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To my Family and Bastian

In Memory of Meta
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Summary

Summary

Distribution, Expression Pattern and the Impact of Low Pathogenic Avian
Influenza A Virus on the Regulation of Cellular Importin-a Isoforms in Chickens,

Turkeys and Ducks

Alexandra Herbst

Importin-a isoforms are characterized as multifunctional adaptor proteins, which possess,
among other functions such as roles in tumorigenesis, muscle repair and fertility, an important
role in the cellular nuclear import machinery. This function is utilized by various viruses to
circumvent the host’s immune response, entering the nucleus and replicating efficiently. While
importin-a isoforms are well studied in several species such as Drosophila melanogaster,
mouse and human, the knowledge about the distribution and expression pattern as well as

functions and roles of importin-a in the infection with pathogens is still lacking in avian species.

Respiratory diseases are one of the predominant diseases in commercial poultry species,
especially in chickens and turkeys. One of the causing pathogens is avian Influenza A Virus
(AIV) which can be divided into Highly Pathogenic Avian Influenza Viruses (HPAIV) and Low
Pathogenic Avian Influenza Viruses (LPAIV). AIV infections in commercial poultry flocks still
cause high economic losses worldwide. Some importin-a isoforms are suggested to play a
crucial role in Influenza Virus infection, especially in transmission from birds to humans. The

role of importin-a in this process has to be elucidated further.

Therefore, the aim of this study was to close these gaps. Tissues of nasal conchae, trachea, lung,
liver and spleen from chickens, turkeys and ducks were collected to determine the distribution
and the mRNA expression pattern of selected importin-a isoforms (importin-al, -a3, -04, -a5
and -a7) via RT-qPCR. Additionally, two different age groups of each poultry species were
chosen (embryos, one day before hatch and 42 days old chickens and ducks, as well as 13 weeks
old turkeys) to investigate possible age-related differences. Furthermore, tissues of nasal
conchae, trachea and lung were used for immunohistochemical staining to show the distribution

of importin-al, -a3 und -04 in 42-day old chickens (Manuscript I).

Importin-a3 was by far the most abundant isoform in all three investigated poultry species;
Importin-al was identified as the second most abundant one. We saw the tendency that the

expression levels in ducks were the highest in contrary to turkeys, which showed the lowest
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levels. Moreover, importin-a isoforms were expressed as a gradient in the avian respiratory tract
with lowest levels in the nasal conchae and highest levels in the lung. In addition, we determined
that the mRNA expression levels of all investigated isoforms were higher in 42 days old
chickens than in corresponding embryos (p < 0.05). We were able to confirm these results in
turkeys, except for the expression levels of importin-a5, which were higher in turkey embryos
than in corresponding post-hatch birds. In ducks, the opposite was observed with higher
importin-a mRNA expression in embryos compared to post-hatch birds. Further studies are
needed to understand the impact of differential expression of importin-a in avian species on cell

functions as well as variable susceptibility for and pathogenesis of infectious agents.

The second aim of this study was to describe the impact of LPAIV infection on the expression
pattern of importin-a in two different infection models. We compared the mRNA expression
pattern of importin-al- and —a3 in tracheal organ cultures (TOC) and embryonated eggs of
chickens (CE), turkeys (TE) and ducks (DE) via RT-qPCR after LPAIV infection. Additionally,
we investigated the impact of two different virus strains (HGN8 A/turkey/Germany/CP6/2007
and HON2 A/chicken/Saudi Arabia/CP7/1998) in these models (Manuscript I1).

The virus levels of both LPAIV strains increased until 24 hours post infection (hpi) in TOCs of
all three poultry species, which was confirmed by RT-qPCR followed by a subsequent shallow
decrease until 96 hpi. TuTOCs showed a significant upregulation of importin-al 72 and 96 hpi
with subtype HIN2 and additionally an upregulation of importin-a3 48, 72 and 96 hpi with
subtype HO6NS as well as subtype HIN2 (p < 0.05). Our findings also demonstrated significant
upregulation of importin-a1 in DUTOCs 24 hpi with subtype HIN2 (p < 0.05). The results of
the infection studies in embryonated eggs demonstrated species-related differences in virus
replication, which were also influenced by the virus strain. Virus levels tended to be highest in
chickens and lowest in ducks. However, the time point of 24hpi, which was selected based on
the data obtained in TOC studies, showed no differences in the expression pattern of importin-
al and -a3 compared to the virus negative-controls. It is possible that the course of infection in
the complex entire organism differs from the infection in TOCs, and the time point was not
suitable to detect differences between infected and virus-free groups. Therefore, further studies

are needed to investigate this aspect more closely.

