of 3.2x106 ffu/ml (figure 4).    

Taken together, infection of chicken TOCs by the chicken TOC-adapted virus 

resulted in a 3.5-fold increase in viral titer compared to the egg-grown virus (figure 3). 

Infection of turkey TOCs with the turkey TOC-adapted virus was characterized by a 

nearly 10-fold increase in viral titer compared to the egg-grown virus (figure 4). 
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Figure 4. Infection of turkey TOCs by influenza A viruses. Shown are the viral titers of 

supernatants of turkey TOCs infected by 10
4
 pfu/ring of egg-grown A/chicken/SaudiArabia/CP7/1998 

(H9N2 p) or the H9N2 virus passaged four times in turkey TOCs (H9N2 tk). 

 

4.2 Infection of Calu-3 cells grown under air-liquid interface (ALI) 

conditions with avian H9N2 influenza viruses 

After the TOC experiments were finished, in the next step of the Ph.D. thesis, cells of 

the human respiratory system should be infected. These experiments were 

performed with Calu-3 cells (human bronchial adenocarcinoma), as primary cells of 

the human respiratory epithelium are available only in limited quantities. Calu-3 cells 

have the advantage that they are a permanent cell line, but, when grown under air-

liquid interface (ALI) conditions, they have the potential to differentiate and acquire 

functional properties of the human respiratory epithelium (e.g. mucus production, 

formation of microvilli).  

Before starting the infection studies, Calu-3 cells grown under ALI conditions had to 

be further characterized. For this purpose different immunofluorescence staining 

experiments were performed. First, the availability of sialic acids on the surface of the 

Calu-3 cells grown under ALI conditions was investigated. For the detection of �-2,3-

linked sialic acids, the plant lectin MAAII was used. Sialic acids connected via an �-
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2,6-linkage were detected by SNA. Secondly, a phalloidin staining was performed to 

visualize intracellular actin and the formation and development of the cell layer on the 

filter membrane at different time points post seeding. Furthermore, as tight junctions 

are an important feature of polarized cells, a staining of ZO-1, a tight junction protein, 

was performed to demonstrate the polarity of Calu-3 cells grown under ALI conditions. 

Afterwards, infection experiments with Calu-3 cells grown under ALI conditions were 

performed. For this purpose, the cells were infected as described in 3.3.6. The 

supernatants were taken at several time points post infection (see 3.3.7) and the 

supernatant of one time point was used for further infection studies. This was 

repeated until five passages were performed; each experiment was done four times. 

Analysis of the supernatants was performed by determination of the viral titer via 

immunoplaque assay (3.3.3). For the investigation of mutations selected during the 

passages, viral RNA was isolated from the supernatants (3.4.1). Afterwards an RT-

PCR was performed (3.4.2), followed by a specific PCR (3.4.3.2) for the different 

influenza A virus proteins (hemagglutinin, HA; Hoffmann et al. 2001). Sequencing 

was performed as described in 3.4.11.   

 

4.2.1 Characterization of Calu-3 cells grown under ALI conditions by 

lectin staining 

As described previously, lectin staining was performed prior to the infection 

experiments to investigate the distribution of �-2,3- and �-2,6-linked sialic acids on 

the surface of Calu-3 cells grown under ALI conditions. Cells were analyzed at 

different time points after ALI conditions had been established. Calu-3 cells were 

seeded on filter membranes as described in 3.1.4 and one day after seeding ALI 

conditions were established. 0 days ALI means that the cells were fixed and stained 

the day after seeding on the filter inserts. Consequently, the other data represent the 

number of days that the cells have been kept under ALI conditions. 

MAAII staining of Calu-3 cells one day after seeding (figure 5, upper panel left) 

showed the presence of �-2,3-linked sialic acids. Binding of MAAII was detected on 
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the surface and at the interfaces between the cells, but staining was restricted to the 

border areas of the cells (figure 5, arrow, upper panel left).  

 

Figure 5. MAAII staining of Calu-3 cells grown under ALI conditions. On day 0, day 1 and day 3 

after establishing ALI conditions, Calu-3 cells were stained with MAAII to detect �-2,3-linked sialic 

acids. Pictures were taken with a confocal laser scanning microscope with 63x magnification (upper 

panels). The lower panels show a close-up view. Scale bars upper panels: 25 µm; scale bars lower 

panels: 5 µm. White arrow: border area of Calu-3 cells on the filter membrane. 

On day one after establishing ALI conditions, MAAII was not only detectable in the 

border areas, but also in the middle of the filter supports (figure 5, upper central 

panel) and was also found at the interfaces of the cells (figure 5, lower central panel). 

Three days after starting ALI conditions, �-2,3-linked sialic acids were detected on 

the apical surface and at the interfaces of Calu-3 cells (figure 5, right panels). 

Additionally, the staining was detected at the edges of small islands consisting of 

quite a few cells. In some parts, the MAAII staining was more prominent at the border 

areas than at the cellular interfaces (figure 5, right panels).  
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Figure 6. MAAII staining of Calu-3 cells grown under ALI conditions. On day 6, day 10 and day 

14 after establishing ALI conditions, Calu-3 cells were stained with MAAII to detect �-2,3-linked sialic 

acids. Pictures were taken with a confocal laser scanning microscope with 63x magnification (upper 

panels). The lower panels show a close-up view. Scale bars upper panels: 25 µm; scale bars lower 

panels: 5 µm. White arrows: apical surface staining; open arrow: cellular interface staining. 

When MAAII staining was performed six days after establishing ALI conditions, 

staining for �-2,3-linked sialic acids was mainly observed at the edges of cell islands 

(figure 6, left panels) and not at the interfaces between single cells. MAAII was still 

detected on the apical surface of these cellular islands.  

Ten days after establishing ALI conditions, more cellular islands had formed and 

MAAII staining was found most prominently at the edges of these islands (figure 6, 

central panels). But in addition, staining of the apical surface could still be observed 

(figure 6, arrow, lower central panel). 

On day 14 after establishing ALI conditions, a strong staining for �-2,3-linked sialic 

acids was detectable (figure 6, right). The staining was detected at the edges of 

cellular islands and on the apical surface of Calu-3 cells (figure 6, arrow, lower panel 
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right). Some cellular interfaces still showed staining of MAAII (figure 6, open arrow, 

lower panel right). 

To get an idea of how Calu-3 cells change over time under ALI conditions, a lateral 

view of MAAII staining of the filter inserts at different time points after establishing ALI 

conditions was also included in this study (figure 7). These images were analyzed 

using a confocal microscope, which visualized the individual sections from the apical 

to the basal side of the filter.  

 

Figure 7. Lateral view of MAAII stained Calu-3 cells grown under ALI. Calu-3 cells were grown for 

different times under ALI conditions and stained with MAAII to detect �-2,3-linked sialic acids. Pictures 

were taken with a confocal laser scanning microscope with 63x magnification. White arrow: 

development of a cellular multilayer. 

The lateral images of Calu-3 cells grown under ALI conditions showed that during 

culturing the cells became multilayered (figure 7). One day after seeding, DAPI 

staining revealed that only a flat monolayer of cells was observed. MAAII staining 

was detectable at the apical surface and the interfaces between single cells. One day 

after establishing ALI conditions, the cells still formed a monolayer, but they were not 

as flat as on the previous day. MAAII staining was mainly observed at the apical 

surface of the cells. Three days after seeding, the development of a multilayer was 

visible (figure 7, arrow). Staining for �-2,3-linked sialic acids was found between 
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single cells, but mainly on the apical surface of the Calu-3 cells. The staining at later 

time points showed no major difference. There was still a multilayer of cells visible 

and the MAAII staining was concentrated on the apical surface of the Calu-3 cells.   

SNA staining of Calu-3 cells one day after seeding (figure 8, left panels) revealed the 

presence of �-2,6-linked sialic acids. SNA was detected on the surface and at the 

interfaces between the cells in close proximity to the border areas of the cells (figure 

8, arrows, upper left panel).  

 

Figure 8. SNA staining of Calu-3 cells grown under ALI conditions. On day 0, day 1 and day 3 

after establishing ALI conditions, Calu-3 cells were stained with SNA to detect �-2,6-linked sialic acids. 

Pictures were taken with a confocal laser scanning microscope with 63x magnification (upper panels). 

The lower panels show a close-up view. Scale bars upper panels: 25 µm; scale bars lower panels: 10 

µm. White arrows: border areas of Calu-3 cells on the filter membrane.  

On day one after establishing ALI conditions, SNA was not only detectable in the 

border areas, but also in the middle of the filter supports (figure 8, upper central 

panel). Furthermore, �-2,6-linked sialic acids were detected at the contact sides of 

the cells (figure 8, lower central panel). 
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Three days after starting ALI conditions, �-2,6-linked sialic acids were detected on 

the apical surface and at the interfaces of Calu-3 cells (figure 8, right panels). But a 

strong staining was visible at the edges of the Calu-3 cell layer, too (figure 8, arrow, 

upper right panel). In some parts, the SNA staining was more prominent at the border 

areas than at the cellular contact sides (figure 8, arrow, upper right panel).  

When SNA staining was performed six days after establishing ALI conditions, 

staining for �-2,6-linked sialic acids was prominent at the edges of the cell layer 

(figure 9, left panel) as well as at the interfaces between single cells. SNA was still 

detected on the apical surface of the cell layer (figure 9, arrow, upper left panel). 

 

 

Figure 9. SNA staining of Calu-3 cells grown under ALI conditions. On day 6, day 10 and day 14 

after establishing ALI conditions, Calu-3 cells were stained with SNA to detect �-2,6-linked sialic acids. 

Pictures were taken with a confocal laser scanning microscope with 63x magnification (upper panels). 

The lower panels show a close-up view. Scale bars upper panels: 25 µm; scale bars lower panels: 10 

µm. White arrows: apical surface staining; open arrow: edges of cellular islands; red arrow: cellular 

interface staining. 
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Ten days after establishing ALI conditions, cellular islands had formed and a strong 

SNA staining was found at the edges of these islands, but also on the cellular 

interfaces (figure 9, central panels). In addition, staining of the apical surface was still 

observed on the Calu-3 cells (figure 9, arrow, upper central panel). 

On day 14 after establishing ALI conditions, a very strong staining for �-2,6-linked 

sialic acids was detected at the edges of cellular islands (figure 9, open arrow, upper 

right panel). Nonetheless, staining was still detected at the interfaces and on the 

apical surface of Calu-3 cells (figure 9, red arrow, lower right panel).  

To get an idea of how the �-2,6-linked sialic acid expression of Calu-3 cells changes 

over time under ALI conditions, a lateral view of SNA staining of the filter inserts at 

different time points after establishing ALI conditions was also included in this study 

(figure 10). These images were analyzed using a confocal microscope, which 

visualized the individual sections from the apical to the basal side of the filter. 

 

 

Figure 10. Lateral view of SNA stained Calu-3 cells grown under ALI conditions. Calu-3 cells 

were grown for different times under ALI conditions and stained with SNA to detect �-2,6-linked sialic 

acids. Pictures were taken with a confocal laser scanning microscope with 63x magnification. White 

arrow: SNA staining of cellular interface. 
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The lateral images of Calu-3 cells grown under ALI conditions showed that during 

culturing the cells became multilayered (figure 10). One day after seeding, DAPI 

staining revealed that only a flat monolayer of cells was observed. SNA staining was 

detectable at the apical surface and at the interfaces between single cells. One day 

after establishing ALI conditions, the cells still formed a monolayer, but they were not 

as flat as on the previous day. SNA staining was observed at the apical surface of 

the cells and at the cellular interfaces. Three days after seeding, staining for �-2,6-

linked sialic acids was found mainly on the apical surface of the Calu-3 cells. The 

staining of later time points showed the development of a multilayer (figure 10, arrow, 

10 days ALI). Ten days after establishing ALI conditions, a strong SNA staining could 

be observed on the apical surface of the Calu-3 cells, but also between single cells in 

the different cell layers. On day 14 after establishing ALI conditions, a strong staining 

for �-2,6-linked sialic acids was visible at the apical surface of the Calu-3 cells. 

Nonetheless, staining could still be detected at the interfaces between the cells 

(figure 10, arrow, 14 days ALI). 

 

4.2.2 Characterization of Calu-3 cells grown under ALI conditions by 

Phalloidin staining 

Phalloidin staining was performed to visualize intracellular actin and the formation 

and development of the cell layer on the filter membrane at different time points post 

seeding. Since it is known that Calu-3 cells form microvilli when they are grown under 

ALI conditions, and as these microvilli contain a dense bundle of cross-linked actin 

filaments, which serves as its structural core, microvilli might also be detectable by 

phalloidin staining. Prior to the staining, the filter inserts were treated with 0.2% 

Triton-X-100, to detect the intracellular staining of actin. Afterwards the filter inserts 

were incubated with the phalloidin antibody and analyzed by confocal microscopy.   

The phalloidin staining of Calu-3 cells grown under ALI conditions showed that at all 

time points investigated in this study the same staining pattern was observed (figures 

11 and 12). Phalloidin staining was detectable at the cellular interfaces and also on 

the apical surface of the Calu-3 cells. The only difference that occurred in the filters 
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at the different time points after seeding was that after three days under ALI 

conditions, small cellular islands developed, which became more prominent during 

the time, but still, every single cell showed phalloidin staining at the interfaces.  

 

 

Figure 11. Phalloidin staining of Calu-3 cells grown under ALI conditions. Calu-3 cells were 

grown under ALI conditions and stained with phalloidin to visualize intracellular actin. Pictures were 

taken with a confocal laser scanning microscope with 63x magnification (upper panels). The lower 

panels show a close-up view. Scale bars upper panels: 25 µm; scale bars lower panels: 10 µm. 
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Figure 12. Phalloidin staining of Calu-3 cells grown under ALI conditions Calu-3 cells were 

grown under ALI conditions and stained with phalloidin to visualize intracellular actin. Pictures were 

taken with a confocal laser scanning microscope with 63x magnification (upper panels). The lower 

panels show a close-up view. Scale bars upper panels: 25 µm; scale bars lower panels: 10 µm. 

 

To get an impression of how the phalloidin expression changes in Calu-3 cells over 

time under ALI conditions, a lateral view of the phalloidin staining of the filter inserts 

at different time points was also included in this study (figure 13). These images were 

analyzed using a confocal microscope, which visualized the vertical sections from the 

apical to the basal side of the filter.  
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Figure 13. Lateral view of phalloidin stained Calu-3 cells grown under ALI conditions. Calu-3 

cells were grown under ALI conditions and stained with phalloidin at different time points post seeding 

to visualize intracellular actin. Pictures were taken with a confocal laser scanning microscope with 63x 

magnification. White arrow: development of a cellular multilayer; open arrow: potential microvilli 

staining. 

The lateral images of Calu-3 cells grown under ALI conditions showed again that 

during culturing the cells became multilayered (figure 13, arrow, 3 days ALI). The day 

after seeding, DAPI staining revealed the presence of a flat monolayer of cells. 

Phalloidin staining was observed at the apical surface and the interfaces between 

single cells. One day after establishing ALI conditions, the cells still formed a 

monolayer, but they were not as flat as on the previous day. They increased in height. 

Phalloidin staining was observed at the apical surface of the cells and at the 

intercellular space. Three days after seeding, the development of a multilayer was 

visible. Staining for phalloidin was still found between single cells and on the apical 

surface of the Calu-3 cells. The staining at later time points showed no major 

difference. There was still a multilayer of cells visible and the phalloidin staining was 

distributed evenly on the apical surface and at the cellular interfaces of the Calu-3 

cells. 
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The staining with phalloidin showed a strong staining for intracellular actin and was 

also able to demonstrate the formation of a multilayer. But after all, the phalloidin 

staining did not permit the identification of microvilli. In some places, one might 

speculate that this could be staining of microvilli (figure 13, open arrow, 6 days ALI), 

but for a distinct illustration of microvilli, electron microscopic pictures have to be 

taken. 

 

4.2.3 Characterization of Calu-3 cells grown under ALI conditions by ZO-

1 staining 

In a further experiment, Calu-3 cells grown under ALI conditions were investigated for 

the existence of tight junctions. As tight junctions are an important feature of 

polarized cells, a staining of ZO-1, a tight junction protein, was performed to 

demonstrate the polarity of Calu-3 cells grown under ALI conditions. For this purpose, 

an antibody against ZO-1 was used. Prior to the staining, the filter inserts were 

treated with 0.2% Triton-X-100, to show the intracellular staining of ZO-1. Afterwards 

the filter inserts were incubated with the ZO-1 antibody and analyzed by confocal 

microscopy.   

ZO-1 staining of Calu-3 cells grown under ALI conditions showed that at all time 

points investigated in this study the same staining pattern was observed (figures 14 

and 15). ZO-1 was detected at the cellular interfaces of the Calu-3 cells. One 

difference that occurred in the staining of the filters at the different time points after 

seeding was that after three days under ALI conditions, small cellular islands 

developed, which became more prominent during the time, but still, every single cell 

showed ZO-1 staining at the interfaces. Furthermore, many cells showed less 

staining of ZO-1 detected at day six after seeding compared to the first three time 

points;  on the other hand, there were some cells with very bright staining.  
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Figure 14. ZO-1 staining of Calu-3 cells grown under ALI conditions. On day 0, day 1 and day 3 

after establishing ALI conditions, Calu-3 cells were stained with anti-ZO-1 to visualize the tight 

junctions of Calu-3 cells. Pictures were taken with a confocal laser scanning microscope with 63x 

magnification (upper panels). The lower panels show a close-up view. Scale bars upper panels: 25 

µm; scale bars lower panels: 5 µm. 
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Figure 15. ZO-1 staining of Calu-3 cells grown under ALI conditions. On day 6, day 10 and day 

14 after establishing ALI conditions, Calu-3 cells were stained with anti-ZO-1 to visualize the tight 

junctions of Calu-3 cells. Pictures were taken with a confocal laser scanning microscope with 63x 

magnification (upper panels). The lower panels show a close-up view. Scale bars upper panels: 25 

µm; scale bars lower panels: 5 µm. 
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Figure 16. Lateral view of ZO-1 stained Calu-3 cells grown under ALI conditions. Calu-3 cells 

were grown under ALI conditions and stained with anti-ZO-1 to visualize the tight junctions of Calu-3 

cells. Pictures were taken with a confocal laser scanning microscope with 63x magnification. White 

arrow: development of a multilayer of Calu-3 cells. 

The lateral images of Calu-3 cells grown under ALI conditions showed a third time 

that during culturing the cells became multilayered (figure 16). The day after seeding, 

DAPI staining revealed that only a flat monolayer of cells could be observed. ZO-1 

staining was observed at the apical surface and the interfaces between single cells. 

One day after establishing ALI conditions, the cells had increased in height and 

started building a second cell layer. ZO-1 staining was observed at the apical surface 

of the cells and in the intercellular space. Three days after seeding, the development 

of a multilayer was visible (figure 16, arrow, 3 days ALI). Staining for ZO-1 was found 

between single cells and on the apical surface of the Calu-3 cells. The staining at 

later time points showed intense fluorescence signals only on some cells. The ZO-1 

specific staining was distributed mainly on the apical surface of the cell layer. 
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4.2.4 Analysis of supernatants of infected Calu-3 cells grown under ALI 

conditions after passaging by immunoplaque assay 

Calu-3 cells, a permanent human cell line with features of the bronchiolar epithelium 

when grown under air-liquid interface conditions (ALI), was infected with the avian 

viruses, which were previously used for the infection of chicken and turkey TOCs. 

The influence of several passages in Calu-3 cells was monitored and analysis of cell 

culture supernatants was performed.  

For the infection experiments, Calu-3 cells were seeded on filter inserts and cultured 

as described in 3.1.4. Infection was performed as described in 3.3.6 with an moi of 

0.1 for the different avian H9N2 viruses. Supernatants were afterwards analyzed for 

the amount of virus at different time points post infection by immunoplaque assay. 

Passaging of the parental virus on Calu-3 cells revealed that during passaging there 

was a shift in the time point, when the highest viral titer was achieved (figure 17.A). In 

the first passage, the highest viral titer was observed 48 h p.i., whereas in the second 

passage the highest titer was seen 36 h p.i.. The viral titer of the parental virus 

reached 4.5x107 ffu/ml in the first passage. In the second passage the viral titer 

reached 6.3x107 ffu/ml. The highest viral titer was achieved in the third passage 36 h 

p.i. with 1.04x108 ffu/ml. During passaging only a 2.3-fold increase in viral titer was 

observed. The most striking feature was the 12 h accelerated replication. 

Infection of Calu-3 cells with the H9N2 virus passaged four times in chicken TOCs 

(H9N2 ck) revealed that during passaging there also was a shift in the time point, 

when the highest viral titer was achieved (figure 17.B), similar to the shift with the 

parental virus (figure 17.A). In the first passage, the highest viral titer was observed 

48 h p.i., whereas in the second passage the highest titer was seen 36 h p.i.. The 

viral titer of the chicken TOC-adapted virus reached 6.4x107 ffu/ml in the first 

passage. In the second passage the viral titer reached 6.1x107 ffu/ml. The highest 

viral titer was achieved in the fourth passage 36 h p.i. with 7.9x107 ffu/ml. During 

passaging only a 1.4-fold increase in viral titer was observed. The most striking 

feature therefore was the 12 h accelerated replication. This was the same 

characteristic that was observed with the parental virus.    
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Figure 17. Effect of five passages on the infection of Calu-3 cells by different avian H9N2 
viruses. Shown are the viral titers of the different passages of Calu-3 cells infected by an m.o.i. of 0.1 
of A) egg-grown A/chicken/SaudiArabia/CP7/1998 (H9N2 p), B) the H9N2 virus passaged four times in 
chicken TOCs (H9N2 ck) or C) the H9N2 virus passaged four times in turkey TOCs (H9N2 tk). ffu: 
focus-forming units; p.i.: post infection 
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Infection experiments of Calu-3 cells with the H9N2 virus passaged four times in turkey 

TOCs (H9N2 tk) revealed that during passaging there also was a shift in the time point, 

when the highest viral titer was achieved (figure 17.C), similar to the parental and the 

chicken TOC-adapted virus (figure 17.A and 17.B). In the first passage, the highest viral 

titer was observed 48 h p.i., whereas in the second passage the highest titer was seen 

36 h p.i.. The viral titer of the turkey TOC-adapted virus reached 5.4x107 ffu/ml in the first 

passage. In the second passage the viral titer reached 4.5x107 ffu/ml. The highest viral 

titer was achieved in the fourth passage 36 h p.i. with 8.6x107 ffu/ml. During passaging 

only a 1.6-fold increase in viral titer was observed. The most striking feature therefore 

was the 12 h accelerated replication. This was the same characteristic that was observed 

with the parental and the chicken TOC-adapted virus. The highest increase in viral titer 

that was observed during passaging was seen with the parental virus (figure 17.A). 

For a better representation of the decisive results of the titration values of the different 

passages they were as well presented in a linear diagram. The focus was thereby laid on 

the values that seemed to have played the most important role during the adaptation 

process, the time points around 36 h and 48 h p.i..  

This type of presentation illustrates that in all three investigated viruses, the highest viral 

titer was reached much earlier, namely 12 hours earlier than without prior adaptation to 

Calu-3 cells (figure 18). Furthermore, it was apparent that the parental virus showed the 

highest viral titer after three passages on Calu-3 cells (figure 18.D), whereas the chicken 

and turkey TOC-adapted viruses display the highest viral titer after four passages on 

Calu-3 cells (figure 18.E and 18.F). Passaging had the biggest favorable influence on the 

parental virus, since a 2.3-fold increase in viral titer was observed (figure 18.D). The 

chicken and turkey TOC-adapted viruses only showed a 1.4- (figure 18.E), respectively 

1.6-fold (figure 18.F) increase in viral titer. Additionally, the results showed that continued 

passaging of the viruses on Calu-3 cells does not automatically lead to a further increase 

in viral titer. At some point during passaging the maximal viral titer was reached. For the 

parental virus the highest titer was reached after three passages (figure 18.D), whereas 

the highest viral titer for the chicken and turkey TOC-adapted viruses was reached after 

the fourth passage (figure 18.E and 18.F). 
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Figure 18. Effect of five passages on the infection by the different avian H9N2 viruses 

determined by virus titration (linear illustration). Shown are the viral titers of the different passages 

of Calu-3 cells infected by an m.o.i. of 0.1 of D) egg-grown A/chicken/SaudiArabia/CP7/1998 (H9N2 

p), E) the H9N2 virus passaged four times in chicken TOCs (H9N2 ck) or F) the H9N2 virus passaged 

four times in turkey TOCs (H9N2 tk). Error bars are shown in figure 17. 
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4.2.5 Analysis of Calu-3 supernatants after infection with different avian 

and one human influenza A virus 

The previously described adaptation experiments have shown that Calu-3 cells, 

when cultured under ALI conditions, were quite susceptible to infection by avian 

H9N2 influenza viruses. In a further experiment, the replication efficiency of avian 

H9N2 viruses in Calu-3 cells should be examined in comparison to other low 

pathogenic avian influenza viruses and one human influenza virus. 

For this purpose, Calu-3 cells were cultured as described in 3.1.4. Infection was 

performed, as previously specified (3.3.6), at an m.o.i. of 0.1. Viral titers were 

determined by immunoplaque assay at different time points post infection.  

Infection of Calu-3 cells with the parental H9N2 virus (H9N2 p) and the H9N2 virus 

passaged four times in chicken or turkey TOCs (H9N2 ck, H9N2 tk) resulted in the 

highest viral titer in comparison with the other analyzed viruses (figure 19). The 

parental H9N2 virus reached a viral titer of 4.8x107 ffu/ml. Calu-3 cells infected with 

the chicken TOC-adapted virus had a viral titer of 6.4x107 ffu/ml. The turkey TOC-

adapted virus, however, reached a viral titer of 6.5x107 ffu/ml. 

The lowest viral titer was observed for H7N7 with 1.8x105 ffu/ml. The avian H5N2 and 

the human PR8 virus reached similar viral titers. H5N2 had a virus concentration of 

1.0x107 ffu/ml and PR8 a concentration of 8.2x106 ffu/ml. A second H9N2 virus 

(A/chicken/Hong Kong/G9/97) with a titer of 4.2x106 ffu/ml reached a nearly 15-fold 

lower titer than the other avian H9N2 viruses (egg-grown A/chicken/Saudi 

Arabia/CP7/98, chicken and turkey TOC-adapted A/chicken/Saudi Arabia/CP7/98).  

Taken together, all viruses were able to infect the Calu-3 cells grown under ALI 

conditions. The highest viral titers were detected for the avian H9N2 viruses used for 

the adaptation experiments. The lowest titer was observed for the avian H7N7 virus. 

The other remaining viruses reached titers about 6-15-fold lower than the H9N2 

viruses used for the adaptation experiments.  
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Figure 19. Viral titers of infected Calu-3 cells grown under ALI condition. Shown are the viral 

titers of the different viruses which are used for the infection of Calu-3 cells. Calu-3 cells were infected 

by an m.o.i. of 0.1 with A/chicken/Saudi Arabia/CP7/1998 (H9N2 p), the H9N2 virus passaged four 

times in chicken TOCs (H9N2 ck), the H9N2 virus passaged four times in turkey TOCs (H9N2 tk), 

A/chicken/Hong Kong/G9/97 (H9N2 M), A/duck/Potsdam/15/80 (H7N7), A/teal/Föhr/Wv1378-79/2003 

(H5N2) or A/Puerto Rico/8/34 (PR8).  

 

4.2.6 Sequencing results of H9N2 infected Calu-3 supernatants 

After performance of five passages on Calu-3 cells with the H9N2 viruses, the 

supernatants, taken at different time points post infection, were used for further 

investigations with regards to occurring mutations in the influenza HA during 

passaging.  

At the beginning, viral RNA was isolated from the supernatants (3.4.1). Afterwards an 

RT-PCR was performed (3.4.2), followed by a specific PCR (3.4.3.2) for the influenza 

A virus HA (Hoffmann et al. 2001). Sequencing was performed as described in 3.4.11. 

The sequencing was confined to a comparison of the HA sequence between the 

parental and adapted viruses (chicken or turkey TOC-adapted) used for the first 

passage and the supernatants taken throughout the first passage, because the most 

striking difference during passaging was observed after the first passage in Calu-3 

cells. Therefore, the nucleotide sequence of the HA of the different H9N2 viruses was 
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translated into a protein sequence and afterwards the HA sequences of the different 

viruses were aligned using ClustalW2.  

The HA alignment showed that the parental, egg-grown virus has maintained its 

sequence during several passages in embryonated chicken eggs. Furthermore, the 

chicken TOC-adapted virus, which was passaged four times in chicken TOC, also 

showed no mutation in the HA. The turkey TOC-adapted virus, which was passaged 

four times in turkey TOC, however, had acquired one mutation in the HA, which was 

found in the 220-loop in the receptor binding domain of the influenza HA. More 

precisely, at position 226 of the HA, according to H3 numbering, the glutamine was 

replaced by a leucine (Q226L).   

 

H9N2_wt             ATNLGHPLILDTCTIEGLIYGNPSCDLLLGGREWSYIVERSSAVNGTCYPGNVENLEELR 120 

H9N2_ck             ATNLGHPLILDTCTIEGLIYGNPSCDLLLGGREWSYIVERSSAVNGTCYPGNVENLEELR 120 

H9N2_wt_1.Pass      ATNLGHPLILDTCTIEGLIYGNPSCDLLLGGREWSYIVERSSAVNGTCYPGNVENLEELR 120 

H9N2_ck_1.Pass      ATNLGHPLILDTCTIEGLIYGNPSCDLLLGGREWSYIVERSSAVNGTCYPGNVENLEELR 120 

H9N2_tk_1.Pass      ATNLGHPLILDTCTIEGLIYGNPSCDLLLGGREWSYIVERSSAVNGTCYPGNVENLEELR 120 

H9N2_tk             ATNLGHPLILDTCTIEGLIYGNPSCDLLLGGREWSYIVERSSAVNGTCYPGNVENLEELR 120 

                    ************************************************************ 

 

H9N2_wt             TLFSSASSYQRIQIFPDTIWNVTYTGTSKACSGSFYRSMRWLTQKNGSYPVQDAQYTNNR 180 

H9N2_ck             TLFSSASSYQRIQIFPDTIWNVTYTGTSKACSGSFYRSMRWLTQKNGSYPVQDAQYTNNR 180 

H9N2_wt_1.Pass      TLFSSASSYQRIQIFPDTIWNVTYTGTSKACSGSFYRSMRWLTQKNGSYPVQDAQYTNNR 180 

H9N2_ck_1.Pass      TLFSSASSYQRIQIFPDTIWNVTYTGTSKACSGSFYRSMRWLTQKNGSYPVQDAQYTNNR 180 

H9N2_tk_1.Pass      TLFSSASSYQRIQIFPDTIWNVTYTGTSKACSGSFYRSMRWLTQKNGSYPVQDAQYTNNR 180 

H9N2_tk             TLFSSASSYQRIQIFPDTIWNVTYTGTSKACSGSFYRSMRWLTQKNGSYPVQDAQYTNNR 180 

                    ************************************************************ 

 

H9N2_wt             GKSILFVWGIHHPPTDTEQTSLYIRTDTTTSVTTEDLNRIFKPMIGPRPLVNGQQGRINY 240 

H9N2_ck             GKSILFVWGIHHPPTDTEQTSLYIRTDTTTSVTTEDLNRIFKPMIGPRPLVNGQQGRINY 240 

H9N2_wt_1.Pass      GKSILFVWGIHHPPTDTEQTSLYIRTDTTTSVTTEDLNRIFKPMIGPRPLVNGQQGRINY 240 

H9N2_ck_1.Pass      GKSILFVWGIHHPPTDTEQTSLYIRTDTTTSVTTEDLNRIFKPMIGPRPLVNGQQGRINY 240 

H9N2_tk_1.Pass      GKSILFVWGIHHPPTDTEQTSLYIRTDTTTSVTTEDLNRIFKPMIGPRPLVNGQQGRINY 240 

H9N2_tk             GKSILFVWGIHHPPTDTEQTSLYIRTDTTTSVTTEDLNRIFKPMIGPRPLVNGLQGRINY 240 

                    ***************************************************** ****** 

 

H9N2_wt             YWSVLKPGQTLRVRSNGNLIAPWYGHVLSGGSHGRILKTDLNSGNCVVQCQTEKGGLNST 300 

H9N2_ck             YWSVLKPGQTLRVRSNGNLIAPWYGHVLSGGSHGRILKTDLNSGNCVVQCQTEKGGLNST 300 

H9N2_wt_1.Pass      YWSVLKPGQTLRVRSNGNLIAPWYGHVLSGGSHGRILKTDLNSGNCVVQCQTEKGGLNST 300 

H9N2_ck_1.Pass      YWSVLKPGQTLRVRSNGNLIAPWYGHVLSGGSHGRILKTDLNSGNCVVQCQTEKGGLNST 300 

H9N2_tk_1.Pass      YWSVLKPGQTLRVRSNGNLIAPWYGHVLSGGSHGRILKTDLNSGNCVVQCQTEKSGLNST 300 

H9N2_tk             YWSVLKPGQTLRVRSNGNLIAPWYGHVLSGGSHGRILKTDLNSGNCVVQCQTEKGGLNST 300 

                    ******************************************************.***** 

 

Figure 20. Result of the multiple alignments of the different sequences of the H9N2 viruses 

passaged on Calu-3 cells. In grey the 130-loop (aa133-138), the 220-loop (aa220-229), the 190-helix 

(aa194-196), and other conserved residues (Y98, W153, H183, Y195) which form the receptor-binding 

site are depicted. In yellow the position where a mutation occurred in the HA is marked. In light blue 

the occurring mutation is emphasized. The alignment of the different sequences was performed with 

ClustalW2. 
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A comparison of the supernatants of the Calu-3-adapted viruses revealed that the 

supernatants of Calu-3 cells infected with the parental, egg-grown virus showed no 

mutation in the HA after one passage. The same result was observed for the 

supernatants of Calu-3 cells infected with the chicken TOC-adapted virus. 

A different result was observed for the supernatants of Calu-3 cells infected with the 

turkey TOC-adapted virus. The first passage of the turkey TOC-adapted virus in 

Calu-3 cells showed that in the amino acid sequence of the HA the Q226L mutation 

was reversed. At position 226 once more a glutamine was found (L226Q). In 

exchange, at position 286, according to H3 numbering, another mutation could be 

found, which lay outside the receptor binding domain. With this mutation a glycine 

was replaced by a serine (G286S). Additional mutations in the HA could not be found 

in the supernatants after the first passage in Calu-3 cells. 

 

4.3 Generation of soluble hemagglutinins 

In this part of the project soluble hemagglutinins of different human H1N1 viruses 

should be generated. These soluble proteins were used for binding studies on 

different cell lines. Moreover, in further studies they could be used as synthetic 

lectins to characterize the cellular binding sites for influenza viruses and their 

distribution on the cell surface. At present there are only two plant lectins 

commercially available. One of these plant lectins is MAA (Maackia amurensis 

agglutinin), which recognizes �-2,3-linked sialic acids. The second one is designated 

SNA (Sambucus nigra agglutinin) and detects �-2,6-linked sialic acids.  

The plasmids for the generation of the soluble H1 hemagglutinins of A/South 

Carolina/1/1918 and A/California/04/09 were provided by Dr. Thorsten Wolf from the 

Robert-Koch-Institut. For the production of the soluble hemagglutinins the 

cytoplasmic tail and the membrane anchor have been removed. At the C-terminus 

the proteins were provided with either an Fc-tag from the human immunoglobulin G, 

with a trimerization domain of the GCN4 leucine zipper (Harbury et al. 1993), or with 

the trimerization domain of the GCN4 leucine zipper and an additional His-tag. 
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Furthermore, soluble constructs without any tag, consisting only of the ectodomain, 

were generated (see figure 21). 

                                        

Figure 21. Schematic drawing of the different soluble human H1 hemagglutinins generated in 

this study. The upper most drawing shows the composition of the complete HA with ectodomain, 

membrane anchor and cytoplasmic tail. The lower figures show the schematic illustrations of the 

various generated soluble HAs, consisting of the ectodomain and the respective tag. 

 

4.3.1 Cloning and expression of soluble HAs  

The sequence of the ectodomain was amplified from the respective plasmid via PCR 

using specific primers (see table 6), which already contained the sequences of the 

restriction enzymes later used for ligation of the PCR products into the respective 

plasmid. The different constructs were generated as described in section 4.3. After 

sequencing had shown that the sequences of the various soluble hemagglutinins 

were correct, in the further course of the experiments the expression of the soluble 

proteins was analyzed in more detail.  

hemagglutinin 

(HA) 

HA_Fc 

HA_T 

HA_T6hi

HA_sol 
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HEK-293T cells were transfected with the respective expression plasmids (see table 

3), fixed 24 hours post transfection with 3% PFA and permeabilized with 0.2% Triton-

X-100. The permeabilization of the cells was necessary in order to validate the 

intracellular localization of soluble proteins using specific antibodies. The staining 

was performed with two different antibodies; the first one was an antibody directed 

against  H1  which  should  detect  the  various constructs regardless of the tag used, 

and the second one was an anti-human-FITC antibody, which in the further course  

of  the study was used for convenient detection of the binding of Fc-tagged proteins 

to different permanent cell lines as the secondary antibody, used for detection of the 

H1 antibody, bound unspecific to some of the analyzed cell lines (data not shown). 

The empty pCG1 vector was used as negative control, and as a second negative 

control the Fc-ATG plasmid was used which induced the expression of the Fc-tag 

(Fc-ATG). The expression was assessed by fluorescence microscopy. 

Figures 22 and 23 show the intracellular expression of the various soluble 

hemagglutinins in HEK-293T cells. The different constructs show a perinuclear 

distribution, but to some extent also throughout the cytoplasm. In some cells, an 

increased accumulation of the proteins in the vicinity of the nucleus was observed. 

Figure 24 shows the immunostaining results obtained with the negative controls. No 

fluorescence was observed with the H1-specific antibody in the negative controls. 

Therefore, it appears that the H1-specific antibody does not bind in an unspecific way 

to cellular proteins, because there is no non-specific background in the 

immunofluorescence pictures.  
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Figure 22. Expression and detection of 1918_Fc, 1918_T, 1918_T6his and 1918_sol in HEK-293T 
cells. HEK-293T cells were transfected with plasmids for the expression of the different soluble 
hemagglutinins. Cells were fixed at 24 h post transfection. Proteins were detected with an �-H1 
antibody. The secondary antibody was an �-mouse-Cy3 antibody. The images were taken with a 
confocal laser scanning microscope with 63x magnification (left panels). The right panels show a 
close-up view. Scale bars left panels: 25 µm; scale bars right panels: 10 µm.  

1918_Fc 

1918_T 

1918_T6his 

1918_sol 
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Figure 23. Expression and detection of 2009_Fc, 2009_T, 2009_T6his and 2009_sol in HEK-293T 
cells. HEK-293T cells were transfected with plasmids for the expression of the different soluble 
hemagglutinins. Cells were fixed at 24 h post transfection. Proteins were detected with an �-H1 
antibody. The secondary antibody was an �-mouse-Cy3 antibody. The images were taken with a 
confocal laser scanning microscope with 63x magnification (left panels). The right panels show a 
close-up view. Scale bars left panels: 25 µm; scale bars right panels: 10 µm. 
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Figure 24. Transfection of HEK-293T cells with the control plasmids Fc-ATG and pCG1. HEK-

293T cells were transfected with the empty vector pCG1 and the plasmid encoding for the Fc-tag as a 

negative control and fixed 24 h post transfection. Detection was performed with an �-H1 antibody. The 

secondary antibody was an �-mouse-Cy3 antibody. The images were taken with a confocal laser 

scanning microscope with 63x magnification (left panels). The right panels show a close-up view. 

Scale bars left panels: 25 µm; scale bars right panels: 10 µm.  

Figure 25 shows the intracellular expression of the two different hemagglutinins 

carrying an Fc-tag (1918_Fc and 2009_Fc) and the Fc-ATG vector control. These 

soluble proteins were detected using the �-human IgG FITC antibody. The chimeric 

proteins 1918_Fc and 2009_Fc and  the Fc-ATG as a control can be detected by the 

�-human IgG FITC antibody. Only the negative control, shown in figure 26, shows no 

immunofluorescence signal. Therefore, it appears that the �-human IgG FITC 

antibody does not bind in an unspecific manner to cellular proteins in the 

immunofluorescence analysis because there is no non-specific background. 
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Figure 25. Expression and detection of 1918_Fc, 2009_Fc and Fc-ATG in HEK-293T cells. HEK-

293T cells were transfected with the Fc-tagged soluble hemagglutinins or the Fc-ATG plasmid and 

fixed 24 h post transfection. Detection of the soluble hemagglutinins and the Fc-ATG was performed 

with an �-human IgG FITC antibody. The images were taken with a confocal laser scanning 

microscope with 63x magnification (left panels). The right panels show a close-up view. Scale bars left 

panels: 50 µm; scale bars right panels: 25 µm.  
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Figure 26. Expression and detection of pCG1 in HEK-293T cells. HEK-293T cells were transfected 

with the empty vector as a negative control and fixed 24 h post transfection. An �-human IgG FITC 

antibody was used for detection. The images were taken with a confocal laser scanning microscope 

with 63x magnification (left panel). The right panel shows a close-up view. Scale bar left panel: 50 µm; 

scale bar right panel: 25 µm. 

 

4.3.2 Detection of soluble HAs in cell culture supernatants and cell 

lysates 

After having confirmed that the different soluble hemagglutinins were expressed in 

HEK-293T cells, the secretion of the proteins into the cell culture supernatant was 

analyzed by Western Blot. 

For this purpose, the supernatants of transfected HEK-293T cells were harvested 24 

h post transfection (3.1.5.2). The soluble proteins were separated under reducing 

and non-reducing conditions (3.6.3), separated by electrophoresis, transferred to 

nitrocellulose membrane and detected by chemiluminescence (3.6.4). 

For the confirmation of the presence of soluble proteins in the cell culture 

supernatant, on the one hand the anti-H1 antibody from the previous experiments 

was used, and on the other hand an antibody which recognizes the human Fc-tag 

(anti-human-PO) was used. As a negative control, the supernatant of cells 

transfected with the empty vector pCG1 was used.   

 

pCG1 
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Figure 27. Detection of the soluble hemagglutinins in the supernatant of transfected HEK-293T 

cells. Supernatants of cells expressing either of the soluble hemagglutinins were analyzed by SDS-

Page under non-reducing (A) or reducing (B) conditions. Following transfer to nitrocellulose, 

hemagglutinins were visualized by immunostaining using an �-H1-antibody and �-HRP conjugated �-

mouse antibody. 

 

          

Figure 28. Detection of the soluble hemagglutinins in the cell lysates of transfected HEK-293T 

cells. Cell lysates of cells expressing either of the soluble hemagglutinins were analyzed by SDS-

Page under non-reducing (C) or reducing (D) conditions. Following transfer to nitrocellulose, 

hemagglutinins were visualized by immunostaining using an �-H1-antibody and �-HRP conjugated �-

mouse antibody. 
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Figure 29. Detection of the soluble hemagglutinins carrying the Fc-tag in the supernatant of 

transfected HEK-293T cells. E) Supernatants of 1918_Fc, 2009_Fc and Fc-ATG under non-reducing 

(left) and reducing conditions (right) detected with the �-human-PO antibody. Black arrow: trimeric 

form of the soluble HAs. 

 

Figure 27, 28 and 29 show the detection of the soluble hemagglutinins in the cell 

culture supernatants and cell lysates of transfected HEK-293T cells. The different 

constructs, except for the 1918_T6his construct, could be detected in the 

supernatants of transfected HEK-293T cells with the anti-H1 antibody (figure 27). 

Furthermore, the Fc-constructs in the supernatants were also detectable with the 

anti-human-PO antibody (figure 29). In the cell lysates, it was possible to identify all 

soluble hemagglutinins, also the 1918_T6his, by using the anti-H1 antibody (figure 

28). The transfection of HEK-293T cells with the Fc-ATG plasmid resulted in the 

secretion of the Fc into the supernatant. A strong band of about 35 kDa represents 

the monomeric form of the Fc (figure 29).   

The detection of the soluble proteins in the supernatants showed that under non-

reducing conditions all proteins are detectable only as high molecular bands with a 

size of 300 kDa and more (figure 27.A). As the monomeric form of the 1918 

hemagglutinin has a size of approximately 60 kDa when glycosylated, the bands 

detected on the Western Blot represent multimeric forms of the soluble proteins. An 

exception are the 1918_sol and the 1918_Fc construct, which are present also in a 

trimeric form at the level of 270 kDa, as a monomer has a size of about 90 kDa 

E 
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(figure 27.A and figure 29, black arrow). Analysis of the supernatants under reducing 

conditions shows that only in the supernatants of 1918_sol and 1918_Fc there are 

multimeric forms of the proteins detectable (black arrow, figure 27.B). In the various 

supernatants without Fc-tag, only bands with a size of around 100 to 115 kDa are 

apparent. The two Fc-constructs have a size of about 120 kDa, which can possibly 

indicate a dimeric form of the Fc-tag connected to one hemagglutinin. As described 

previously, it was not possible to detect the 1918_T6his in the supernatants of 

transfected HEK-293T cells (figure 27.A + 27.B). There are also many unspecific 

bands detectable with the anti-H1 antibody, which make an evaluation of Western 

Blots difficult. Furthermore, there are some bands in the pCG1 negative control under 

non-reducing conditions (figure 27.A), which can either be explained by an overflow 

of the sample from the adjacent pocket or a strong unspecific binding of the antibody, 

because the gel under reducing conditions (figure 27.B) shows no band.  

The detection of the soluble proteins in the cell lysates of transfected HEK-293T cells 

showed that under non-reducing conditions (figure 28.C) several unspecific bands 

are detectable with the anti-H1 antibody with a size of 60 to 70 kDa. Under non-

reducing conditions there is not much protein detectable in the cell lysates of 

1918_sol and 1918_Fc. In the cell lysates of the other soluble proteins high 

molecular bands are detectable under non-reducing conditions (figure 28.C). The 

1918_T6his protein, which could not be detected in the supernatants of transfected 

HEK-293T cells is visible at a size of more than 300 kDa and might therefore be 

present in a multimeric form (figure 28.C). Only the 2009_sol protein seems to 

display a trimeric form of about 240 kDa, whereas the 2009_Fc construct is 

additionally present in the form of a dimer (180 to 190 kDa). The negative control 

pCG1 does not show any additional band to the two nonspecific bands which can be 

explained by the unspecific binding of the anti-H1 antibody (figure 28.C).  

Analysis of the cell lysates under reducing conditions (figure 28.D) showed again the 

presence of unspecific bands, which were detected in the Western Blot under non-

reducing conditions. But additionally, bands with a molecular weight of about 75 kDa 

were detected in the different constructs without tag, with trimerization domain or with 

trimerization domain and his-tag (figure 28.D). Under reducing conditions, the 
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1918_Fc and the 2009_Fc construct exhibit a band with a size of approximately 110 

to 120 kDa illustrating a monomeric form of the two different Fc-constructs (figure 

28.D).  

For further studies, the soluble 1918_Fc and the 2009_Fc proteins were used, 

because due to the Fc-tag purification via FPLC was accomplished conveniently by 

choosing Hi Trap™ Protein A HP columns.  

 

4.3.3 Detection of soluble HAs after FPLC purification 

For the purification of soluble proteins during this work and for the separation of the 

soluble proteins from a complex mixture of cellular proteins an FPLC purification 

method was applied.  

The transfection with the expression plasmids for the soluble proteins 1918_Fc, 

2009_Fc and Fc-ATG was performed as described in 3.1.5.2. For the purification of 

the soluble proteins the Hi Trap™ Protein A HP columns were used, which are 

characterized by their specificity for the Fc region. After purification, the proteins were 

loaded on an 8% Tris-acetate gel and separated electrophoretically. Subsequently, 

the proteins were transferred to nitrocellulose membranes and detected by 

chemiluminescence (3.6.4). The protein concentration was determined by measuring 

the protein content at 280 nm in a photometer. 

The protein analysis of the different fractions collected from the FPLC columns is 

shown in figure 30. The detection of soluble 1918_Fc hemagglutinin after purification 

is shown in figure 30.A, and the soluble 2009_Fc in figure 30.B. The Fc-ATG after 

purification, which served as a control, is shown in figure 30.C. The soluble 1918_Fc 

is detectable in four different fractions (fraction 4 to 7; figure 30.A). In contrast, 

2009_Fc is found mainly in fractions 2 to 5 (figure 30.B), whereas Fc-ATG can be 

detected in fractions 2 to 4 (figure 30.C). For FPLC of 1918_Fc, a new column was 

used. This may explain why the purified protein was recovered from a different 

fraction than the two other proteins. Determination of the protein concentration 

revealed that the highest amount of protein was found in fraction 5 of 1918_Fc, 
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fraction 3 of 2009_Fc and fraction 3 of Fc-ATG. After purification the 1918_Fc protein 

was detectable in several bands of variable size figure 30.A. A weak band of about 

50 kDa shows that the Fc-tag alone in form of a dimer can also be found in the 

purified protein, maybe due to protein degradation. Moreover, a protein band with a 

size of approximately 100 kDa was detected, which represents a monomeric form of 

1918_Fc. Bands with a size of roughly 200 kDa or much larger were also detected in 

the purified protein fractions and represent dimeric and multimeric forms of the 

soluble 1918_Fc hemagglutinin. For the soluble 2009_Fc (figure 30.B) only in fraction 

3 a very weak band of approximately 50 kDa, representing the Fc-tag alone, was 

detected. More prominent are bands with a size of 100 kDa, or 200 kDa and larger, 

as described for 1918_Fc, which correspond to sizes expected for monomers, dimers 

and multimers of the soluble 2009_Fc. The detection of Fc-ATG in figure 30.C shows 

strong bands with a size of approximately 50 kDa, representing the dimeric form of 

Fc-ATG. Furthermore, an additional band with a size around 100 kDa can be 

detected, which may represent a multimeric form of the Fc-ATG. 
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Figure 30. Detection of the soluble hemagglutinins after FPLC. A) Detection of 1918_Fc in the 

different fractions after FPLC. B) Detection of 2009_Fc in the different fractions after FPLC. C) 

Detection of Fc-ATG in the different fractions after FPLC. The different constructs were detected with 

an �-human-PO antibody. 

A 
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4.4 Binding of soluble HAs to different permanent cell lines 

After having confirmed that the generated soluble hemagglutinins are released into 

the cell culture supernatant and that they are detectable by immunofluorescence 

microscopy, they were used in a binding study with several permanent cell lines. 

Prior to these experiments, the soluble hemagglutinins were purified by FPLC as 

described above (4.3.3).  

As sialic acids serve as receptor determinants for influenza viruses it is expected that 

the generated soluble hemagglutinins bind to sialic acids present on the surface of 

the different cell lines used for the binding studies. Among the different cell lines that 

were used for the following experiments, there were three human (A549, Calu-3, 

HBE), one avian (CLEC213) and one porcine (NPTR) cell line (see table 1), which 

were  examined for the presence sialic acids. Subsequently, the binding of soluble 

hemagglutinins to these cells was examined and compared between the different cell 

lines.    

 

4.4.1 Lectin staining 

Sialic acids, which are a common type of sugar on the surface of mammalian cells, 

are utilized by influenza viruses for infection. Before starting binding studies with the 

soluble hemagglutinins, the availability of sialic acids on the surface of the different 

cell lines used for binding studies was investigated. For the detection of �-2,3-linked 

sialic acids, the plant lectin MAAII was used. Sialic acids connected via an �-2,6-

linkage were detected by SNA. Lectin staining was performed on non-permeabilized 

cells. 

In A549 cells, �-2,3- and �-2,6-linked sialic acids were detected by lectin staining. 

Although both sialic acid linkage types were widely distributed in a reticular pattern 

over the cell surface, SNA staining was more prominent at the edges of the cells 

(figure 31, lower panels). MAAII staining was detected all over the cell surface (figure 

31, upper panels). 
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Lectin staining of non-permeabilized Calu-3 cells demonstrated that on the surface of 

this cell line a great amount of �-2,3- and �-2,6-linked sialic acids is present (figure 

32). Whereas MAAII staining was found all over the cells in a regular, punctuated 

pattern (upper panels, figure 32), SNA staining was detectable on the interfaces 

between the cells and additionally on the surface of Calu-3 cells, but in a more net-

like pattern (lower panels, figure 32). 

In HBE cells, an equal expression of �-2,3- and �-2,6-linked sialic acids was 

observed (figure 33). SNA staining appears stronger due to the stronger fluorescence 

signal emitted by FITC. Although both sialic acid linkage types were widely 

distributed over the cell surface, SNA staining was detectable more on the interfaces 

between the cells, in a more net-like pattern (figure 33, lower panels). The �-2,6-

expression of HBE cells was comparable to that of Calu-3 cells (figure 32, lower 

panels). MAAII staining was detected all over the cell surface (figure 33, upper 

panels) in a more punctuated pattern. 

In CLEC213 cells, a high expression of �-2,3-linked sialic acids was observed, while 

no expression of �-2,6-linked sialic acids was detectable (figure 34). MAAII staining 

was detected at the cellular edges and also on the cell surface (figure 34, upper 

panels) in a more reticular pattern. 

In NPTr cells, an expression of �-2,3- and �-2,6-linked sialic acids was observed 

(figure 35). Although both sialic acid linkage types were widely distributed over the 

cell surface, SNA staining was detectable more on the interfaces between the cells, 

in a more net-like pattern (figure 35, lower panels). The �-2,6-expression pattern of 

NPTr cells was comparable to that of Calu-3 and HBE cells (figure 32 and 33, lower 

panels). However, MAAII staining was detected all over the cell surface (figure 35, 

upper panels) in a more punctuated pattern. 
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Figure 31. Lectin staining of A549 cells. Non-permeabilized A549 cells were either stained with 

MAAII (upper two panels) or with SNA (lower two panels) to detect �-2,3- or �-2,6-linked sialic acids. 

Pictures were taken with a confocal laser scanning microscope with 63x magnification (left panels). 

The right panels show a close-up view. Scale bar left panels: 25 µm; scale bar right panels: 10 µm. 
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Figure 32. Lectin staining of Calu-3 cells. Non-permeabilized Calu-3 cells were either stained with 

MAAII (upper two panels) or with SNA (lower two panels) to detect �-2,3- or �-2,6-linked sialic acids. 

Pictures were taken with a confocal laser scanning microscope with 63x magnification (left panels). 

The right panels show a close-up view. Scale bar left panels: 25 µm; scale bar right panels: 7.5 µm. 

 

All the cell lines used for lectin staining showed a strong expression of �-2,3-linked 

sialic acids (figures 31-35). The detection of �-2,6-linked sialic acids was negative 

only in CLEC213 cells (figure 34). All other cell lines showed a strong expression of 

�-2,6-linked sialic acids. A549 cells showed an even stronger SNA than MAAII 

staining (figure 31). 
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Figure 33. Lectin staining of HBE cells. Non-permeabilized HBE cells were either stained with 

MAAII (upper two panels) or with SNA (lower two panels) to detect �-2,3- or �-2,6-linked sialic acids. 

Pictures were taken with a confocal laser scanning microscope with 63x magnification (left panels). 

The right panels show a close-up view. Scale bar left panels: 25 µm; scale bar right panels: 7.5 µm. 
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Figure 34. Lectin staining of CLEC213 cells. Non-permeabilized CLEC213 cells were either stained 

with MAAII (upper two panels) or with SNA (lower two panels) to detect �-2,3- or �-2,6-linked sialic 

acids. Pictures were taken with a confocal laser scanning microscope with 63x magnification (left 

panels). The right panels show a close-up view. Scale bar left panels: 25 µm; scale bar right panels: 

10 µm. 
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Figure 35. Lectin staining of NPTr cells. Non-permeabilized NPTr cells were either stained with 

MAAII (upper two panels) or with SNA (lower two panels) to detect �-2,3- or �-2,6-linked sialic acids. 

Pictures were taken with a confocal laser scanning microscope with 63x magnification (left panels). 

The right panels show a close-up view. Scale bar left panels: 25 µm; scale bar right panels: 7.5 µm. 

 

4.4.2 Binding of soluble HAs to A549, Calu-3, HBE, NPTr and CLEC213 

cells 

For binding experiments, the respective cells were used one day after seeding on 

coverslips in 24-well plates. Following fixation of the cells with 3% PFA, they were 

incubated with 30 µg of the respective soluble hemagglutinin for 1 h at 4°C. 

Subsequently, after thorough washing of the coverslips, bound hemagglutinins were 

visualized by using an anti-human IgG FITC antibody. 
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After incubation of A549 cells with the different soluble hemagglutinins (figure 36), a 

strong net-like binding pattern of 1918_Fc and 2009_Fc could be observed. No 

binding of Fc-ATG was detectable. The negative control incubated only with the anti-

human IgG antibody showed no binding as well.  

Binding studies on Calu-3 cells revealed a binding of both, 1918_Fc and 2009_Fc, 

soluble proteins (figure 37) to these cells. The staining of the binding to Calu-3 cells 

was weaker than that to A549 cells (figure 36). It also appeared that the binding of 

2009_Fc to Calu-3 cells was stronger than that of 1918_Fc (figure 37). Furthermore, 

Fc-ATG was not able to bind to Calu-3 cells, only a few fluorescent crystals from the 

conjugated antibody were detectable. As observed with the A549 cells, the negative 

control showed no binding of the anti-human IgG antibody. 

When HBE cells were used for the binding studies (figure 38), a strong binding of 

1918_Fc and 2009_Fc was observed. The binding was comparable to those to A549 

cells (figure 36).  Fc-ATG was not able to bind to HBE cells, as it was witnessed for 

A549 (figure 36) and Calu-3 (figure 37) cells. The negative control showed no binding 

on the anti-human IgG FITC antibody to HBE cells (figure 38). 

Incubation of CLEC213 cells with the soluble hemagglutinins revealed that 1918_Fc 

as well as 2009_Fc were able to bind to CLEC213 cells (figure 39).  The binding was 

weaker than that observed on A549 (figure 36) or HBE (figure 38) cells, but it was 

comparable to that on Calu-3 cells (figure 37). No binding was detectable for Fc-ATG 

to CLEC213 cells (figure 39). In the negative control no binding of the anti-human 

IgG antibody was detectable. 
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Figure 36. Binding of the soluble hemagglutinins to A549 cells. A459 cells were non-

permeabilized and detection of the soluble hemagglutinins was performed with an anti-human IgG 

FITC antibody. Pictures were taken with a confocal laser scanning microscope with 63x magnification 

(left panels). The right panels show a close-up view. Scale bar left panels: 25 µm; scale bar right 

panels: 10 µm. 

A549 

1918_Fc 

2009_Fc 

Fc-ATG 

negative 

control 



 - 135 - Results 

 

 

                             

                             

                             

                             
Figure 37. Binding of the soluble hemagglutinins to Calu-3 cells. Calu-3 cells were non-

permeabilized and detection of the soluble hemagglutinins was performed with an anti-human IgG 

FITC antibody. Pictures were taken with a confocal laser scanning microscope with 63x magnification 

(left panels). The right panels show a close-up view. Scale bar left panels: 25 µm; scale bar right 

panels: 10 µm. 
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Figure 38. Binding of the soluble hemagglutinins to HBE cells. HBE cells were non-permeabilized 

and detection of the soluble hemagglutinins was performed with an anti-human IgG FITC antibody. 

Pictures were taken with a confocal laser scanning microscope with 63x magnification (left panels). 

The right panels show a close-up view. Scale bar left panels: 25 µm; scale bar right panels: 7.5 µm. 
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Figure 39. Binding of the soluble hemagglutinins to CLEC213 cells. CLEC213 cells were non-

permeabilized and detection of the soluble hemagglutinins was performed with an anti-human IgG 

FITC antibody. Pictures were taken with a confocal laser scanning microscope with 63x magnification 

(left panels). The right panels show a close-up view. Scale bar left panels: 25 µm; scale bar right 

panels: 7.5 µm. 
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Figure 40. Binding of the soluble hemagglutinins to NPTr cells. NPTr cells were non-

permeabilized and detection of the soluble hemagglutinins was performed with an anti-human IgG 

FITC antibody. Pictures were taken with a confocal laser scanning microscope with 63x magnification 

(left panels). The right panels show a close-up view. Scale bar left panels: 25 µm; scale bar right 

panels: 7.5 µm. 
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Binding studies on NPTr cells revealed a binding of both, 1918_Fc and 2009_Fc, 

soluble proteins (figure 40) to these cells. The staining of the binding to NPTr cells 

was comparable to that on A549 cells (figure 36) and HBE cells (figure 38). It also 

appeared that the binding of 2009_Fc to NPTr cells was stronger than that of 

1918_Fc (figure 40). Furthermore, Fc-ATG was not able to bind to NPTr3 cells. As 

observed with the other cell lines, the negative control showed no binding of the anti-

human IgG antibody. 

The soluble hemagglutinins 1918_Fc and 2009_Fc were able to bind to all 

investigated cell lines in this study. Only on two cell lines (Calu-3, figure 37; NPTr, 

figure 40) the binding of 2009_Fc appeared stronger than that of 1918_Fc. The Fc-

ATG was not able to bind to any of the analyzed cell lines and the negative control 

with the anti-human IgG antibody alone also showed no binding with all the 

investigated cell lines. 

To get an impression of the relationship between sialic acid surface expression and 

binding of the two different soluble hemagglutinins, the results of the lectin staining 

and the binding experiments are summed up in table 8.  

All cells analyzed in this study exhibited expression of �-2,3-linked sialic acids. The 

weakest expression was detected with A549 cells. Expression of �-2,6-linked sialic 

acids was found on all cell lines except for the CLEC213 cells, which only showed 

expression of �-2,3-linked sialic acids (table 8).  

The soluble hemagglutinins showed a strong binding to all of the analyzed cell lines. 

The strongest binding for 1918_Fc was observed on A549 cells, and for 2009_Fc the 

strongest binding was observed on A549 and NPTr cells (table 8). Both soluble 

hemagglutinins showed a strong binding to CLEC213 cells, which did not show 

expression of �-2,6-linked sialic acids.  

On Calu-3, HBE and CLEC213 cells, the soluble hemagglutinins 1918_Fc and 

2009_Fc showed a similar binding pattern. For a more precise analysis of the binding 

to different cell lines, a quantitative analysis via FACS (fluorescence activated cell 

sorting) should be performed.  



 - 140 - Results 

 

Table 8. Summary of sialic acid linkage type expression and binding of 1918_Fc and 

2009_Fc to different permanent cell lines. 

Cell line 

Apical 

expression of 

�-2,3-linked 

sialic acids 

Apical 

expression of 

�-2,6-linked 

sialic acids 

Binding of 

1918_Fc 

Binding of 

2009_Fc 

A549 + +++ +++ +++ 

Calu-3 +++ ++ ++ ++ 

HBE ++ ++ ++ ++ 

CLEC213 +++ - ++ ++ 

NPTr ++ ++ ++ +++ 

 

+++ very strong expression/binding   ++ strong expression/binding      + weak expression/binding 

  -    no expression/binding 
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5 Discussion 

5.1 Infection of tracheal organ cultures (TOCs) 

The aim of this study was to investigate the adaptation of avian influenza viruses of 

the subtype H9N2 to cells of the avian and human respiratory epithelium. Therefore, 

in the first part of the thesis the replication efficiency of different H9N2 viruses in the 

homologous system should be analyzed. For this purpose, tracheal organ cultures 

(TOCs) were chosen as a culture system. This method was established in the 1960s, 

because it allowed the successful cultivation of viruses in tissue culture, which was 

not possible in the highly modified dedifferentiated cells used at that time (Tyrell, D. A. 

and Bynoe, M. L., 1965). Later on, this method was often used for studies on the 

interaction between host species and pathogens (Hu et al., 1975).  

Today TOCs are a valuable tool for studies on influenza virus infection, because they 

have clear advantages as they can be easily adapted to different host species. TOCs 

were developed from tracheas of chicken embryos and were further extended to 

tracheas of hamster, pigs, ferrets and other animals (Schiff, L. J., 1976; Dugal et al, 

1990; Hoke et al., 1979). TOCs are simple in their preparation and cultivation. And 

since many politicians, animal rights activists and scientists today are eager to 

develop and bring forward the use of alternatives to animal models, TOCs and other 

primary cell culture models are a valuable tool for the replacement of a large number 

of animal experiments in scientific research. Of course, animals are also required for 

primary cell culture systems. However, the number of animals required for this is 

much lower, because from one animal for example (e.g. chicken embryo) you can get 

an average of 15 tracheal rings. Another advantage is that by the use of these 

primary cell culture systems you can avoid that animals have to suffer unnecessarily, 

because they are not directly involved in the infection experiments and thus do not 

have to suffer from the disease symptoms. Furthermore, they are not directly 

exposed to other handlings, such as treatment with toxic substances.  

It is possible to evaluate the infection of TOCs by influenza viruses in different ways. 

One criterion for the assessment of TOCs infection by influenza viruses is the 
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monitoring of the ciliary activity as an infection by influenza viruses results in a 

complete ciliostasis. Furthermore, influenza virus infection of TOCs can be analyzed 

by immunostaining of infected cells. The focus of this thesis was put on the 

evaluation of the infectivity of the avian H9N2 influenza virus. For this purpose and 

for an improved comparability with the results obtained in later experiments, a third 

evaluation method was chosen, the measurement of infectious virus released from 

infected TOCs. 

Adaptation of the egg-grown, parental avian H9N2 virus to either chicken or turkey 

TOCs resulted in an increase in viral titer of the chicken and turkey TOC-adapted 

virus compared to the parental, egg-grown virus. Infection of chicken TOCs with the 

fourth passage of the chicken TOC-adapted H9N2 virus resulted in a 3.5-fold 

increase in viral titer compared to the egg-grown, parental H9N2 virus. Furthermore, 

infection of turkey TOC with the fourth passage of the turkey TOC-adapted H9N2 

virus was characterized by a nearly 10-fold increase in viral titer compared to the 

egg-grown, parental H9N2 virus. The effect of adaptation observed in the TOC 

system was more pronounced in the turkey-derived TOCs indicating that the H9N2 

virus which was originally isolated from chicken was already more adapted to the 

chicken respiratory epithelium than to the turkey respiratory epithelium. Furthermore, 

this experiment showed that turkeys are susceptible to H9N2 viruses isolated from 

chicken and that adaptation results in an increase in infectivity. The time course of 

infection, however, was similar between the infected chicken and turkey TOCs. 

Taken together, adaptation of avian H9N2 influenza virus to cells of the chicken or 

turkey trachea resulted in an increase in viral titer. The increase was more prominent 

in turkey TOCs. Besides, the TOCs system represents a suitable model for the study 

of influenza virus infection as it preserves the natural arrangement of the cells. Of 

course, a certain degree of variation can be observed between the different 

experiments which occur due to a certain variation in the size of the TOCs resulting 

from the manual cutting of the rings. Another reason for the variation is also the 

natural difference among animals. But a set of three experiments is sufficient to make 

a statement about the change in replication efficiency in the TOCs system.    
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5.2 Characterization of Calu-3 cells grown under air-liquid 

interface (ALI) conditions 

For the adaptation experiments with the avian H9N2 influenza virus the human 

bronchial epithelial cell line Calu-3 was chosen. This cell line resembles the native 

airway epithelium in many ways when grown under air-liquid interface (ALI) 

conditions (e. g. mucus production, formation of microvilli) and was used for infection 

experiments with influenza A viruses previously (Berger et al., 1999; Pappas et al., 

2008; Zeng et al., 2007). Furthermore, it has been shown that the Calu-3 cell line is 

one of a few cell lines that can form tight junctions in vitro, which resembles the 

airway epithelial barrier in the lung (Borchard, G., 2002). As Calu-3 cells, when grown 

under ALI conditions, display many characteristics of the bronchiolar epithelium, they 

represent a good model system, which is close to the in vivo situation, for studies on 

the human airway epithelium (Babu et al., 2005). 

Prior to the infection experiments, Calu-3 cells grown under ALI conditions were 

analyzed with regard to their surface expression of �-2,3- and �-2,6-linked sialic 

acids. Additional, a phalloidin staining was performed to visualize intracellular actin 

and the formation and development of the cell layer on the filter membrane at 

different time points post seeding. Further, a ZO-1 staining was performed to 

visualize tight junctions present between the cells on the filter membrane and to 

demonstrate the polarity of Calu-3 cells grown under ALI conditions. 

Expression and distribution of �-2,3- and �-2,6-linked sialic acids play an important 

role for the infection by influenza viruses, since they are the receptor determinants for 

influenza A and B viruses (Klenk, E. and Stoffel, W., 1956). The �-2,3-linkage type is 

most abundant in avian species, whereas most human influenza virus isolates, on 

the contrary, prefer �-2,6-linkages (Horimoto, T. and Kawaoka, Y., 2005). On the 

human respiratory epithelium, however, both sialic acid linkage types, �-2,3 and �-

2,6 are present though sialic acids connected via an �-2,6-linkage predominate. 

Sialic acids connected via an �-2,3-linkage were found primarily in the lower 

respiratory tract, expressed by ciliated cells, while �-2,6-linked sialic acids were 

mainly detected on the surface of non-ciliated cells (Matrosovich et al., 2004; Nicholls 
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et al., 2007). But there are also other important factors connected to receptor 

recognition, e.g. the type of underlying sugar, as well as the type of carbon 

modification (Gambaryan et al., 2005; Gambaryan et al., 2008; Nicholls et al., 2008).  

For the detection and differentiation between �-2,3- and �-2,6-linked sialic acids two 

plant lectins are commercially available, MAA (Maackia amurensis agglutinin) and 

SNA (Sambucus nigra agglutinin). SNA binds in a highly selective manner to sialic 

acids connected via an �-2,6-linkage to either galactose or N-acetylgalactosamine 

(GalNAc) (Shibuya et al., 1987), whereas MAA is used for the identification of �-2,3-

linkages. There are two isoforms of MAA: MAA-1 (also called MAL, the 

„leukoagglutinin”) and MAA-2 (MAH, a „hemagglutinin”). While MAA-2 binds only to 

one type of sialylated sugar chain with high affinity (Sia�2,3Gal1,2(Sia�2,6)GalNAc), 

MAA-1 additionally recognizes sugars terminating in other Sias as well as a glycan 

wherein the Sia is replaced by a sulfate ester at the 3-position of galactose (Bai et al., 

2001). In this study MAAII was used for the detection of �-2,3-linked sialic acids. 

Calu-3 cells grown under ALI conditions show a strong expression of �-2,3- and �-

2,6-linked sialic acids. MAAII and SNA staining are detectable on the apical surface 

as well as on the interfaces of the cells. After the formation of small cellular islands 

three days after establishing ALI conditions, a strong staining for MAAII and SNA was 

visible at the border areas of these islands. Staining of the interfaces was also 

observed, but the SNA staining was much stronger than the MAAII staining. These 

results corresponded to the data shown by Zeng et al. (2007), where they also 

showed the apical expression of �-2,3- and �-2,6-linked sialic acids on the surface of 

polarized Calu-3 cells by lectin staining. They additionally analyzed the sialic acid 

expression by flow cytometry, where they determined that 98,5% and 99,7% of the 

cells stained were positive for �2,6- and �-2,3-linked sialic acids, although the relative 

intensity for �-2,6-linked sialic acids was more heterogeneous (Zeng et al., 2007). In 

this study, the SNA staining appears to be stronger, what might be due to the FITC 

staining, which often appears stronger than Cy3 staining. After all, it was shown that 

Calu-3 cells grown under ALI conditions express �-2,3- and �-2,6-linked sialic acids 

to nearly the same extent, what can be confirmed by the study of Zeng et al. (2007).   
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Phalloidin is a toxin from the poisonous mushroom "Death Cap" (Amanita phalloides) 

that binds actin (Löw, I. and Wieland, T., 1974). It binds and stabilizes filamentous F-

actin, preventing the dissociation of paired filaments and disturbing the natural 

balance between filamentous (polymeric) and globular (monomeric) actin in the cell. 

Actin is used by the cell for mechanical processes such as growth, scaffolding of the 

cytoskeleton, and locomotion; disruption of this actin equilibrium destroys cellular 

functioning (Faulstich et al., 1989; Benkoel et al., 1992). In this study phalloidin was 

used to detect intracellular actin and to visualize the formation and development of 

the cell layer on the filter membrane at different time points post seeding. Microvilli, 

which develop during cultivation of Calu-3 cells under ALI conditions, contain a dense 

bundle of cross-linked actin filaments, which serves as its structural core, might also 

be detectable by phalloidin.  

The phalloidin staining of Calu-3 cells grown under ALI conditions showed that at all 

time points investigated in this study the same staining pattern was observed. 

Phalloidin staining was detectable at the cellular interfaces and also on the apical 

surface of the Calu-3 cells. The only difference that occurred in the filters at the 

different time points after seeding was that after three days under ALI conditions, 

small cellular islands developed, which became more prominent during the time 

period analyzed, but still, every single cell showed phalloidin staining at the interfaces. 

The lateral images for the phalloidin staining of Calu-3 cells grown under ALI 

conditions showed that during cultivation on filter membranes the cells became 

multilayered. Phalloidin was detectable on the apical surface as well as on the 

cellular interfaces. The detection of microvilli was not possible with this staining. For 

an illustration of microvilli electron microscopic pictures need to be taken. 

ZO-1 (Zonula Occludens 1) was the first tight junction protein to be identified 

(Stevenson et al., 1986). It has been shown that ZO-1 is a crucial connection which 

stabilizes the tight junction barrier for larger solutes and anchors it to the myosin–

actin cytoskeleton (van Itallie et al., 2009). In this thesis an antibody against ZO-1 

was used to stain tight junctions, which are an important feature of polarized cells. 
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Calu-3 cells grown under ALI conditions showed that at different time points after 

seeding on filter membranes ZO-1 staining was detected at the cellular interfaces. A 

strong expression of ZO-1 in between nearly all of the cells was observed until day 3 

after establishing ALI conditions. Afterwards, fewer cells showed ZO-1 staining 

although the staining appeared in some cases stronger as before. The reduced 

staining of ZO-1 was due to the development of small cellular islands which were not 

interconnected. Consequently, there were fewer cell-cell contacts and as a result 

fewer tight junctions were formed. The increase in intensity may be due to stronger 

formation of tight junctions within the small cellular islands. 

The lateral images of the ZO-1 staining showed that during cultivation under ALI 

conditions the cell layer became multilayered. Furthermore, a strong ZO-1 staining 

was detected between the cells until day 3 under ALI conditions. Afterwards the 

amount of staining decreased, fewer cells showed ZO-1 expression, but in parallel 

the cells still displaying ZO-1 staining showed an increase in staining intensity, which 

might be due to a stronger formation of tight junctions between single cells. 

Furthermore it looks as if there was also apical ZO-1 staining of the Calu-3 cells 

which can be due to the cell layer from which the picture was taken. That means that 

what might look like an apical staining could already be the side view of the 

neighboring cell as the confocal microscope only scans one layer. 

Taken together, the phalloidin and the ZO-1 staining have shown that Calu-3 cells 

grown under ALI conditions on filter membranes for several days form a cellular 

multilayer also consisting of some cellular islands. Furthermore, it could be shown 

that tight junctions, which are an important feature of polarized cells, have developed 

between single cells.  
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5.2.1 Adaptation of avian H9N2 influenza viruses to Calu-3 cells grown 

under ALI conditions 

Calu-3 cells grown under ALI conditions were used for infection studies with avian 

H9N2 viruses. In a first approach, avian H9N2 influenza viruses were passaged five 

times on Calu-3 cells and analyzed with regards to their replication efficiency. 

Supernatants taken at different time points post infection were examined for 

mutations occurring in the HA after the different passages. The fourth passage of the 

turkey TOC-adapted virus (H9N2 tk) used in this study had acquired one mutation in 

the 220-loop of the HA. The amino acid at position 226, according to H3 numbering, 

has changed from glutamine (Q) to lysine (L), which is known to be important for the 

binding preference of human influenza viruses to sialic acids connected via an �-2,6-

linkage.  

At the beginning of this study we assumed that the turkey TOC-adapted H9N2 virus 

has an advantage in the infection of the human cell line Calu-3 due to the acquired 

mutation. But since HAs of human viruses contain 226L and 228S, whereas avian 

viruses comprise 226Q and 228G (Skehel, J. J. and Wiley, D. C., 2000) it was also 

possible that the single replacement of Q226L might not be sufficient to acquire 

human receptor-binding ability, and therefore might not show an increase in viral 

replication compared to the egg-grown or the chicken TOC-adapted H9N2 virus. 

For the infection experiments, Calu-3 cells were seeded on filter membranes and 

cultured under ALI conditions for 14 days. ALI conditions were established one day 

after seeding of the Calu-3 cells on filter membranes. Infection was performed with 

an m.o.i. of 0.1 for the different avian H9N2 viruses.  

Five passages of the parental virus on Calu-3 cells revealed that between the first 

and the second passage a shift occurred in the time point, when the highest viral titer 

was achieved. In the first passage, the highest viral titer was observed 48 h p.i., 

whereas in the second passage the highest titer was seen 36 h p.i.. The same was 

observed for the chicken and the turkey TOC-adapted H9N2 virus. The Q226L 

mutation of the turkey TOC-adapted H9N2 virus had no favorable effect on the 

infection of Calu-3 cells compared to the egg-grown and the chicken TOC-adapted 
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H9N2. Comparison of the viral titers reached during each passage showed that there 

was only a small increase in viral titer for each of the H9N2 viruses. The most striking 

feature of the passages on Calu-3 cells was therefore the 12 h accelerated 

replication.  

The results of this study indicate that during the adaptation of avian H9N2 influenza 

viruses to Calu-3 cells grown under ALI conditions the factor that is changed first is 

the increased replication rate, so that the same amount of virus can be produced in a 

shorter period of time. After the achievement of an increased replication rate, a later 

focus may be on the increase in virus titer. Furthermore, this study shows that more 

passages at the same time do not result in a steady increase in virus titer. Actually, it 

was shown that after the fourth passage of the H9N2 viruses on Calu-3 cells the viral 

titer dropped again.  

An anomaly, which was visible during the passages, was the high viral titer at 12 h p.i. 

within the second passage which occurred by infection with the first passage of the 

parental, egg-grown H9N2 virus as well as with the first passage of the chicken and 

the turkey TOC-adapted virus. As this experiment was repeated four times and the 

standard deviation is quite small, the cause for this increased viral titer is difficult to 

explain. Maybe this increase in viral titer is associated with the shift leading to the 12 

hours accelerated replication and is afterwards, during further passages, no longer 

necessary due to changes in the genome of the virus. For all infections performed 

with the first passage of the respective virus, virus aliquots were taken from the same 

stock. To exclude that the source for the increased viral titer 12 h p.i. within the 

second passage might have something to do with the virus stock, infection 

experiments can be repeated with viruses of another virus stock of the first passage. 

In parallel, infection with the same virus stock can be performed, to confirm the 

previous results obtained for the second passage.  
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5.2.2 Infection of Calu-3 cells grown under ALI conditions with different 

avian and one human influenza A virus 

As the previous described adaptation experiments have shown that Calu-3 cells, 

when cultured under ALI conditions, were quite susceptible to infection by the avian 

H9N2 influenza viruses, in an additional experiment, the replication efficiency of 

avian H9N2 viruses in Calu-3 cells was compared with other low pathogenic avian 

influenza viruses and one human influenza virus. 

Calu-3 cells were seeded on filter membranes as described previously and one day 

after seeding, ALI conditions were established. After cultivation under ALI conditions 

for 14 days, Calu-3 cells were infected with an m.o.i. of 0.1 of the respective virus. 

The viruses used for infection were egg-grown A/chicken/Saudi Arabia/CP7/98 

(H9N2), chicken and turkey TOC-adapted A/chicken/Saudi Arabia/CP7/98 (H9N2), 

egg-grown A/chicken/Hong Kong/G9/97 (H9N2), egg-grown A/duck/Potsdam/15/80 

(H7N7), egg-grown A/teal/Föhr/Wv1378-79/2003 (H5N2) and egg-grown A/Puerto 

Rico/8/34 (H1N1).  

Titration of the supernatants of infected Calu-3 cells showed that infection with 

A/chicken/Saudi Arabia/CP7/98 and the chicken and turkey TOC-adapted H9N2 

viruses resulted in the highest viral titer. The second H9N2 virus used for infection 

(A/chicken/Hong Kong/G9/97) reached an approximately 15-fold lower titer than the 

other H9N2 viruses. The lower replication rate of H9N2/G9/97 was already shown by 

other working groups (Lee et al., 2010), but in comparison to other H9N2 viruses 

than the ones used in this study. These authors assume that there may be 

differences in the conserved regions of the NS1, which might result in this weaker 

replication efficiency, because Enami et al. (1994) have shown previously that the 

NS1 protein can stimulate the translation of the M1 protein. And as the M1 protein 

forms the major structural component of the virion and plays an important role in 

virus budding and assembly (Gomez-Puertas et al., 2000; Nayak et al., 2004), a 

higher amount of M1 proteins might also result in an increased viral replication. Lee 

et al. (2010) assume that H9N2 viruses with an NS1 very similar to those of human 

pathogenic influenza H5N1 viruses isolated during 1997 have a high production of 
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M1 protein and an increased viral replication, whereas viruses like the H9N2/G9/97 

do not have an increased production of M1 proteins and therefore show a weaker 

replication efficiency. But the detailed mechanism is until now not fully understood. In 

the future, a sequence analysis of the NS1 of the H9N2 viruses used in this study 

should be done to determine the differences of the NS1 of the two different avian 

H9N2 viruses. 

The avian H5N2 and the human PR8 virus reached similar titers which were about 8-

fold lower than that of the H9N2/CP7/98 viruses used in this study. The lowest titer 

was observed for the avian H7N7 virus.  

Taken together it could be shown that Calu-3 cells grown under ALI conditions were 

susceptible to infection with different avian and one human influenza viruses, but not 

all viruses replicated equally well. The avian H9N2 viruses used previously for the 

adaptation experiments showed higher viral titers than the human PR8 virus, which 

may in part be due to the fact, that the H9N2 viruses can use �-2,3- as well as �-2,6-

linked sialic acids as receptor determinants, whereas the human PR8 can only use �-

2,6-linked sialic acids. And because of this, a larger amount of H9N2 viruses may 

bind to the Calu-3 cells, resulting in a larger amount of virus inside the cell available 

for replication. If a larger amount of virus can be used for replication, more virus can 

be generated and released from the cell, explaining the difference in viral titer 

between the avian H9N2/CP7/98 and the human PR8 virus.    

 

5.2.3 Sequencing results for the influenza HA from supernatants of H9N2 

infected Calu-3 cells 

For analysis of the effects of adaptation on the influenza hemagglutinin, supernatants 

of H9N2 infected Calu-3 cells were taken after each passage. The supernatants 

taken during the first passage were subjected to sequencing of the HA, because the 

most prominent effect of the passaging, the 12 hours accelerated replication, was 

observed after the first passage.  
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The HA alignment showed that the fourth passage of the turkey TOC-adapted H9N2 

virus had acquired one mutation in the HA, which was found in the 220-loop in the 

receptor binding domain of the influenza virus HA. More precisely, at position 226 of 

the HA, according to H3 numbering, the glutamine was replaced by a leucine 

(Q226L). In the HA of human viruses, however, two residues in the 220-loop are 

different from the residues found in the HA of avian influenza viruses. In human 

viruses, the HAs contain 226L and 228S, whereas avian viruses comprise 226Q and 

228G (Skehel, J. J. and Wiley, D. C., 2000). Therefore the single replacement of 

Q226L might not be sufficient to acquire human receptor-binding ability.    

A comparison of the supernatants of the Calu-3-adapted viruses revealed that the 

only difference which was found in the HA occurred in the supernatants of Calu-3 

cells infected with the turkey TOC-adapted virus. The first passage of the turkey 

TOC-adapted virus in Calu-3 cells showed that in the amino acid sequence of the HA 

the Q226L mutation was reversed. At position 226 once more a glutamine was found 

(L226Q). In exchange, at position 286, according to H3 numbering, another mutation 

was found, which lay outside the receptor binding domain. With this mutation a 

glycine was replaced by a serine (G286S). As there were no additional mutations, the 

12 hours accelerated replication must have another origin. Therefore, sequencing of 

the other viral proteins (e.g. PB2, PB1, PA, NS1) from the supernatants taken during 

the first passage in Calu-3 cells has to be done. Additionally, sequencing of the 

supernatants from passage two and three should be done to find out, if the H9N2 

viruses acquired additional mutations during later passages.  

The Q226L amino acid exchange within the HA of the fourth passage of the turkey 

TOC-adapted had no favorable effect on the replication. In fact, the Q226L mutation 

was reversed within the first passage on Calu-3 cells. Since Calu-3 cells grown under 

ALI conditions express a great amount of �-2,3- as well as �-2,6-linked sialic acids, 

infection by avian influenza viruses which primarily recognize �-2,3-linked sialic acids 

is in general possible. The results of this study show that not the binding to sialic 

acids is the limiting determinant for adaptation, in fact, for the adaptation to a new 

host other factors, e.g. the polymerase, are more crucial. Important for the adaptation 

of the virus to its new host is the ability to replicate in the cells of the new host. 
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Therefore, sequencing of the polymerase genes from the supernatants of the 

different passages of H9N2 infected Calu-3 cells would be interesting. Other studies 

have shown that for example the E627K mutation in the PB2 results in a lethal 

infection (Bussey et al., 2011), but there are also mutations in the PA which have 

been observed in highly pathogenic H5N1 human isolates (e.g. PA 336M; Bussey et 

al., 2011). 

Comparison of the TOC- and Calu-3 adaptation experiments shows that in TOC of 

chicken and turkey the adaptation results in an increase in viral titer, whereas in 

Calu-3 cells an accelerated replication can be observed. In turkey TOC the 

adaptation leads to a mutation in the HA (Q226L), which results in a shift in the 

preference from �-2,3- to �-2,6-linked sialic acids. In Calu-3 cells this mutation is 

reversed after the first passage and the mutation occurring in the HA after the first 

passage is outside the receptor-binding domain (G286S). A comparison of the 

polymerase genes of the TOC- and Calu-3 cell adapted viruses will be done in the 

future. But in summary one can say that in the homologous system (TOC) adaptation 

results in an increase in viral titer, whereas in the heterologous system (Calu-3) an 

accelerated replication and afterwards an increase in viral titer can be observed.   

 

5.3 Soluble H1 hemagglutinins 

In this part of the thesis soluble hemagglutinins of different human H1N1 viruses 

were generated. Soluble hemagglutinins have been used for the investigation of 

other viruses before (Klein et al., 1994; Paul et al., 2008). The soluble proteins were 

used for binding studies on different cell lines. In the future, they could be used as 

synthetic lectins to characterize the cellular binding sites for influenza viruses and 

their distribution on the cell surface. At present there are only two plant lectins 

commercially available. One of these plant lectins is MAA (Maackia amurensis 

agglutinin), which recognizes �-2,3-linked sialic acids. The second one is designated 

SNA (Sambucus nigra agglutinin) and detects �-2,6-linked sialic acids.  
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Another possible application for soluble hemagglutinins could be their use as a 

potential vaccine. As the traditional process of influenza vaccine production in eggs is 

very time-consuming and thus may not fulfill the requirements of rapid global 

vaccination, which is essential to inhibit an influenza pandemic, a rapid vaccine 

production and mass vaccination is the most effective approach to prevent large 

scale mortality and morbidity (Khurana et al. 2010). Another improvement connected 

with the use of soluble hemagglutinins for vaccination is their safe application (Bosch 

et al. 2010). 

 

5.3.1 Generation and expression of soluble HAs  

For a closer examination of the binding activity of the soluble hemagglutinins, soluble 

forms of these proteins were prepared and expressed in mammalian cells. For the 

generation of the soluble proteins it was important to preserve the structure of the 

protein. For the production of the soluble hemagglutinins the cytoplasmic tail and the 

transmembrane domain were removed. At the C-terminus the proteins were provided 

with either an Fc-tag from the human immunoglobulin G, with a trimerization domain 

of the GCN4 leucine zipper (Harbury et al. 1993), or with the trimerization domain of 

the GCN4 leucine zipper and an additional His-tag. Furthermore, soluble constructs 

without any tag, consisting only of the ectodomain, were generated.  

The advantage of an Fc-tag is the possibility to purify the proteins via FPLC by using 

a protein A column. Furthermore, the Fc-tag facilitates the detection of the soluble 

HAs. Soluble HAs fused to an Fc-tag were used in a previous approach by Yang et al. 

(2010), where they showed that the HA protein fused to the Fc-tag was correctly 

folded and biological active.  

As an alternative, the soluble hemagglutinins were fused to the trimerization domain 

of the GCN4 leucine zipper, which has been shown by Harbury et al. (1993) to have 

the ability to trigger the formation of trimeric structures, which is a useful tool as the 

hemagglutinin in the viral membrane forms homotrimers. Furthermore, in studies with 

the glycoprotein of human immunodeficiency virus it was shown that the GCN4 
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leucine zipper domain stabilizes the trimer formation in solution (Yang et al., 2000b). 

This was also shown in other studies with soluble HAs where it was also shown that 

the trimerization domain of the GCN4 leucine zipper stabilizes the formation of 

trimers and enhances the immunogenicity (Weldon et al., 2010; Cornelissen et al., 

2010).The GCN4 trimerization domain, with a length of 30 amino acids, possesses 

the ideal length for the maintenance of the protein conformation and function. The 

his-tag was fused to the trimerization domain to facilitate the detection of the trimeric 

proteins. Soluble proteins without a tag were generated to compare the expression of 

the tagged hemagglutinins with untagged proteins and analyze the different soluble 

forms according to differences occurring during expression in mammalian cells. 

All soluble proteins used for transfection were expressed in HEK-293T cells as 

expected and the expression pattern of the different constructs was similar. The Fc-

tagged hemagglutinins were detectable with the H1-specific antibody as well as with 

the antibody directed against the Fc-tag.  

 

5.3.2 Detection of soluble HAs in cell culture supernatants and cell 

lysates of transfected HEK-293T cells 

The secretion of the proteins into the cell culture supernatant was analyzed by 

Western Blot. Soluble hemagglutinins were detected by using an anti-H1 antibody. 

Detection of the Fc-tagged hemagglutinins was additionally done with an antibody 

recognizing the human Fc-tag. 

Detection of the soluble proteins in the supernatants of transfected cells showed that 

all proteins were detectable only as high molecular bands with a size of 300 kDa and 

more. Exceptions were the 1918_sol and the 1918_Fc construct, which were present 

also in a trimeric form in the range of 270 kDa. Taken together, all of the generated 

soluble proteins, except for 1918_T6his, were detectable in multimeric form in the 

supernatants of transfected HEK-293T cells. It is assumed that the soluble H1 

hemagglutinins, regardless if they carry a tag and although lacking the 

transmembrane domain and the cytoplasmic tail, can form multimeric forms of the 
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protein. Bosch et al. (2010) have shown previously that these multimeric complexes 

of HAs are also biological active. 

Analysis of cell lysates of transfected cells showed many unspecific bands, which 

occur due to an unspecific binding of the primary or secondary antibody. The 1918-

T6his protein, which was not detectable in the cell culture supernatant, was detected 

in the cell lysates in a multimeric form with a size of more than 300 kDa. Since the 

soluble 1918_T6his construct was not detected in the supernatant of transfected 

HEK-293T cells, but was detectable in cell lysates of transfected cells, it seems likely 

that the protein is expressed in the cells but is not secreted into the supernatant. The 

other generated soluble hemagglutinins were also detectable in multimeric forms but 

less pronounced. This means that although a large part of the soluble proteins is 

released into the supernatant, still a certain amount of the soluble proteins is retained 

inside the cell. 

The soluble 1918_Fc and 2009_Fc proteins, which were detectable also with a 

human IgG-specific antibody, were used for further studies, because due to the Fc-

tag, purification via FPLC was accomplished conveniently. An FPLC purification 

method was applied to the soluble proteins prior to the binding studies to purify and 

separate the soluble proteins from a complex mixture of cellular proteins and to have 

the possibility to quantify the amount of soluble proteins so that in the following 

experiments the same amount of proteins was applied to the cells. 

After FPLC, monomeric, dimeric and multimeric forms of the two different soluble 

proteins (1918_Fc, 2009_Fc) were detected; the Fc-ATG was detected in a dimeric 

form. This shows that after FPLC, different forms of the soluble proteins existed, but 

for binding studies the multimeric forms are important because they allow a 

multivalent interaction with cellular ligands and thus are expected to bind with higher 

affinity. That multivalent interactions are important was shown in other studies with 

soluble hemagglutinins; but those were fused to the GCN4 motif and used for 

immunization studies. Hemagglutinins providing multivalent interactions and thus 

mimicking the natural membrane bound structure induced higher levels of 

neutralizing antibodies (Loeffen et al., 2011). 
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The difference in the Western Blots between the unpurified (only high molecular 

bands) and the FPLC purified proteins (different forms of the proteins) can be due to 

the fact that the supernatants in the first part were taken from 6-well plates 24 h post 

transfection, whereas supernatants for the production of soluble proteins were taken 

from 10 cm dishes 48 h and 72 h post transfection. Therefore, in the supernatants for 

FPLC a larger amount of proteins can be found, and maybe due to the purification via 

FPLC monomeric and dimeric forms, which may be present in the supernatant to a 

much lesser extent, are concentrated so that they become detectable. Maybe 

monomeric and dimeric forms of the proteins are, due to a steric interference, more 

difficult to build or less stable, or they are only produced when a sufficient amount of 

trimeric or multimeric forms is available.    

 

5.3.3 Binding studies with soluble H1 hemagglutinins to different 

permanent cell lines 

The soluble hemagglutinins were used in a binding study with several permanent cell 

lines. The soluble hemagglutinins used for the binding studies were purified by FPLC 

prior to the experiments. 

For the binding studies five different permanent cell lines were chosen. Among the 

different cell lines were three human (A549, Calu-3, HBE), one avian (CLEC213) and 

one porcine (NPTR) cell line. At the beginning of these experiments the cell lines 

were examined for the presence of sialic acids on the cell surface. As sialic acids 

serve as receptor determinants for influenza viruses (Klenk, E. and Stoffel, W., 1956), 

it was expected that the generated soluble hemagglutinins bind to sialic acids present 

on the surface of the different cell lines, therefore it was important to analyze the 

different cell lines for the presence of �-2,3- and �-2,6-linked sialic acids to have the 

possibility of drawing a conclusion from the sialic acid distribution to the binding 

preference of the different soluble hemagglutinins. 

The availability of sialic acids on the surface of the different cell lines used for binding 

studies was investigated by detection of �-2,3-linked sialic acids and �-2,6-linked 
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sialic acids. For the detection of �-2,3-linked sialic acids the plant lectin MAAII was 

used. Sialic acids connected via an �-2,6-linkage were detected by SNA. Lectin 

staining was performed on non-permeabilized cells. 

Lectin staining with MAAII and SNA showed that all cell lines analyzed in this study 

expressed �-2,3-linked sialic acids on the cell surface. The staining of MAAII was 

strong on all cell lines except for A549 cells, which only showed a weak staining for 

�-2,3-linked sialic acids. All cell lines except for the CLEC213 cells, which showed no 

SNA staining, additionally showed a strong expression of �-2,6-linked sialic acids. 

Binding experiments with the different permanent cell lines were performed with the 

soluble hemagglutinins 1918_Fc and 2009_Fc. Analysis of the binding experiments 

showed that 1918_Fc and 2009_Fc exhibited a strong binding to all of the analyzed 

cell lines to nearly the same extent. The only difference was observed in the binding 

to NPTr cells, where 2009_Fc showed a slightly stronger binding than 1918_Fc, 

which can be due to the fact that the H1N1 virus soluble protein was derived from a 

reassortment between two preexisting swine influenza viruses - a North American 

swine H1N2 “triple reassortant” lineage virus and a Eurasian H1N1 swine lineage 

virus (Garten et al., 2009; Dunham et al., 2009), which may explain the higher affinity 

for porcine cells. 

From the results obtained during this experiment, the preference for a specific type of 

sialic acid cannot be determined. Moreover, it was shown that the soluble human H1 

proteins were able to bind to cells where �-2,6-linked sialic acids were not detectable 

(CLEC213). This suggests that the soluble hemagglutinins bind to other receptor 

determinants present on the cell surface, which are not detected by MAAII and SNA. 

The results show that differentiation only between �-2,3- and �-2,6-linked sialic acids 

is not sufficient. SNA and MAAII only bind to sialic acids which are presented at the 

outermost position of glycan chains of glycoproteins and glycolipids. Studies by 

Viswanathan et al. (2010) and Chandrasekaran et al. (2008) have already shown that 

there is for example an extensive diversity in the structure and composition of �-2,6-

glycans which goes beyond the sialic acid linkage. The conformation and the length 

of sialic acids also play an important role, as they result in the formation of either 
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cone-like or umbrella-like topologies (Viswanathan et al., 2010; Chandrasekaran et 

al., 2008). Cone-like topologies can be formed by �-2,3- and �-2,6-linked sialylated 

glycans, whereas umbrella-like topologies are unique to �-2,6 sialylated glycans 

(Chandrasekaran et al., 2008). Additionally, the degree of branching plays an 

important role for HA binding (Chandrasekaran et al., 2008). Therefore, to analyze 

the HAs used in this study, further, glycan arrays displaying many different kinds of 

linkages have to be done to be able to further differentiate between the different 

soluble HAs.  

In future studies, soluble hemagglutinins present a valuable tool for further 

characterization of different cell lines for their ability to be infected by a certain 

influenza virus strain. The use of various soluble hemagglutinins (H1, H5, H7 etc.) on 

different cell lines might help to identify features which are important for infection by 

the respective influenza virus subtype. Soluble hemagglutinins from highly 

pathogenic influenza viruses can be used without dealing with all the biosafety issues. 

The use of soluble hemagglutinins can broaden the range of tools for the 

characterization of different cell lines with regard to the sialic acid distribution and the 

preferred sialic acid linkage type. 
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7 Appendix 

7.1 Sequences 

7.1.1 Sequence of egg-grown A/chicken/Saudi Arabia/CP7/98 (H9N2 p) 

Nucleotide sequence 

ATGGAAACAA TATCACTAAT AACTATACTA CTAGTAGTAA CAGCAAGCAA TGCAGATAAA 60  

        

ATCTGCATCG GCCACCAGTC AACAAACTCC ACAGAAACTG TGGACACGCT AACAGAAACC 120  

        

AATGTTCCTG TGACACATGC CAAAGAATTG CTCCACACAG AGCACAATGG AATGCTGTGT  180 

        

GCAACAAATC TGGGACATCC CCTCATTCTA GACACATGCA CTATTGAAGG ACTGATCTAT  240 

        

GGTAACCCTT CTTGTGACCT GCTGTTGGGA GGAAGAGAAT GGTCCTACAT CGTCGAAAGA  300 

       

TCATCAGCTG TAAATGGAAC GTGTTACCCT GGGAATGTAG AAAACCTAGA GGAACTCAGG  360 

        

ACACTTTTTA GTTCCGCTAG TTCCTACCAA AGAATCCAAA TCTTCCCAGA CACAATCTGG  420 

 

AATGTGACTT ACACTGGAAC AAGCAAAGCA TGTTCAGGTT CATTCTACAG AAGTATGAGA  480 

 

TGGCTAACTC AAAAAAACGG GTCTTACCCT GTTCAGGACG CCCAATACAC AAATAATAGG  540 

        

GGAAAGAGCA TTCTTTTCGT GTGGGGCATA CATCATCCAC CCACCGATAC TGAACAGACA  600 

 

AGTTTGTACA TAAGAACCGA CACAACAACA AGCGTGACAA CAGAAGATTT AAATAGGATC  660 

        

TTCAAACCGA TGATAGGGCC AAGGCCCCTT GTCAATGGTC AACAGGGAAG AATTAATTAT  720 

       

TATTGGTCGG TACTAAAACC AGGCCAGACA TTGCGAGTAA GATCCAATGG GAATCTAATT  780 

        

GCTCCATGGT ATGGACACGT TCTTTCAGGA GGGAGCCATG GAAGAATCCT GAAGACTGAT  840 

 

TTAAACAGTG GTAATTGCGT AGTGCAATGT CAGACTGAAA AAGGCGGCTT AAACAGTACA  900 

       

TTGCCATTCC ACAATATCAG TAAATATGCA TTTGGAAACT GCCCCAAATA TGTTAGAGTT  960 

         

AAGAGTCTCA AACTGGCAAT CGGTCTGAGG AACGTGCCTG CTAGATCAAG TAGAGGACTA   1020 

        

TTTGGAGCCA TAGCTGGATT CATAGAAGGA GGTTGGCCAG GACTAGTCGC TGGTTGGTAT  1080 

       

GGTTTCCAGC ATTCAAATGA TCAAGGGGTT GGTATGGCTG CAGATAGGGA TTCAACTCAA 1140  

       

AAGGCAATTG ATAAAATAAC ATCCAAGGTG AATAATATAG TCGACAAGAT GAACAAGCAA  1200 

       

TATGAAATAA TTGATCATGA ATTCAGTGAG GTTGAAACTA GGCTCAATAT GATCAATAAT  1260 

        

AAGATTGATG ACCAAATACA AGACGTATGG GCATATAATG CAGAGTTGCT AGTACTACTT  1320 

        

GAAAATCAGA AAACACTCGA TGAGCATGAC GCGAACGTGA ACAATCTATA TAACAAGGTG  1380 

        

AAGAGGGCAC TGGGCTCCAA TGCGATGGAA GATGGGAAAG GCTGTTTCGA GCTATACCAT  1440 
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AAATGTGATG ACCAGTGCAT GGAAACAATT CGGAACGGGA CCTATAATAG GAGAAAGTAT  1500 

        

AAAGAGGAAT CAAGACTAGA AAGGCAGAAA ATAGAAGGGG TCAAGCTGGA ATCTGAGGGA  1560 

        

ACTTACAAAA TCCTTACCAT TTATTCGACT GTCGCCTCAT CTCTTGTGCT TGCAATGGGG 1620  

        

TTTGCTGCCT TCTTGTTCTG GGCCATGTCC AATGGGTCTT GCAGGTGCAA CATTTGTATA 1680 
 

 

 

 

 

 

Amino acid sequence  

METISLITIL LVVTASNADK ICIGHQSTNS TETVDTLTET NVPVTHAKEL LHTEHNGMLC    60 

          

ATNLGHPLIL DTCTIEGLIY GNPSCDLLLG GREWSYIVER SSAVNGTCYP GNVENLEELR      120 

        

TLFSSASSYQ RIQIFPDTIW NVTYTGTSKA CSGSFYRSMR WLTQKNGSYP VQDAQYTNNR    180 

        

GKSILFVWGI HHPPTDTEQT SLYIRTDTTT SVTTEDLNRI FKPMIGPRPL VNGQQGRINY   240  

        

YWSVLKPGQT LRVRSNGNLI APWYGHVLSG GSHGRILKTD LNSGNCVVQC QTEKGGLNST    300 

        

LPFHNISKYA FGNCPKYVRV KSLKLAIGLR NVPARSSRGL FGAIAGFIEG GWPGLVAGWY     360 

         

GFQHSNDQGV GMAADRDSTQ KAIDKITSKV NNIVDKMNKQ YEIIDHEFSE VETRLNMINN    420 

         

KIDDQIQDVW AYNAELLVLL ENQKTLDEHD ANVNNLYNKV KRALGSNAME DGKGCFELYH    480 

         

KCDDQCMETI RNGTYNRRKY KEESRLERQK IEGVKLESEG TYKILTIYST VASSLVLAMG    540 

         

FAAFLFWAMS NGSCRCNICI          560 
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7.1.2 Sequence of the 4th passage of A/chicken/Saudi Arabia/CP7/98 in 

chicken TOC (H9N2 ck) 

Nucleotide sequence 

 
ATGGAAACAA TATCACTAAT AACTATACTA CTAGTAGTAA CAGCAAGCAA TGCAGATAAA  60 

         

ATCTGCATCG GCCACCAGTC AACAAACTCC ACAGAAACTG TGGACACGCT AACAGAAACC  120 

        

AATGTTCCTG TGACACATGC CAAAGAATTG CTCCACACAG AGCACAATGG AATGCTGTGT  180 

        

GCAACAAATC TGGGACATCC CCTCATTCTA GACACATGCA CTATTGAAGG ACTGATCTAT  240 

         

GGTAACCCTT CTTGTGACCT GCTGTTGGGA GGAAGAGAAT GGTCCTACAT CGTCGAAAGA  300 

        

TCATCAGCTG TAAATGGAAC GTGTTACCCT GGGAATGTAG AAAACCTAGA GGAACTCAGG  360 

        

ACACTTTTTA GTTCCGCTAG TTCCTACCAA AGAATCCAAA TCTTCCCAGA CACAATCTGG  420 

        

AATGTGACTT ACACTGGAAC AAGCAAAGCA TGTTCAGGTT CATTCTACAG AAGTATGAGA  480 

         

TGGCTAACTC AAAAAAACGG GTCTTACCCT GTTCAGGACG CCCAATACAC AAATAATAGG  540 

        

GGAAAGAGCA TTCTTTTCGT GTGGGGCATA CATCATCCAC CCACCGATAC TGAACAGACA  600 

        

AGTTTGTACA TAAGAACCGA CACAACAACA AGCGTGACAA CAGAAGATTT AAATAGGATC  660 

        

TTCAAACCGA TGATAGGGCC AAGGCCCCTT GTCAATGGTC AACAGGGAAG AATTAATTAT  720 

 

TATTGGTCGG TACTAAAACC AGGCCAGACA TTGCGAGTAA GATCCAATGG GAATCTAATT  780 

        

GCTCCATGGT ATGGACACGT TCTTTCAGGA GGGAGCCATG GAAGAATCCT GAAGACTGAT  840 

        

TTAAACAGTG GTAATTGCGT AGTGCAATGT CAGACTGAAA AAGGCGGCTT AAACAGTACA  900 

        

TTGCCATTCC ACAATATCAG TAAATATGCA TTTGGAAACT GCCCCAAATA TGTTAGAGTT  960 

        

AAGAGTCTCA AACTGGCAAT CGGTCTGAGG AACGTGCCTG CTAGATCAAG TAGAGGACTA  1020 

        

TTTGGAGCCA TAGCTGGATT CATAGAAGGA GGTTGGCCAG GACTAGTCGC TGGTTGGTAT  1080 

       

GGTTTCCAGC ATTCAAATGA TCAAGGGGTT GGTATGGCTG CAGATAGGGA TTCAACTCAA  1140 

       

AAGGCAATTG ATAAAATAAC ATCCAAGGTG AATAATATAG TCGACAAGAT GAACAAGCAA  1200   

       

TATGAAATAA TTGATCATGA ATTCAGTGAG GTTGAAACTA GGCTCAATAT GATCAATAAT 1260  

       

AAGATTGATG ACCAAATACA AGACGTATGG GCATATAATG CAGAGTTGCT AGTACTACTT  1320 

       

GAAAATCAGA AAACACTCGA TGAGCATGAC GCGAACGTGA ACAATCTATA TAACAAGGTG  1380 

       

AAGAGGGCAC TGGGCTCCAA TGCGATGGAA GATGGGAAAG GCTGTTTCGA GCTATACCAT  1440 

       

AAATGTGATG ACCAGTGCAT GGAAACAATT CGGAACGGGA CCTATAATAG GAGAAAGTAT  1500 
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AAAGAGGAAT CAAGACTAGA AAGGCAGAAA ATAGAAGGGG TCAAGCTGGA ATCTGAGGGA  1560 

       

ACTTACAAAA TCCTTACCAT TTATTCGACT GTCGCCTCAT CTCTTGTGCT TGCAATGGGG  1620 

       

TTTGCTGCCT TCTTGTTCTG GGCCATGTCC AATGGGTCTT GCAGGTGCAA CATTTGTATA  1680 

 
 
 
 
Amino acid sequence 
 
METISLITIL LVVTASNADK ICIGHQSTNS TETVDTLTET NVPVTHAKEL LHTEHNGMLC  60 

 

ATNLGHPLIL DTCTIEGLIY GNPSCDLLLG GREWSYIVER SSAVNGTCYP GNVENLEELR  120 

 

TLFSSASSYQ RIQIFPDTIW NVTYTGTSKA CSGSFYRSMR WLTQKNGSYP VQDAQYTNNR  180 

   

GKSILFVWGI HHPPTDTEQT SLYIRTDTTT SVTTEDLNRI FKPMIGPRPL VNGQQGRINY  240 

  

YWSVLKPGQT LRVRSNGNLI APWYGHVLSG GSHGRILKTD LNSGNCVVQC QTEKGGLNST  300 

 

LPFHNISKYA FGNCPKYVRV KSLKLAIGLR NVPARSSRGL FGAIAGFIEG GWPGLVAGWY  360 

  

GFQHSNDQGV GMAADRDSTQ KAIDKITSKV NNIVDKMNKQ YEIIDHEFSE VETRLNMINN  420 

   

KIDDQIQDVW AYNAELLVLL ENQKTLDEHD ANVNNLYNKV KRALGSNAME DGKGCFELYH  480 

 

KCDDQCMETI RNGTYNRRKY KEESRLERQK IEGVKLESEG TYKILTIYST VASSLVLAMG  540 

 

FAAFLFWAMS NGSCRCNICI        560 
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7.1.3 Sequence of the 4th passage of A/chicken/Saudi Arabia/CP7/98 in 

turkey TOC (H9N2 tk) 

Nucleotide sequence 

ATGGAAACAA TATCACTAAT AACTATACTA CTAGTAGTAA CAGCAAGCAA TGCAGATAAA  60 

 

ATCTGCATCG GCCACCAGTC AACAAACTCC ACAGAAACTG TGGACACGCT AACAGAAACC  120 

 

AATGTTCCTG TGACACATGC CAAAGAATTG CTCCACACAG AGCACAATGG AATGCTGTGT  180 

  

GCAACAAATC TGGGACATCC CCTCATTCTA GACACATGCA CTATTGAAGG ACTGATCTAT  240 

 

GGTAACCCTT CTTGTGACCT GCTGTTGGGA GGAAGAGAAT GGTCCTACAT CGTCGAAAGA  300 

 

TCATCAGCTG TAAATGGAAC GTGTTACCCT GGGAATGTAG AAAACCTAGA GGAACTCAGG  360 

 

ACACTTTTTA GTTCCGCTAG TTCCTACCAA AGAATCCAAA TCTTCCCAGA CACAATCTGG  420 

 

AATGTGACTT ACACTGGAAC AAGCAAAGCA TGTTCAGGTT CATTCTACAG AAGTATGAGA  480 

 

TGGCTAACTC AAAAAAACGG GTCTTACCCT GTTCAGGACG CCCAATACAC AAATAATAGG  540 

 

GGAAAGAGCA TTCTTTTCGT GTGGGGCATA CATCATCCAC CCACCGATAC TGAACAGACA  600 

 

AGTTTGTACA TAAGAACCGA CACAACAACA AGCGTGACAA CAGAAGATTT AAATAGGATC  660 

 

TTCAAACCGA TGATAGGGCC AAGGCCCCTT GTCAATGGTC TACAGGGAAG AATTAATTAT  720 

 

TATTGGTCGG TACTAAAACC AGGCCAGACA TTGCGAGTAA GATCCAATGG GAATCTAATT  780 

 

GCTCCATGGT ATGGACACGT TCTTTCAGGA GGGAGCCATG GAAGAATCCT GAAGACTGAT  840 

 

TTAAACAGTG GTAATTGCGT AGTGCAATGT CAGACTGAAA AAGGCGGCTT AAACAGTACA  900 

 

TTGCCATTCC ACAATATCAG TAAATATGCA TTTGGAAACT GCCCCAAATA TGTTAGAGTT  960 

 

AAGAGTCTCA AACTGGCAAT CGGTCTGAGG AACGTGCCTG CTAGATCAAG TAGAGGACTA  1020 

 

TTTGGAGCCA TAGCTGGATT CATAGAAGGA GGTTGGCCAG GACTAGTCGC TGGTTGGTAT  1080 

 

GGTTTCCAGC ATTCAAATGA TCAAGGGGTT GGTATGGCTG CAGATAGGGA TTCAACTCAA  1140 

  

AAGGCAATTG ATAAAATAAC ATCCAAGGTG AATAATATAG TCGACAAGAT GAACAAGCAA  1200 

 

TATGAAATAA TTGATCATGA ATTCAGTGAG GTTGAAACTA GGCTCAATAT GATCAATAAT  1260 

 

AAGATTGATG ACCAAATACA AGACGTATGG GCATATAATG CAGAGTTGCT AGTACTACTT  1320 

 

GAAAATCAGA AAACACTCGA TGAGCATGAC GCGAACGTGA ACAATCTATA TAACAAGGTG  1380 

 

AAGAGGGCAC TGGGCTCCAA TGCGATGGAA GATGGGAAAG GCTGTTTCGA GCTATACCAT  1440 

 

AAATGTGATG ACCAGTGCAT GGAAACAATT CGGAACGGGA CCTATAATAG GAGAAAGTAT  1500 

 

AAAGAGGAAT CAAGACTAGA AAGGCAGAAA ATAGAAGGGG TCAAGCTGGA ATCTGAGGGA  1560 
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ACTTACAAAA TCCTTACCAT TTATTCGACT GTCGCCTCAT CTCTTGTGCT TGCAATGGGG  1620 

 

TTTGCTGCCT TCTTGTTCTG GGCCATGTCC AATGGGTCTT GCAGGTGCAA CATTTGTATA  1680 

 

 

 

Amino acid sequence 

METISLITIL LVVTASNADK ICIGHQSTNS TETVDTLTET NVPVTHAKEL LHTEHNGMLC  60 

 

ATNLGHPLIL DTCTIEGLIY GNPSCDLLLG GREWSYIVER SSAVNGTCYP GNVENLEELR  120 

 

TLFSSASSYQ RIQIFPDTIW NVTYTGTSKA CSGSFYRSMR WLTQKNGSYP VQDAQYTNNR  180 

 

GKSILFVWGI HHPPTDTEQT SLYIRTDTTT SVTTEDLNRI FKPMIGPRPL VNGLQGRINY  240 

 

YWSVLKPGQT LRVRSNGNLI APWYGHVLSG GSHGRILKTD LNSGNCVVQC QTEKGGLNST  300 

 

LPFHNISKYA FGNCPKYVRV KSLKLAIGLR NVPARSSRGL FGAIAGFIEG GWPGLVAGWY  360 

 

GFQHSNDQGV GMAADRDSTQ KAIDKITSKV NNIVDKMNKQ YEIIDHEFSE VETRLNMINN  420 

 

KIDDQIQDVW AYNAELLVLL ENQKTLDEHD ANVNNLYNKV KRALGSNAME DGKGCFELYH  480 

 

KCDDQCMETI RNGTYNRRKY KEESRLERQK IEGVKLESEG TYKILTIYST VASSLVLAMG  540 

 

FAAFLFWAMS NGSCRCNICI        560 
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7.1.4 Sequence of egg-grown A/chicken/Saudi Arabia/CP7/98 (H9N2 p) 

after 1st passage in Calu-3 cells  

 

Nucleotide sequence 

ATGGAAACAA TATCACTAAT AACTATACTA CTAGTAGTAA CAGCAAGCAA TGCAGATAAA  60 

 

ATCTGCATCG GCCACCAGTC AACAAACTCC ACAGAAACTG TGGACACGCT AACAGAAACC  120 

 

AATGTTCCTG TGACACATGC CAAAGAATTG CTCCACACAG AGCACAATGG AATGCTGTGT  180   

 

GCAACAAATC TGGGACATCC CCTCATTCTA GACACATGCA CTATTGAAGG ACTGATCTAT  240 

  

GGTAACCCTT CTTGTGACCT GCTGTTGGGA GGAAGAGAAT GGTCCTACAT CGTCGAAAGA  300 

 

TCATCAGCTG TAAATGGAAC GTGTTACCCT GGGAATGTAG AAAACCTAGA GGAACTCAGG  360 

  

ACACTTTTTA GTTCCGCTAG TTCCTACCAA AGAATCCAAA TCTTCCCAGA CACAATCTGG  420 

 

AATGTGACTT ACACTGGAAC AAGCAAAGCA TGTTCAGGTT CATTCTACAG AAGTATGAGA  480 

 

TGGCTAACTC AAAAAAACGG GTCTTACCCT GTTCAGGACG CCCAATACAC AAATAATAGG  540 

 

GGAAAGAGCA TTCTTTTCGT GTGGGGCATA CATCATCCAC CCACCGATAC TGAACAGACA  600 

 

AGTTTGTACA TAAGAACCGA CACAACAACA AGCGTGACAA CAGAAGATTT AAATAGGATC  660 

  

TTCAAACCGA TGATAGGGCC AAGGCCCCTT GTCAATGGTC AACAGGGAAG AATTAATTAT  720 

 

TATTGGTCGG TACTAAAACC AGGCCAGACA TTGCGAGTAA GATCCAATGG GAATCTAATT  780 

 

GCTCCATGGT ATGGACACGT TCTTTCAGGA GGGAGCCATG GAAGAATCCT GAAGACTGAT  840 

 

TTAAACAGTG GTAATTGCGT AGTGCAATGT CAGACTGAAA AAGGCGGCTT AAACAGTACA  900 

 

TTGCCATTCC ACAATATCAG TAAATATGCA TTTGGAAACT GCCCCAAATA TGTTAGAGTT  960 

 

AAGAGTCTCA AACTGGCAAT CGGTCTGAGG AACGTGCCTG CTAGATCAAG TAGAGGACTA  1020 

 

TTTGGAGCCA TAGCTGGATT CATAGAAGGA GGTTGGCCAG GACTAGTCGC TGGTTGGTAT  1080 

 

GGTTTCCAGC ATTCAAATGA TCAAGGGGTT GGTATGGCTG CAGATAGGGA TTCAACTCAA  1140 

 

AAGGCAATTG ATAAAATAAC ATCCAAGGTG AATAATATAG TCGACAAGAT GAACAAGCAA  1200 

 

TATGAAATAA TTGATCATGA ATTCAGTGAG GTTGAAACTA GGCTCAATAT GATCAATAAT  1260 

 

AAGATTGATG ACCAAATACA AGACGTATGG GCATATAATG CAGAGTTGCT AGTACTACTT  1320 

 

GAAAATCAGA AAACACTCGA TGAGCATGAC GCGAACGTGA ACAATCTATA TAACAAGGTG  1380 

 

AAGAGGGCAC TGGGCTCCAA TGCGATGGAA GATGGGAAAG GCTGTTTCGA GCTATACCAT  1440 

 

AAATGTGATG ACCAGTGCAT GGAAACAATT CGGAACGGGA CCTATAATAG GAGAAAGTAT  1500 
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AAAGAGGAAT CAAGACTAGA AAGGCAGAAA ATAGAAGGGG TCAAGCTGGA ATCTGAGGGA  1560 

 

ACTTACAAAA TCCTTACCAT TTATTCGACT GTCGCCTCAT CTCTTGTGCT TGCAATGGGG  1620 

 

TTTGCTGCCT TCTTGTTCTG GGCCATGTCC AATGGGTCTT GCAGGTGCAA CATTTGTATA  1680 

 

 

 

Amino acid sequence 

METISLITIL LVVTASNADK ICIGHQSTNS TETVDTLTET NVPVTHAKEL LHTEHNGMLC  60 

 

ATNLGHPLIL DTCTIEGLIY GNPSCDLLLG GREWSYIVER SSAVNGTCYP GNVENLEELR  120 

 

TLFSSASSYQ RIQIFPDTIW NVTYTGTSKA CSGSFYRSMR WLTQKNGSYP VQDAQYTNNR  180 

 

GKSILFVWGI HHPPTDTEQT SLYIRTDTTT SVTTEDLNRI FKPMIGPRPL VNGQQGRINY  240 

 

YWSVLKPGQT LRVRSNGNLI APWYGHVLSG GSHGRILKTD LNSGNCVVQC QTEKGGLNST  300 

 

LPFHNISKYA FGNCPKYVRV KSLKLAIGLR NVPARSSRGL FGAIAGFIEG GWPGLVAGWY  360 

 

GFQHSNDQGV GMAADRDSTQ KAIDKITSKV NNIVDKMNKQ YEIIDHEFSE VETRLNMINN  420 

 

KIDDQIQDVW AYNAELLVLL ENQKTLDEHD ANVNNLYNKV KRALGSNAME DGKGCFELYH  480 

 

KCDDQCMETI RNGTYNRRKY KEESRLERQK IEGVKLESEG TYKILTIYST VASSLVLAMG  540 

 

FAAFLFWAMS NGSCRCNICI        560 
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7.1.5 Sequence of the 4th passage of A/chicken/Saudi Arabia/CP7/98 in 

chicken TOC (H9N2 ck) after 1st passage in Calu-3 cells 

Nucleotide sequence 

ATGGAAACAA TATCACTAAT AACTATACTA CTAGTAGTAA CAGCAAGCAA TGCAGATAAA  60 

 

ATCTGCATCG GCCACCAGTC AACAAACTCC ACAGAAACTG TGGACACGCT AACAGAAACC  120 

 

AATGTTCCTG TGACACATGC CAAAGAATTG CTCCACACAG AGCACAATGG AATGCTGTGT  180 

 

GCAACAAATC TGGGACATCC CCTCATTCTA GACACATGCA CTATTGAAGG ACTGATCTAT  240 

 

GGTAACCCTT CTTGTGACCT GCTGTTGGGA GGAAGAGAAT GGTCCTACAT CGTCGAAAGA  300 

 

TCATCAGCTG TAAATGGAAC GTGTTACCCT GGGAATGTAG AAAACCTAGA GGAACTCAGG  360 

 

ACACTTTTTA GTTCCGCTAG TTCCTACCAA AGAATCCAAA TCTTCCCAGA CACAATCTGG  420 

 

AATGTGACTT ACACTGGAAC AAGCAAAGCA TGTTCAGGTT CATTCTACAG AAGTATGAGA  480 

 

TGGCTAACTC AAAAAAACGG GTCTTACCCT GTTCAGGACG CCCAATACAC AAATAATAGG  540 

 

GGAAAGAGCA TTCTTTTCGT GTGGGGCATA CATCATCCAC CCACCGATAC TGAACAGACA  600 

 

AGTTTGTACA TAAGAACCGA CACAACAACA AGCGTGACAA CAGAAGATTT AAATAGGATC  660 

 

TTCAAACCGA TGATAGGGCC AAGGCCCCTT GTCAATGGTC AACAGGGAAG AATTAATTAT  720 

 

TATTGGTCGG TACTAAAACC AGGCCAGACA TTGCGAGTAA GATCCAATGG GAATCTAATT  780 

 

GCTCCATGGT ATGGACACGT TCTTTCAGGA GGGAGCCATG GAAGAATCCT GAAGACTGAT  840 

 

TTAAACAGTG GTAATTGCGT AGTGCAATGT CAGACTGAAA AAGGCGGCTT AAACAGTACA  900 

 

TTGCCATTCC ACAATATCAG TAAATATGCA TTTGGAAACT GCCCCAAATA TGTTAGAGTT  960 

 

AAGAGTCTCA AACTGGCAAT CGGTCTGAGG AACGTGCCTG CTAGATCAAG TAGAGGACTA  1020 

 

TTTGGAGCCA TAGCTGGATT CATAGAAGGA GGTTGGCCAG GACTAGTCGC TGGTTGGTAT  1080 

 

GGTTTCCAGC ATTCAAATGA TCAAGGGGTT GGTATGGCTG CAGATAGGGA TTCAACTCAA  1140 

 

AAGGCAATTG ATAAAATAAC ATCCAAGGTG AATAATATAG TCGACAAGAT GAACAAGCAA  1200 

 

TATGAAATAA TTGATCATGA ATTCAGTGAG GTTGAAACTA GGCTCAATAT GATCAATAAT  1260 

 

AAGATTGATG ACCAAATACA AGACGTATGG GCATATAATG CAGAGTTGCT AGTACTACTT  1320 

 

GAAAATCAGA AAACACTCGA TGAGCATGAC GCGAACGTGA ACAATCTATA TAACAAGGTG  1380 

 

AAGAGGGCAC TGGGCTCCAA TGCGATGGAA GATGGGAAAG GCTGTTTCGA GCTATACCAT  1440 

 

AAATGTGATG ACCAGTGCAT GGAAACAATT CGGAACGGGA CCTATAATAG GAGAAAGTAT  1500 

 

AAAGAGGAAT CAAGACTAGA AAGGCAGAAA ATAGAAGGGG TCAAGCTGGA ATCTGAGGGA  1560 
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ACTTACAAAA TCCTTACCAT TTATTCGACT GTCGCCTCAT CTCTTGTGCT TGCAATGGGG  1620 

 

TTTGCTGCCT TCTTGTTCTG GGCCATGTCC AATGGGTCTT GCAGGTGCAA CATTTGTATA  1680 

 
 

 

Amino acid sequence 

METISLITIL LVVTASNADK ICIGHQSTNS TETVDTLTET NVPVTHAKEL LHTEHNGMLC 60  

 

ATNLGHPLIL DTCTIEGLIY GNPSCDLLLG GREWSYIVER SSAVNGTCYP GNVENLEELR  120 

 

TLFSSASSYQ RIQIFPDTIW NVTYTGTSKA CSGSFYRSMR WLTQKNGSYP VQDAQYTNNR  180 

 

GKSILFVWGI HHPPTDTEQT SLYIRTDTTT SVTTEDLNRI FKPMIGPRPL VNGQQGRINY  240 

 

YWSVLKPGQT LRVRSNGNLI APWYGHVLSG GSHGRILKTD LNSGNCVVQC QTEKGGLNST  300 

 

LPFHNISKYA FGNCPKYVRV KSLKLAIGLR NVPARSSRGL FGAIAGFIEG GWPGLVAGWY  360 

 

GFQHSNDQGV GMAADRDSTQ KAIDKITSKV NNIVDKMNKQ YEIIDHEFSE VETRLNMINN  420 

 

KIDDQIQDVW AYNAELLVLL ENQKTLDEHD ANVNNLYNKV KRALGSNAME DGKGCFELYH  480 

 

KCDDQCMETI RNGTYNRRKY KEESRLERQK IEGVKLESEG TYKILTIYST VASSLVLAMG  540 

 

FAAFLFWAMS NGSCRCNICI        560 
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7.1.6 Sequence of the 4th passage of A/chicken/Saudi Arabia/CP7/98 in 

turkey TOC (H9N2 tk) after 1st passage in Calu-3 cells 

Nucleotide sequence 

ATGGAAACAA TATCACTAAT AACTATACTA CTAGTAGTAA CAGCAAGCAA TGCAGATAAA  60 

 

ATCTGCATCG GCCACCAGTC AACAAACTCC ACAGAAACTG TGGACACGCT AACAGAAACC  120 

 

AATGTTCCTG TGACACATGC CAAAGAATTG CTCCACACAG AGCACAATGG AATGCTGTGT  180 

 

GCAACAAATC TGGGACATCC CCTCATTCTA GACACATGCA CTATTGAAGG ACTGATCTAT  240 

 

GGTAACCCTT CTTGTGACCT GCTGTTGGGA GGAAGAGAAT GGTCCTACAT CGTCGAAAGA  300 

 

TCATCAGCTG TAAATGGAAC GTGTTACCCT GGGAATGTAG AAAACCTAGA GGAACTCAGG  360 

 

ACACTTTTTA GTTCCGCTAG TTCCTACCAA AGAATCCAAA TCTTCCCAGA CACAATCTGG  420 

 

AATGTGACTT ACACTGGAAC AAGCAAAGCA TGTTCAGGTT CATTCTACAG AAGTATGAGA  480 

 

TGGCTAACTC AAAAAAACGG GTCTTACCCT GTTCAGGACG CCCAATACAC AAATAATAGG  540 

 

GGAAAGAGCA TTCTTTTCGT GTGGGGCATA CATCATCCAC CCACCGATAC TGAACAGACA  600 

 

AGTTTGTACA TAAGAACCGA CACAACAACA AGCGTGACAA CAGAAGATTT AAATAGGATC  660 

 

TTCAAACCGA TGATAGGGCC AAGGCCCCTT GTCAATGGTC AACAGGGAAG AATTAATTAT  720 

 

TATTGGTCGG TACTAAAACC AGGCCAGACA TTGCGAGTAA GATCCAATGG GAATCTAATT  780 

 

GCTCCATGGT ATGGACACGT TCTTTCAGGA GGGAGCCATG GAAGAATCCT GAAGACTGAT  840 

 

TTAAACAGTG GTAATTGCGT AGTGCAATGT CAGACTGAAA AAAGCGGCTT AAACAGTACA  900 

 

TTGCCATTCC ACAATATCAG TAAATATGCA TTTGGAAACT GCCCCAAATA TGTTAGAGTT  960 

 

AAGAGTCTCA AACTGGCAAT CGGTCTGAGG AACGTGCCTG CTAGATCAAG TAGAGGACTA  1020 

 

TTTGGAGCCA TAGCTGGATT CATAGAAGGA GGTTGGCCAG GACTAGTCGC TGGTTGGTAT  1080 

 

GGTTTCCAGC ATTCAAATGA TCAAGGGGTT GGTATGGCTG CAGATAGGGA TTCAACTCAA  1140 

 

AAGGCAATTG ATAAAATAAC ATCCAAGGTG AATAATATAG TCGACAAGAT GAACAAGCAA  1200 

 

TATGAAATAA TTGATCATGA ATTCAGTGAG GTTGAAACTA GGCTCAATAT GATCAATAAT  1260 

 

AAGATTGATG ACCAAATACA AGACGTATGG GCATATAATG CAGAGTTGCT AGTACTACTT  1320 

 

GAAAATCAGA AAACACTCGA TGAGCATGAC GCGAACGTGA ACAATCTATA TAACAAGGTG  1380 

 

AAGAGGGCAC TGGGCTCCAA TGCGATGGAA GATGGGAAAG GCTGTTTCGA GCTATACCAT  1440 

 

AAATGTGATG ACCAGTGCAT GGAAACAATT CGGAACGGGA CCTATAATAG GAGAAAGTAT  1500 

 

AAAGAGGAAT CAAGACTAGA AAGGCAGAAA ATAGAAGGGG TCAAGCTGGA ATCTGAGGGA  1560 
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ACTTACAAAA TCCTTACCAT TTATTCGACT GTCGCCTCAT CTCTTGTGCT TGCAATGGGG  1620 

 

TTTGCTGCCT TCTTGTTCTG GGCCATGTCC AATGGGTCTT GCAGGTGCAA CATTTGTATA  1680 

 

 

 

Amino acid sequence 

METISLITIL LVVTASNADK ICIGHQSTNS TETVDTLTET NVPVTHAKEL LHTEHNGMLC  60 

 

ATNLGHPLIL DTCTIEGLIY GNPSCDLLLG GREWSYIVER SSAVNGTCYP GNVENLEELR  120 

 

TLFSSASSYQ RIQIFPDTIW NVTYTGTSKA CSGSFYRSMR WLTQKNGSYP VQDAQYTNNR  180 

 

GKSILFVWGI HHPPTDTEQT SLYIRTDTTT SVTTEDLNRI FKPMIGPRPL VNGQQGRINY  240 

 

YWSVLKPGQT LRVRSNGNLI APWYGHVLSG GSHGRILKTD LNSGNCVVQC QTEKSGLNST  300 

 

LPFHNISKYA FGNCPKYVRV KSLKLAIGLR NVPARSSRGL FGAIAGFIEG GWPGLVAGWY  360 

 

GFQHSNDQGV GMAADRDSTQ KAIDKITSKV NNIVDKMNKQ YEIIDHEFSE VETRLNMINN  420 

 

KIDDQIQDVW AYNAELLVLL ENQKTLDEHD ANVNNLYNKV KRALGSNAME DGKGCFELYH  480 

 

KCDDQCMETI RNGTYNRRKY KEESRLERQK IEGVKLESEG TYKILTIYST VASSLVLAMG  540 

 

FAAFLFWAMS NGSCRCNICI        560 
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7.1.7 Sequence of 1918_Fc 

Nucleotide sequence 

ATGGAGGCAA GACTACTGGT CTTGTTATGT GCATTTGCAG CTACAAATGC AGACACAATA  60 

 

TGTATAGGCT ACCATGCGAA TAACTCAACC GACACTGTTG ACACAGTACT CGAAAAGAAT  120 

 

GTGACCGTGA CACACTCTGT TAACCTGCTC GAAGACAGCC ACAACGGAAA ACTATGTAAA  180 

 

TTAAAAGGAA TAGCCCCATT ACAATTGGGG AAATGTAATA TCGCCGGATG GCTCTTGGGA  240 

 

AACCCGGAAT GCGATTTACT GCTCACAGCG AGCTCATGGT CCTATATTGT AGAAACATCG  300 

 

AACTCAGAGA ATGGAACATG TTACCCAGGA GATTTCATCG ACTATGAAGA ACTGAGGGAG  360 

 

CAATTGAGCT CAGTGTCATC GTTTGAAAAA TTCGAAATAT TTCCCAAGAC AAGCTCGTGG  420 

 

CCCAATCATG AAACAACCAA AGGTGTAACG GCAGCATGCT CCTATGCGGG AGCAAGCAGT  480   

 

TTTTACAGAA ATTTGCTGTG GCTGACAAAG AAGGGAAGCT CATACCCAAA GCTTAGCAAG  540 

 

TCCTATGTGA ACAATAAAGG GAAAGAAGTC CTTGTACTAT GGGGTGTTCA TCATCCGCCT  600 

 

ACCGGTACTG ATCAACAGAG TCTCTATCAG AATGCAGATG CTTATGTCTC TGTAGGGTCA  660 

 

TCAAAATATA ACAGGAGATT CACCCCGGAA ATAGCAGCGA GACCCAAAGT AAGAGATCAA  720 

 

GCTGGGAGGA TGAACTATTA CTGGACATTA CTAGAACCCG GAGACACAAT AACATTTGAG  780 

 

GCAACTGGAA ATCTAATAGC ACCATGGTAT GCTTTCGCAC TGAATAGAGG TTCTGGATCC  840 

 

GGTATCATCA CTTCAGACGC ACCAGTGCAT GATTGTAACA CGAAGTGTCA AACACCCCAT  900 

 

GGTGCTATAA ACAGCAGTCT CCCTTTCCAG AATATACATC CAGTCACAAT AGGAGAGTGC  960 

 

CCAAAATACG TCAGGAGTAC CAAATTGAGG ATGGCTACAG GACTAAGAAA CATTCCATCT  1020 

 

ATTCAATCCA GGGGTCTATT TGGAGCCATT GCCGGTTTTA TTGAGGGGGG ATGGACTGGA  1080 

 

ATGATAGATG GATGGTATGG TTATCATCAT CAGAATGAAC AGGGATCAGG CTATGCAGCG  1140 

 

GATCAAAAAA GCACACAAAA TGCCATTGAC GGGATTACAA ACAAGGTGAA TTCTGTTATC  1200 

 

GAGAAAATGA ACACCCAATT CACAGCAGTG GGTAAAGAAT TCAACAACTT AGAAAGAAGG  1260 

 

ATAGAAAATT TAAATAAAAA AGTCGATGAT GGATTTCTGG ATATTTGGAC ATATAATGCA  1320 

 

GAATTGTTAG TTCTACTGGA AAATGAAAGA ACCCTGGATT TCCATGACTC AAATGTAAGG  1380 

 

AATCTGTATG AGAAAGTAAA AAGCCAATTA AAGAATAATG CCAAGGAAAT CGGAAATGGA  1440 

 

TGTTTTGAGT TCTACCACAA GTGTGACGAT GCATGCATGG AAAGTGTAAG AAATGGGACT  1500 

 

TATGATTACC CAAAATATTC AGAAGAATCA AAGTTGAACA GAGAAGAAAT AGATGGAGTG  1560 

 

AAATTAGAAT CAATGGGGGT CTATCAGTCG ACTGTTTAAA CCCTGCAGGC ATGCAAGCTT  1620 
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GATATCATCG AAGGTCGTGG TGGTGGTGGT GGTGATCCCA AATCTTGTGA CAAACCTCAC  1680 

 

ACATGCCCAC TGTGCCCAGC ACCTGAACTC CTGGGGGGAC CGTCAGTCTT CCTCTTCCCC  1740 

 

CCAAAACCCA AGGACACCCT CATGATCTCC CGGACCCCTG AGGTCACATG CGTGGTGGTG  1800 

 

GACGTGAGCC ACGAAGACCC TGAGGTCAAG TTCAACTGGT ACGTGGACGG CGTGGAGGTG  1860 

 

CATAATGCCA AGACAAAGCC GCGGGAGGAG CAGTACAACA GCACGTACCG TGTGGTCAGC  1920 

 

GTCCTCACCG TCCTGCACCA GGACTGGCTG AATGGCAAGG AGTACAAGTG CAAGGTCTCC  1980 

 

AACAAAGCCC TCCCAGCCCC CATCGAGAAA ACCATCTCCA AAGCCAAAGG GCAGCCCCGA  2040 

 

GAACCACAGG TGTACACCCT GCCCCCATCC CGGGATGAGC TGACCAAGAA CCAGGTCAGC  2100 

 

CTGACCTGCC TAGTCAAAGG CTTCTATCCC AGCGACATCG CCGTGGAGTG GGAGAGCAAT  2160 

 

GGGCAGCCGG AGAACAACTA CAAGGCCACG CCTCCCGTGC TGGACTCCGA CGGCTCCTTC  2220 

 

TTCCTCTACA GCAAGCTCAC CGTGGACAAG AGCAGGTGGC AGCAGGGGAA CGTCTTCTCA  2280 

 

TGCTCCGTGA TGCATGAGGC TCTGCACAAC CACTACACGC AGAAGAGCCT CTCCCTGTCT  2340 

 

CCGGGTAAAT GA         2352 

 

 

Amino acid sequence 

MEARLLVLLC AFAATNADTI CIGYHANNST DTVDTVLEKN VTVTHSVNLL EDSHNGKLCK  60 

 

LKGIAPLQLG KCNIAGWLLG NPECDLLLTA SSWSYIVETS NSENGTCYPG DFIDYEELRE  120 

 

QLSSVSSFEK FEIFPKTSSW PNHETTKGVT AACSYAGASS FYRNLLWLTK KGSSYPKLSK  180 

 

SYVNNKGKEV LVLWGVHHPP TGTDQQSLYQ NADAYVSVGS SKYNRRFTPE IAARPKVRDQ  240 

 

AGRMNYYWTL LEPGDTITFE ATGNLIAPWY AFALNRGSGS GIITSDAPVH DCNTKCQTPH  300 

 

GAINSSLPFQ NIHPVTIGEC PKYVRSTKLR MATGLRNIPS IQSRGLFGAI AGFIEGGWTG  360 

 

MIDGWYGYHH QNEQGSGYAA DQKSTQNAID GITNKVNSVI EKMNTQFTAV GKEFNNLERR  420 

 

IENLNKKVDD GFLDIWTYNA ELLVLLENER TLDFHDSNVR NLYEKVKSQL KNNAKEIGNG  480 

 

CFEFYHKCDD ACMESVRNGT YDYPKYSEES KLNREEIDGV KLESMGVYRV DCLNLQACKL  540 

 

DIIEGRGGGG GDPKSCDKPH TCPLCPAPEL LGGPSVFLFP PKPKDTLMIS RTPEVTCVVV  600 

 

DVSHEDPEVK FNWYVDGVEV HNAKTKPREE QYNSTYRVVS VLTVLHQDWL NGKEYKCKVS  660 

 

NKALPAPIEK TISKAKGQPR EPQVYTLPPS RDELTKNQVS LTCLVKGFYP SDIAVEWESN  720 

 

GQPENNYKAT PPVLDSDGSF FLYSKLTVDK SRWQQGNVFS CSVMHEALHN HYTQKSLSLS  780 

 

PGK          783 
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7.1.8 Sequence of 1918_sol 

Nucleotide sequence 

ATGGAGGCAA GACTACTGGT CTTGTTATGT GCATTTGCAG CTACAAATGC AGACACAATA  60 

 

TGTATAGGCT ACCATGCGAA TAACTCAACC GACACTGTTG ACACAGTACT CGAAAAGAAT  120 

 

GTGACCGTGA CACACTCTGT TAACCTGCTC GAAGACAGCC ACAACGGAAA ACTATGTAAA  180 

 

TTAAAAGGAA TAGCCCCATT ACAATTGGGG AAATGTAATA TCGCCGGATG GCTCTTGGGA  240 

 

AACCCGGAAT GCGATTTACT GCTCACAGCG AGCTCATGGT CCTATATTGT AGAAACATCG  300 

 

AACTCAGAGA ATGGAACATG TTACCCAGGA GATTTCATCG ACTATGAAGA ACTGAGGGAG  360 

 

CAATTGAGCT CAGTGTCATC GTTTGAAAAA TTCGAAATAT TTCCCAAGAC AAGCTCGTGG  420 

 

CCCAATCATG AAACAACCAA AGGTGTAACG GCAGCATGCT CCTATGCGGG AGCAAGCAGT  480 

 

TTTTACAGAA ATTTGCTGTG GCTGACAAAG AAGGGAAGCT CATACCCAAA GCTTAGCAAG  540 

 

TCCTATGTGA ACAATAAAGG GAAAGAAGTC CTTGTACTAT GGGGTGTTCA TCATCCGCCT  600 

 

ACCGGTACTG ATCAACAGAG TCTCTATCAG AATGCAGATG CTTATGTCTC TGTAGGGTCA  660 

 

TCAAAATATA ACAGGAGATT CACCCCGGAA ATAGCAGCGA GACCCAAAGT AAGAGATCAA  720 

 

GCTGGGAGGA TGAACTATTA CTGGACATTA CTAGAACCCG GAGACACAAT AACATTTGAG  780 

 

GCAACTGGAA ATCTAATAGC ACCATGGTAT GCTTTCGCAC TGAATAGAGG TTCTGGATCC  840 

 

GGTATCATCA CTTCAGACGC ACCAGTGCAT GATTGTAACA CGAAGTGTCA AACACCCCAT  900 

 

GGTGCTATAA ACAGCAGTCT CCCTTTCCAG AATATACATC CAGTCACAAT AGGAGAGTGC  960 

 

CCAAAATACG TCAGGAGTAC CAAATTGAGG ATGGCTACAG GACTAAGAAA CATTCCATCT  1020 

 

ATTCAATCCA GGGGTCTATT TGGAGCCATT GCCGGTTTTA TTGAGGGGGG ATGGACTGGA  1080 

 

ATGATAGATG GATGGTATGG TTATCATCAT CAGAATGAAC AGGGATCAGG CTATGCAGCG  1140 

 

GATCAAAAAA GCACACAAAA TGCCATTGAC GGGATTACAA ACAAGGTGAA TTCTGTTATC  1200 

 

GAGAAAATGA ACACCCAATT CACAGCAGTG GGTAAAGAAT TCAACAACTT AGAAAGAAGG  1260 

 

ATAGAAAATT TAAATAAAAA AGTCGATGAT GGATTTCTGG ATATTTGGAC ATATAATGCA  1320 

 

GAATTGTTAG TTCTACTGGA AAATGAAAGA ACCCTGGATT TCCATGACTC AAATGTAAGG  1380 

 

AATCTGTATG AGAAAGTAAA AAGCCAATTA AAGAATAATG CCAAGGAAAT CGGAAATGGA  1440 

 

TGTTTTGAGT TCTACCACAA GTGTGACGAT GCATGCATGG AAAGTGTAAG AAATGGGACT  1500 

 

TATGATTACC CAAAATATTC AGAAGAATCA AAGTTGAACA GAGAAGAAAT AGATGGAGTG  1560 

 

AAATTAGAAT CAATGGGGGT CTATCAGTGA      1590 
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Amino acid sequence 

MEARLLVLLC AFAATNADTI CIGYHANNST DTVDTVLEKN VTVTHSVNLL EDSHNGKLCK  60 

 

LKGIAPLQLG KCNIAGWLLG NPECDLLLTA SSWSYIVETS NSENGTCYPG DFIDYEELRE  120 

 

QLSSVSSFEK FEIFPKTSSW PNHETTKGVT AACSYAGASS FYRNLLWLTK KGSSYPKLSK  180 

 

SYVNNKGKEV LVLWGVHHPP TGTDQQSLYQ NADAYVSVGS SKYNRRFTPE IAARPKVRDQ  240 

 

AGRMNYYWTL LEPGDTITFE ATGNLIAPWY AFALNRGSGS GIITSDAPVH DCNTKCQTPH  300 

 

GAINSSLPFQ NIHPVTIGEC PKYVRSTKLR MATGLRNIPS IQSRGLFGAI AGFIEGGWTG  360 

 

MIDGWYGYHH QNEQGSGYAA DQKSTQNAID GITNKVNSVI EKMNTQFTAV GKEFNNLERR  420 

 

IENLNKKVDD GFLDIWTYNA ELLVLLENER TLDFHDSNVR NLYEKVKSQL KNNAKEIGNG  480 

 

CFEFYHKCDD ACMESVRNGT YDYPKYSEES KLNREEIDGV KLESMGVYQ   529 
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7.1.9 Sequence of 1918_T 

Nucleotide sequence 

ATGGAGGCAA GACTACTGGT CTTGTTATGT GCATTTGCAG CTACAAATGC AGACACAATA  60 

 

TGTATAGGCT ACCATGCGAA TAACTCAACC GACACTGTTG ACACAGTACT CGAAAAGAAT  120 

 

GTGACCGTGA CACACTCTGT TAACCTGCTC GAAGACAGCC ACAACGGAAA ACTATGTAAA  180 

 

TTAAAAGGAA TAGCCCCATT ACAATTGGGG AAATGTAATA TCGCCGGATG GCTCTTGGGA  240 

 

AACCCGGAAT GCGATTTACT GCTCACAGCG AGCTCATGGT CCTATATTGT AGAAACATCG  300 

 

AACTCAGAGA ATGGAACATG TTACCCAGGA GATTTCATCG ACTATGAAGA ACTGAGGGAG  360 

 

CAATTGAGCT CAGTGTCATC GTTTGAAAAA TTCGAAATAT TTCCCAAGAC AAGCTCGTGG  420 

 

CCCAATCATG AAACAACCAA AGGTGTAACG GCAGCATGCT CCTATGCGGG AGCAAGCAGT  480 

 

TTTTACAGAA ATTTGCTGTG GCTGACAAAG AAGGGAAGCT CATACCCAAA GCTTAGCAAG  540 

 

TCCTATGTGA ACAATAAAGG GAAAGAAGTC CTTGTACTAT GGGGTGTTCA TCATCCGCCT  600 

 

ACCGGTACTG ATCAACAGAG TCTCTATCAG AATGCAGATG CTTATGTCTC TGTAGGGTCA  660 

 

TCAAAATATA ACAGGAGATT CACCCCGGAA ATAGCAGCGA GACCCAAAGT AAGAGATCAA  720 

 

GCTGGGAGGA TGAACTATTA CTGGACATTA CTAGAACCCG GAGACACAAT AACATTTGAG  780 

 

GCAACTGGAA ATCTAATAGC ACCATGGTAT GCTTTCGCAC TGAATAGAGG TTCTGGATCC  840 

 

GGTATCATCA CTTCAGACGC ACCAGTGCAT GATTGTAACA CGAAGTGTCA AACACCCCAT  900 

 

GGTGCTATAA ACAGCAGTCT CCCTTTCCAG AATATACATC CAGTCACAAT AGGAGAGTGC  960 

 

CCAAAATACG TCAGGAGTAC CAAATTGAGG ATGGCTACAG GACTAAGAAA CATTCCATCT  1020 

 

ATTCAATCCA GGGGTCTATT TGGAGCCATT GCCGGTTTTA TTGAGGGGGG ATGGACTGGA  1080 

 

ATGATAGATG GATGGTATGG TTATCATCAT CAGAATGAAC AGGGATCAGG CTATGCAGCG  1140 

 

GATCAAAAAA GCACACAAAA TGCCATTGAC GGGATTACAA ACAAGGTGAA TTCTGTTATC  1200 

 

GAGAAAATGA ACACCCAATT CACAGCAGTG GGTAAAGAAT TCAACAACTT AGAAAGAAGG  1260 

 

ATAGAAAATT TAAATAAAAA AGTCGATGAT GGATTTCTGG ATATTTGGAC ATATAATGCA  1320 

 

GAATTGTTAG TTCTACTGGA AAATGAAAGA ACCCTGGATT TCCATGACTC AAATGTAAGG  1380 

 

AATCTGTATG AGAAAGTAAA AAGCCAATTA AAGAATAATG CCAAGGAAAT CGGAAATGGA  1440 

 

TGTTTTGAGT TCTACCACAA GTGTGACGAT GCATGCATGG AAAGTGTAAG AAATGGGACT  1500 

 

TATGATTACC CAAAATATTC AGAAGAATCA AAGTTGAACA GAGAAGAAAT AGATGGAGTG  1560 

 

AAATTAGAAT CAATGGGGGT CTATCAGGTC GACTGTTTAA ACCTGCAGGC ATGCAAACAA  1620 
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ATAGAAGACA AAATAGAAGA AATACTGAGT AAAATATATC ATATAGAAAA TGAAATAGCA  1680 

 

AGAATAAAGA AACTGATAGG AGAAGTGTGA      1710 

 

 

 

Amino acid sequence 

MEARLLVLLC AFAATNADTI CIGYHANNST DTVDTVLEKN VTVTHSVNLL EDSHNGKLCK  60 

 

LKGIAPLQLG KCNIAGWLLG NPECDLLLTA SSWSYIVETS NSENGTCYPG DFIDYEELRE  120 

 

QLSSVSSFEK FEIFPKTSSW PNHETTKGVT AACSYAGASS FYRNLLWLTK KGSSYPKLSK  180 

 

SYVNNKGKEV LVLWGVHHPP TGTDQQSLYQ NADAYVSVGS SKYNRRFTPE IAARPKVRDQ  240 

 

AGRMNYYWTL LEPGDTITFE ATGNLIAPWY AFALNRGSGS GIITSDAPVH DCNTKCQTPH  300 

 

GAINSSLPFQ NIHPVTIGEC PKYVRSTKLR MATGLRNIPS IQSRGLFGAI AGFIEGGWTG  360 

 

MIDGWYGYHH QNEQGSGYAA DQKSTQNAID GITNKVNSVI EKMNTQFTAV GKEFNNLERR  420 

 

IENLNKKVDD GFLDIWTYNA ELLVLLENER TLDFHDSNVR NLYEKVKSQL KNNAKEIGNG  480 

 

CFEFYHKCDD ACMESVRNGT YDYPKYSEES KLNREEIDGV KLESMGVYQV DCLNLQACKQ  540 

 

IEDKIEEILS KIYHIENEIA RIKKLIGEV      569 
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7.1.10 Sequence of 1918_T6his 

Nucleotide sequence 

ATGGAGGCAA GACTACTGGT CTTGTTATGT GCATTTGCAG CTACAAATGC AGACACAATA  60  

 

TGTATAGGCT ACCATGCGAA TAACTCAACC GACACTGTTG ACACAGTACT CGAAAAGAAT  120 

 

GTGACCGTGA CACACTCTGT TAACCTGCTC GAAGACAGCC ACAACGGAAA ACTATGTAAA  180 

 

TTAAAAGGAA TAGCCCCATT ACAATTGGGG AAATGTAATA TCGCCGGATG GCTCTTGGGA  240 

 

AACCCGGAAT GCGATTTACT GCTCACAGCG AGCTCATGGT CCTATATTGT AGAAACATCG  300 

 

AACTCAGAGA ATGGAACATG TTACCCAGGA GATTTCATCG ACTATGAAGA ACTGAGGGAG  360 

 

CAATTGAGCT CAGTGTCATC GTTTGAAAAA TTCGAAATAT TTCCCAAGAC AAGCTCGTGG  420 

 

CCCAATCATG AAACAACCAA AGGTGTAACG GCAGCATGCT CCTATGCGGG AGCAAGCAGT  480 

 

TTTTACAGAA ATTTGCTGTG GCTGACAAAG AAGGGAAGCT CATACCCAAA GCTTAGCAAG  540 

 

TCCTATGTGA ACAATAAAGG GAAAGAAGTC CTTGTACTAT GGGGTGTTCG TCATCCGCCT  600 

 

ACCGGTACTG ATCAACAGAG TCTCTATCAG AATGCAGATG CTTATGTCTC TGTAGGGTCA  660 

 

TCAAAATATA ACAGGAGATT CACCCCGGAA ATAGCAGCGA GACCCAAAGT AAGAGATCAA  720 

 

GCTGGGAGGA TGAACTATTA CTGGACATTA CTAGAACCCG GAGACACAAT AACATTTGAG  780 

 

GCAACTGGAA ATCTAATAGC ACCATGGTAT GCTTTCGCAC TGAATAGAGG TTCTGGATCC  840 

 

GGTATCATCA CTTCAGACGC ACCAGTGCAT GATTGTAACA CGAAGTGTCA AACACCCCAT  900 

 

GGTGCTATAA ACAGCAGTCT CCCTTTCCAG AATATACATC CAGTCACAAT AGGAGAGTGC  960 

 

CCAAAATACG TCAGGAGTAC CAAATTGAGG ATGGCTACAG GACTAAGAAA CATTCCATCT  1020 

 

ATTCAATCCA GGGGTCTATT TGGAGCCATT GCCGGTTTTA TTGAGGGGGG ATGGACTGGA  1080 

 

ATGATAGATG GATGGTATGG TTATCATCAT CAGAATGAAC AGGGATCAGG CTATGCAGCG  1140 

 

GATCAAAAAA GCACACAAAA TGCCATTGAC GGGATTACAA ACAAGGTGAA TTCTGTTATC  1200 

 

GAGAAAATGA ACACCCAATT CACAGCAGTG GGTAAAGAAT TCAACAACTT AGAAAGAAGG  1260 

 

ATAGAAAATT TAAATAAAAA AGTCGATGAT GGATTTCTGG ATATTTGGAC ATATAATGCA  1320 

 

GAATTGTTAG TTCTACTGGA AAATGAAAGA ACCCTGGATT TCCATGACTC AAATGTAAGG  3180 

 

AATCTGTATG AGAAAGTAAA AAGCCAATTA AAGAATAATG CCAAGGAAAT CGGAAATGGA  1440 

 

TGTTTTGAGT TCTACCACAA GTGTGACGAT GCATGCATGG AAAGTGTAAG AAATGGGACT  1500 

 

TATGATTACC CAAAATATTC AGAAGAATCA AAGTTGAACA GAGAAGAAAT AGATGGAGTG  1560 

 

AAATTAGAAT CAATGGGGGT CTATCAGGTC GACTGTTTAA ACCTGCAGGC ATGCAAACAA  1620 
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ATAGAAGACA AAATAGAAGA AATACTGAGT AAAATATATC ATATAGAAAA TGAAATAGCA  1680 

 

AGAATAAAGA AACTGATAGG AGAAGTGCAC CATCACCATC ACCATTGA   1728 

 

 

 

Amino acid sequence 

MEARLLVLLC AFAATNADTI CIGYHANNST DTVDTVLEKN VTVTHSVNLL EDSHNGKLCK  60 

 

LKGIAPLQLG KCNIAGWLLG NPECDLLLTA SSWSYIVETS NSENGTCYPG DFIDYEELRE  120 

 

QLSSVSSFEK FEIFPKTSSW PNHETTKGVT AACSYAGASS FYRNLLWLTK KGSSYPKLSK  180 

 

SYVNNKGKEV LVLWGVRHPP TGTDQQSLYQ NADAYVSVGS SKYNRRFTPE IAARPKVRDQ  240 

 

AGRMNYYWTL LEPGDTITFE ATGNLIAPWY AFALNRGSGS GIITSDAPVH DCNTKCQTPH  300 

 

GAINSSLPFQ NIHPVTIGEC PKYVRSTKLR MATGLRNIPS IQSRGLFGAI AGFIEGGWTG  360 

 

MIDGWYGYHH QNEQGSGYAA DQKSTQNAID GITNKVNSVI EKMNTQFTAV GKEFNNLERR  420 

 

IENLNKKVDD GFLDIWTYNA ELLVLLENER TLDFHDSNVR NLYEKVKSQL KNNAKEIGNG  480 

 

CFEFYHKCDD ACMESVRNGT YDYPKYSEES KLNREEIDGV KLESMGVYQV DCLNLQACKQ  540 

 

IEDKIEEILS KIYHIENEIA RIKKLIGEVH HHHHH     575 
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7.1.11 Sequence of 2009_Fc 

Nucleotide sequence 

ATGAAGGCAA TACTAGTAGT TCTGCTATAT ACATTTGCAA CCGCAAATGC AGACACATTA 60  

 

TGTATAGGTT ATCATGCGAA CAATTCAACA GACACTGTAG ACACAGTACT AGAAAAGAAT  120 

 

GTAACAGTAA CACACTCTGT TAACCTTCTA GAAGACAAGC ATAACGGGAA ACTATGCAAA  180 

 

CTAAGAGGGG TAGCCCCATT GCATTTGGGT AAATGTAACA TTGCTGGCTG GATCCTGGGA  240 

 

AATCCAGAGT GTGAATCACT CTCCACAGCA AGCTCATGGT CCTACATTGT GGAAACACCT  300 

 

AGTTCAGACA ATGGAACGTG TTACCCAGGA GATTTCATCG ATTATGAGGA GCTAAGAGAG  360 

 

CAATTGAGCT CAGTGTCATC ATTTGAAAGG TTTGAGATAT TCCCCAAGAC AAGTTCATGG  420 

 

CCCAATCATG ACTCGAACAA AGGTGTAACG GCAGCATGTC CTCATGCTGG AGCAAAAAGC  480 

 

TTCTACAAAA ATTTAATATG GCTAGTTAAA AAAGGAAATT CATACCCAAA GCTCAGCAAA  540 

 

TCCTACATTA ATGATAAAGG GAAAGAAGTC CTCGTGCTAT GGGGCATTCA CCATCCATCT  600 

 

ACTAGTGCTG ACCAACAAAG TCTCTATCAG AATGCAGATA CATATGTTTT TGTGGGGTCA  660 

 

TCAAGATACA GCAAGAAGTT CAAGCCGGAA ATAGCAATAA GACCCAAAGT GAGGGATCAA  720 

 

GAAGGGAGAA TGAACTATTA CTGGACACTA GTAGAGCCGG GAGACAAAAT AACATTCGAA  780 

 

GCAACTGGAA ATCTAGTGGT ACCGAGATAT GCATTCGCAA TGGAAAGAAA TGCTGGATCT  840 

 

GGTATTATCA TTTCAGATAC ACCAGTCCAC GATTGCAATA CAACTTGTCA AACACCCAAG  900 

 

GGTGCTATAA ACACCAGCCT CCCATTTCAG AATATACATC CGATCACAAT TGGAAAATGT  960 

 

CCAAAATATG TAAAAAGCAC AAAATTGAGA CTGGCCACAG GATTGAGGAA TATCCCGTCT  1020 

 

ATTCAATCTA GAGGCCTATT TGGGGCCATT GCCGGTTTCA TTGAAGGGGG GTGGACAGGG  1080 

 

ATGGTAGATG GATGGTACGG TTATCACCAT CAAAATGAGC AGGGGTCAGG ATATGCAGCC  1140 

 

GACCTGAAGA GCACACAGAA TGCCATTGAC GAGATTACTA ACAAAGTAAA TTCTGTTATT  1200 

 

GAAAAGATGA ATACACAGTT CACAGCAGTA GGTAAAGAGT TCAACCACCT GGAAAAAAGA  1260 

 

ATAGAGAATT TAAATAAAAA AGTTGATGAT GGTTTCCTGG ACATTTGGAC TTACAATGCC  1320 

 

GAACTGTTGG TTCTATTGGA AAATGAAAGA ACTTTGGACT ACCACGATTC AAATGTGAAG  1380 

 

AACTTATATG AAAAGGTAAG AAGCCAGCTA AAAAACAATG CCAAGGAAAT TGGAAACGGC  1440 

 

TGCTTTGAAT TTTACCACAA ATGCGATAAC ACGTGCATGG AAAGTGTCAA AAATGGGACT  1500 

 

TATGACTACC CAAAATACTC AGAGGAAGCA AAATTAAACA GAGAAGAAAT AGATGGGGTA  1560 

 

AAGCTGGAAT CAACAAGGAT TTACCAGTCG ACTGTTTAAA CCCTGCAGGC ATGCAAGCTT  1620 
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GATATCATCG AAGGTCGTGG TGGTGGTGGT GGTGATCCCA AATCTTGTGA CAAACCTCAC  1680 

 

ACATGCCCAC TGTGCCCAGC ACCTGAACTC CTGGGGGGAC CGTCAGTCTT CCTCTTCCCC  1740 

 

CCAAAACCCA AGGACACCCT CATGATCTCC CGGACCCCTG AGGTCACATG CGTGGTGGTG  1800 

 

GACGTGAGCC ACGAAGACCC TGAGGTCAAG TTCAACTGGT ACGTGGACGG CGTGGAGGTG  1860 

 

CATAATGCCA AGACAAAGCC GCGGGAGGAG CAGTACAACA GCACGTACCG TGTGGTCAGC  1920 

 

GTCCTCACCG TCCTGCACCA GGACTGGCTG AATGGCAAGG AGTACAAGTG CAAGGTCTCC  1980 

 

AACAAAGCCC TCCCAGCCCC CATCGAGAAA ACCATCTCCA AAGCCAAAGG GCAGCCCCGA  2040 

 

GAACCACAGG TGTACACCCT GCCCCCATCC CGGGATGAGC TGACCAAGAA CCAGGTCAGC  2100 

 

CTGACCTGCC TAGTCAAAGG CTTCTATCCC AGCGACATCG CCGTGGAGTG GGAGAGCAAT  2160  

 

GGGCAGCCGG AGAACAACTA CAAGGCCACG CCTCCCGTGC TGGACTCCGA CGGCTCCTTC  2220 

 

TTCCTCTACA GCAAGCTCAC CGTGGACAAG AGCAGGTGGC AGCAGGGGAA CGTCTTCTCA  2280 

 

TGCTCCGTGA TGCATGAGGC TCTGCACAAC CACTACACGC AGAAGAGCCT CTCCCTGTCT  2340 

 

CCGGGTAAAT GA         2352 

 

Amino acid sequence 

MKAILVVLLY TFATANADTL CIGYHANNST DTVDTVLEKN VTVTHSVNLL EDKHNGKLCK  60 

 

LRGVAPLHLG KCNIAGWILG NPECESLSTA SSWSYIVETP SSDNGTCYPG DFIDYEELRE  120 

 

QLSSVSSFER FEIFPKTSSW PNHDSNKGVT AACPHAGAKS FYKNLIWLVK KGNSYPKLSK  180 

 

SYINDKGKEV LVLWGIHHPS TSADQQSLYQ NADTYVFVGS SRYSKKFKPE IAIRPKVRDQ  240 

 

EGRMNYYWTL VEPGDKITFE ATGNLVVPRY AFAMERNAGS GIIISDTPVH DCNTTCQTPK  300 

 

GAINTSLPFQ NIHPITIGKC PKYVKSTKLR LATGLRNIPS IQSRGLFGAI AGFIEGGWTG  360 

 

MVDGWYGYHH QNEQGSGYAA DLKSTQNAID EITNKVNSVI EKMNTQFTAV GKEFNHLEKR  420 

 

IENLNKKVDD GFLDIWTYNA ELLVLLENER TLDYHDSNVK NLYEKVRSQL KNNAKEIGNG  480 

 

CFEFYHKCDN TCMESVKNGT YDYPKYSEEA KLNREEIDGV KLESTRIYQS TVTLQACKLD  540 

 

IIEGRGGGGG DPKSCDKPHT CPLCPAPELL GGPSVFLFPP KPKDTLMISR TPEVTCVVVD  600 

 

VSHEDPEVKF NWYVDGVEVH NAKTKPREEQ YNSTYRVVSV LTVLHQDWLN GKEYKCKVSN  660 

 

KALPAPIEKT ISKAKGQPRE PQVYTLPPSR DELTKNQVSL TCLVKGFYPS DIAVEWESNG  720 

 

QPENNYKATP PVLDSDGSFF LYSKLTVDKS RWQQGNVFSC SVMHEALHNH YTQKSLSLSP  780 

 

GK          782 
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7.1.12 Sequence of 2009_sol 

Nucleotide sequence 

ATGAAGGCAA TACTAGTAGT TCTGCTATAT ACATTTGCAA CCGCAAATGC AGACACATTA  60 

 

TGTATAGGTT ATCATGCGAA CAATTCAACA GACACTGTAG ACACAGTACT AGAAAAGAAT  120 

 

GTAACAGTAA CACACTCTGT TAACCTTCTA GAAGACAAGC ATAACGGGAA ACTATGCAAA  180  

 

CTAAGAGGGG TAGCCCCATT GCATTTGGGT AAATGTAACA TTGCTGGCTG GATCCTGGGA  240   

 

AATCCAGAGT GTGAATCACT CTCCACAGCA AGCTCATGGT CCTACATTGT GGAAACACCT  300 

 

AGTTCAGACA ATGGAACGTG TTACCCAGGA GATTTCATCG ATTATGAGGA GCTAAGAGAG  360  

 

CAATTGAGCT CAGTGTCATC ATTTGAAAGG TTTGAGATAT TCCCCAAGAC AAGTTCATGG  420 

 

CCCAATCATG ACTCGAACAA AGGTGTAACG GCAGCATGTC CTCATGCTGG AGCAAAAAGC  480 

 

TTCTACAAAA ATTTAATATG GCTAGTTAAA AAAGGAAATT CATACCCAAA GCTCAGCAAA  540 

 

TCCTACATTA ATGATAAAGG GAAAGAAGTC CTCGTGCTAT GGGGCATTCA CCATCCATCT  600 

 

ACTAGTGCTG ACCAACAAAG TCTCTATCAG AATGCAGATA CATATGTTTT TGTGGGGTCA  660   

 

TCAAGATACA GCAAGAAGTT CAAGCCGGAA ATAGCAATAA GACCCAAAGT GAGGGATCAA  720 

 

GAAGGGAGAA TGAACTATTA CTGGACACTA GTAGAGCCGG GAGACAAAAT AACATTCGAA  780 

 

GCAACTGGAA ATCTAGTGGT ACCGAGATAT GCATTCGCAA TGGAAAGAAA TGCTGGATCT  840 

 

GGTATTATCA TTTCAGATAC ACCAGTCCAC GATTGCAATA CAACTTGTCA AACACCCAAG  900 

 

GGTGCTATAA ACACCAGCCT CCCATTTCAG AATATACATC CGATCACAAT TGGAAAATGT  960 

 

CCAAAATATG TAAAAAGCAC AAAATTGAGA CTGGCCACAG GATTGAGGAA TATCCCGTCT  1020 

 

ATTCAATCTA GAGGCCTATT TGGGGCCATT GCCGGTTTCA TTGAAGGGGG GTGGACAGGG  1080 

 

ATGGTAGATG GATGGTACGG TTATCACCAT CAAAATGAGC AGGGGTCAGG ATATGCAGCC  1140 

 

GACCTGAAGA GCACACAGAA TGCCATTGAC GAGATTACTA ACAAAGTAAA TTCTGTTATT  1200 

 

GAAAAGATGA ATACACAGTT CACAGCAGTA GGTAAAGAGT TCAACCACCT GGAAAAAAGA  1260 

 

ATAGAGAATT TAAATAAAAA AGTTGATGAT GGTTTCCTGG ACATTTGGAC TTACAATGCC  1320 

 

GAACTGTTGG TTCTATTGGA AAATGAAAGA ACTTTGGACT ACCACGATTC AAATGTGAAG  1380 

 

AACTTATATG AAAAGGTAAG AAGCCAGCTA AAAAACAATG CCAAGGAAAT TGGAAACGGC  1440 

 

TGCTTTGAAT TTTACCACAA ATGCGATAAC ACGTGCATGG AAAGTGTCAA AAATGGGACT  1500 

 

TATGACTACC CAAAATACTC AGAGGAAGCA AAATTAAACA GAGAAGAAAT AGATGGGGTA  1560 

 

AAGCTGGAAT CAACAAGGAT TTACCAGTGA      1590  
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Amino acid sequence 

MKAILVVLLY TFATANADTL CIGYHANNST DTVDTVLEKN VTVTHSVNLL EDKHNGKLCK  60 

 

LRGVAPLHLG KCNIAGWILG NPECESLSTA SSWSYIVETP SSDNGTCYPG DFIDYEELRE  120   

 

QLSSVSSFER FEIFPKTSSW PNHDSNKGVT AACPHAGAKS FYKNLIWLVK KGNSYPKLSK  180 

 

SYINDKGKEV LVLWGIHHPS TSADQQSLYQ NADTYVFVGS SRYSKKFKPE IAIRPKVRDQ  240 

 

EGRMNYYWTL VEPGDKITFE ATGNLVVPRY AFAMERNAGS GIIISDTPVH DCNTTCQTPK  300 

 

GAINTSLPFQ NIHPITIGKC PKYVKSTKLR LATGLRNIPS IQSRGLFGAI AGFIEGGWTG  360 

 

MVDGWYGYHH QNEQGSGYAA DLKSTQNAID EITNKVNSVI EKMNTQFTAV GKEFNHLEKR  420 

 

IENLNKKVDD GFLDIWTYNA ELLVLLENER TLDYHDSNVK NLYEKVRSQL KNNAKEIGNG  480 

 

CFEFYHKCDN TCMESVKNGT YDYPKYSEEA KLNREEIDGV KLESTRIYQ   529 
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7.1.13 Sequence of 2009_T 

Nucleotide sequence 

ATGAAGGCAA TACTAGTAGT TCTGCTATAT ACATTTGCAA CCGCAAATGC AGACACATTA  60 

 

TGTATAGGTT ATCATGCGAA CAATTCAACA GACACTGTAG ACACAGTACT AGAAAAGAAT  120 

 

GTAACAGTAA CACACTCTGT TAACCTTCTA GAAGACAAGC ATAACGGGAA ACTATGCAAA  180 

 

CTAAGAGGGG TAGCCCCATT GCATTTGGGT AAATGTAACA TTGCTGGCTG GATCCTGGGA  240 

 

AATCCAGAGT GTGAATCACT CTCCACAGCA AGCTCATGGT CCTACATTGT GGAAACACCT  300 

 

AGTTCAGACA ATGGAACGTG TTACCCAGGA GATTTCATCG ATTATGAGGA GCTAAGAGAG  360 

 

CAATTGAGCT CAGTGTCATC ATTTGAAAGG TTTGAGATAT TCCCCAAGAC AAGTTCATGG  420 

 

CCCAATCATG ACTCGAACAA AGGTGTAACG GCAGCATGTC CTCATGCTGG AGCAAAAAGC  480 

 

TTCTACAAAA ATTTAATATG GCTAGTTAAA AAAGGAAATT CATACCCAAA GCTCAGCAAA  540 

 

TCCTACATTA ATGATAAAGG GAAAGAAGTC CTCGTGCTAT GGGGCATTCA CCATCCATCT  600 

 

ACTAGTGCTG ACCAACAAAG TCTCTATCAG AATGCAGATA CATATGTTTT TGTGGGGTCA  660 

 

TCAAGATACA GCAAGAAGTT CAAGCCGGAA ATAGCAATAA GACCCAAAGT GAGGGATCAA  720 

 

GAAGGGAGAA TGAACTATTA CTGGACACTA GTAGAGCCGG GAGACAAAAT AACATTCGAA  780 

 

GCAACTGGAA ATCTAGTGGT ACCGAGATAT GCATTCGCAA TGGAAAGAAA TGCTGGATCT  840 

 

GGTATTATCA TTTCAGATAC ACCAGTCCAC GATTGCAATA CAACTTGTCA AACACCCAAG  900 

 

GGTGCTATAA ACACCAGCCT CCCATTTCAG AATATACATC CGATCACAAT TGGAAAATGT  960 

 

CCAAAATATG TAAAAAGCAC AAAATTGAGA CTGGCCACAG GATTGAGGAA TATCCCGTCT  1020 

 

ATTCAATCTA GAGGCCTATT TGGGGCCATT GCCGGTTTCA TTGAAGGGGG GTGGACAGGG  1080 

 

ATGGTAGATG GATGGTACGG TTATCACCAT CAAAATGAGC AGGGGTCAGG ATATGCAGCC  1140 

 

GACCTGAAGA GCACACAGAA TGCCATTGAC GAGATTACTA ACAAAGTAAA TTCTGTTATT  1200 

 

GAAAAGATGA ATACACAGTT CACAGCAGTA GGTAAAGAGT TCAACCACCT GGAAAAAAGA  1260 

 

ATAGAGAATT TAAATAAAAA AGTTGATGAT GGTTTCCTGG ACATTTGGAC TTACAATGCC  1320 

 

GAACTGTTGG TTCTATTGGA AAATGAAAGA ACTTTGGACT ACCACGATTC AAATGTGAAG  1380 

 

AACTTATATG AAAAGGTAAG AAGCCAGCTA AAAAACAATG CCAAGGAAAT TGGAAACGGC  1440 

 

TGCTTTGAAT TTTACCACAA ATGCGATAAC ACGTGCATGG AAAGTGTCAA AAATGGGACT  1500 

 

TATGACTACC CAAAATACTC AGAGGAAGCA AAATTAAACA GAGAAGAAAT AGATGGGGTA  1560 

 

AAGCTGGAAT CAACAAGGAT TTACCAGGTC GACTGTTTAA ACCTGCAGGC ATGCAAACAA  1620 
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ATAGAAGACA AAATAGAAGA AATACTGAGT AAAATATATC ATATAGAAAA TGAAATAGCA  1680 

 

AGAATAAAGA AACTGATAGG AGAAGTGTGA      1710 

 

 

 

Amino acid sequence 

MEARLLVLLC AFAATNADTI CIGYHANNST DTVDTVLEKN VTVTHSVNLL EDSHNGKLCK  60 

 

LKGIAPLQLG KCNIAGWLLG NPECDLLLTA SSWSYIVETS NSENGTCYPG DFIDYEELRE  120   

 

QLSSVSSFEK FEIFPKTSSW PNHETTKGVT AACSYAGASS FYRNLLWLTK KGSSYPKLSK  180 

 

SYVNNKGKEV LVLWGVHHPP TGTDQQSLYQ NADAYVSVGS SKYNRRFTPE IAARPKVRDQ  240 

 

AGRMNYYWTL LEPGDTITFE ATGNLIAPWY AFALNRGSGS GIITSDAPVH DCNTKCQTPH  300 

 

GAINSSLPFQ NIHPVTIGEC PKYVRSTKLR MATGLRNIPS IQSRGLFGAI AGFIEGGWTG  360 

 

MIDGWYGYHH QNEQGSGYAA DQKSTQNAID GITNKVNSVI EKMNTQFTAV GKEFNNLERR  420   

 

IENLNKKVDD GFLDIWTYNA ELLVLLENER TLDFHDSNVR NLYEKVKSQL KNNAKEIGNG  480 

 

CFEFYHKCDD ACMESVRNGT YDYPKYSEES KLNREEIDGV KLESMGVYQV DCLNLQACKQ  540 

 

IEDKIEEILS KIYHIENEIA RIKKLIGEV     569 
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7.1.14 Sequence of 2009_T6his 

Nucleotide sequence 

ATGAAGGCAA TACTAGTAGT TCTGCTATAT ACATTTGCAA CCGCAAATGC AGACACATTA  60 

 

TGTATAGGTT ATCATGCGAA CAATTCAACA GACACTGTAG ACACAGTACT AGAAAAGAAT  120 

 

GTAACAGTAA CACACTCTGT TAACCTTCTA GAAGACAAGC ATAACGGGAA ACTATGCAAA  180 

 

CTAAGAGGGG TAGCCCCATT GCATTTGGGT AAATGTAACA TTGCTGGCTG GATCCTGGGA  240 

 

AATCCAGAGT GTGAATCACT CTCCACAGCA AGCTCATGGT CCTACATTGT GGAAACACCT  300 

 

AGTTCAGACA ATGGAACGTG TTACCCAGGA GATTTCATCG ATTATGAGGA GCTAAGAGAG  360 

 

CAATTGAGCT CAGTGTCATC ATTTGAAAGG TTTGAGATAT TCCCCAAGAC AAGTTCATGG  420 

 

CCCAATCATG ACTCGAACAA AGGTGTAACG GCAGCATGTC CTCATGCTGG AGCAAAAAGC  480 

 

TTCTACAAAA ATTTAATATG GCTAGTTAAA AAAGGAAATT CATACCCAAA GCTCAGCAAA  540 

 

TCCTACATTA ATGATAAAGG GAAAGAAGTC CTCGTGCTAT GGGGCATTCA CCATCCATCT  600 

 

ACTAGTGCTG ACCAACAAAG TCTCTATCAG AATGCAGATA CATATGTTTT TGTGGGGTCA  660 

 

TCAAGATACA GCAAGAAGTT CAAGCCGGAA ATAGCAATAA GACCCAAAGT GAGGGATCAA  720 

 

GAAGGGAGAA TGAACTATTA CTGGACACTA GTAGAGCCGG GAGACAAAAT AACATTCGAA  780 

 

GCAACTGGAA ATCTAGTGGT ACCGAGATAT GCATTCGCAA TGGAAAGAAA TGCTGGATCT  840 

 

GGTATTATCA TTTCAGATAC ACCAGTCCAC GATTGCAATA CAACTTGTCA AACACCCAAG  900 

 

GGTGCTATAA ACACCAGCCT CCCATTTCAG AATATACATC CGATCACAAT TGGAAAATGT  960 

 

CCAAAATATG TAAAAAGCAC AAAATTGAGA CTGGCCACAG GATTGAGGAA TATCCCGTCT  1020 

 

ATTCAATCTA GAGGCCTATT TGGGGCCATT GCCGGTTTCA TTGAAGGGGG GTGGACAGGG  1080 

 

ATGGTAGATG GATGGTACGG TTATCACCAT CAAAATGAGC AGGGGTCAGG ATATGCAGCC  1140 

 

GACCTGAAGA GCACACAGAA TGCCATTGAC GAGATTACTA ACAAAGTAAA TTCTGTTATT  1200   

 

GAAAAGATGA ATACACAGTT CACAGCAGTA GGTAAAGAGT TCAACCACCT GGAAAAAAGA  1260 

 

ATAGAGAATT TAAATAAAAA AGTTGATGAT GGTTTCCTGG ACATTTGGAC TTACAATGCC  1320   

 

GAACTGTTGG TTCTATTGGA AAATGAAAGA ACTTTGGACT ACCACGATTC AAATGTGAAG  1380 

 

AACTTATATG AAAAGGTAAG AAGCCAGCTA AAAAACAATG CCAAGGAAAT TGGAAACGGC  1440   

 

TGCTTTGAAT TTTACCACAA ATGCGATAAC ACGTGCATGG AAAGTGTCAA AAATGGGACT  1500 

 

TATGACTACC CAAAATACTC AGAGGAAGCA AAATTAAACA GAGAAGAAAT AGATGGGGTA  1560 

 

AAGCTGGAAT CAACAAGGAT TTACCAGGTC GACTGTTTAA ACCTGCAGGC ATGCAAACAA  1620 
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ATAGAAGACA AAATAGAAGA AATACTGAGT AAAATATATC ATATAGAAAA TGAAATAGCA  1680 

 

AGAATAAAGA AACTGATAGG AGAAGTGCAC CATCACCATC ACCATTGA    1728 

 

 

 

Amino acid sequence 

MKAILVVLLY TFATANADTL CIGYHANNST DTVDTVLEKN VTVTHSVNLL EDKHNGKLCK  60 

 

LRGVAPLHLG KCNIAGWILG NPECESLSTA SSWSYIVETP SSDNGTCYPG DFIDYEELRE  120   

 

QLSSVSSFER FEIFPKTSSW PNHDSNKGVT AACPHAGAKS FYKNLIWLVK KGNSYPKLSK  180 

 

SYINDKGKEV LVLWGIHHPS TSADQQSLYQ NADTYVFVGS SRYSKKFKPE IAIRPKVRDQ  240 

 

EGRMNYYWTL VEPGDKITFE ATGNLVVPRY AFAMERNAGS GIIISDTPVH DCNTTCQTPK  300 

 

GAINTSLPFQ NIHPITIGKC PKYVKSTKLR LATGLRNIPS IQSRGLFGAI AGFIEGGWTG  360 

 

MVDGWYGYHH QNEQGSGYAA DLKSTQNAID EITNKVNSVI EKMNTQFTAV GKEFNHLEKR  420 

 

IENLNKKVDD GFLDIWTYNA ELLVLLENER TLDYHDSNVK NLYEKVRSQL KNNAKEIGNG  480 

 

CFEFYHKCDN TCMESVKNGT YDYPKYSEEA KLNREEIDGV KLESTRIYQV DCLNLQACKQ  540 

 

IEDKIEEILS KIYHIENEIA RIKKLIGEVH HHHHH     575    
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