Overall, both studies highlight that the expression pattern of importin-a varies, with regard to
species, age and tissue, among the class of Aves. This might be a reason for different

susceptibilities towards different pathogens, especially for viruses. These studies provide basic



Summary

information on the variation of the importin-a expression pattern between different AIV strains;
possible modes of interaction and consequences for the virus infection have to be elucidated

further.
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Zusammenfassung

Verteilung, Expressionsmuster und der Einfluss des niedrig pathogenen aviéren
Influenza A Virus auf die Regulierung von zelluldren Importin-a Isoformen in

Huhnern, Puten und Enten

Alexandra Herbst

Importin-a Isoformen werden als multifunktionale Adapterproteine beschrieben, welche neben
einigen Funktionen wie z.B. in der Tumorgenese, der Muskelregeneration und der
Fortpflanzung vor allem durch ihre Rolle in der zelluldren Transportmaschinerie bekannt sind.
Diese wird von verschiedenen Viren genutzt, um die Immunantwort des Wirtes zu umgehen, in
den Zellkern einzudringen und sich hier effizient zu replizieren. Wahrend Importin-a [soformen
in verschiedenen Spezies wie Drosophila melanogaster, Maus und Mensch bereits intensiv
erforscht sind, fehlt das Wissen iiber die Verteilung und Expressionmuster sowie mogliche

Funktionen und Rollen von Importin-a bei der Infektion mit Pathogenen in Vogelspezies.

Atemwegsinfektionen gehoren zu den haufigsten Erkrankungen beim Nutzgefliigel, besonders
bei Hithnern und Puten. Einer der ursdchlichen Krankheitserreger ist das avidre Influenza A
Virus, welches in hochpathogene avidre Influenzaviren (HPAIV) und niedrigpathogene aviére
Influenzaviren (LPAIV) unterteilt werden kann. Erkrankungen mit Influenza A Viren fiihren in
der kommerziellen Nutzgefliigelhaltung auch heute noch weltweit zu hohen wirtschaftlichen
Verlusten. Einige Importin-a Isoformen spielen eine entscheidende Rolle bei Influenza Virus
Infektionen, besonders bei der Ubertragung dieser von Vdgeln auf den Menschen. Die
Studienlage zur Verteilung, zum Expressionsmuster und zum Einfluss von LPAIV Infektionen
auf die Regulation von Importin-o Isoformen bei Gefliigelspezies, ist heute noch relativ

schlecht.

Ziel unserer Studie war es, diese Wissensliicken zu schlieen. Dafiir gab es folgende
Versuchsansitze: Gewebe der Conchen, Trachea, Lunge, Leber und Milz von Hiihnern, Puten
und Enten wurde entnommen um die Verteilung und die Expressionsmuster ausgewdihlter
Importin-a Isoformen (Importin-al, -a3, -a4, -a5 und -a6) durch RT-qPCR zu bestimmen.
Zusatzlich wurden zwei verschiedene Altersgruppen jeder Gefliigelspezies ausgewaihlt
(Embryonen, einen Tag vor Schlupf und 42 Tage alte Hithner und Enten, sowie 13 Wochen alte

Puten) um mogliche altersbedingte Unterschiede zu ermitteln. Dariiber hinaus wurden
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Conchen, Trachea und Lunge von Hithnern im Alter von 42 Tagen immunhistochemisch auf die

Verteilung von Importin-al, -a3 und -a4 im Gewebe untersucht (Manuskript I).

Die hochsten mRNA-Expressionslevel wurden in allen drei untersuchte Gefliigelspezies bei
Importin-a3 identifiziert. Importin-al zeigte die zweithochsten mRNA-Expressionslevel.
Verglich man die jeweiligen Importin-a Isoformen zwischen den verschiedenen
Gefliigelspezies, so wiesen Enten in der Tendenz die hochsten und Puten die niedrigsten
Importin-a Expressionslevel auf. Dariiber hinaus wurden alle untersuchten Isoformen als
Gradient im Atemtrakt des Gefliigels mit niedrigstem Level in den Conchen und hochstem in
der Lunge detektiert. Zusidtzlich wurde festgestellt, dass die mRNA-Expression aller
untersuchten Importin-o Isoformen bei 42 Tage alten Hithnern hoher ist als in den jeweiligen
Embryonen (p < 0.05). Aufler fiir Importin-a5, konnten diese Ergebnisse in 13 Wochen alten
Puten im Vergleich mit den Embryonen ebenfalls bestétigt werden. Im Gegensatz dazu wurden
in Entenembryonen hdhere Importin-a mRNA-Expressionslevel gemessen als in den
entsprechenden 42 Tagen alten Enten. Weiterfithrende Untersuchungen sind notwendig um den
Einfluss der unterschiedlichen Importin-a Expressionen auf die Zellfunktionen sowie die

Empféanglichkeit und Pathogenese von Infektionserregern zu verstehen.

Der zweite Arbeitsauftrag bestand darin, den Einfluss einer LPAIV Infektion auf das
Expressionsmuster  ausgewéhlter Importin-a  Isoformen in zwei verschiedenen
Infektionsmodellen zu untersuchen. Es wurden die mRNA-Expressionsmuster der Importine
-al und -a3 nach LPAIV Infektion von Trachealringkulturen (TOC) und in embryonierten
Eiern von Huhnern, Puten und Enten in der RT-qPCR verglichen. Zusatzlich wurde der Einfluss
von zwei unterschiedlichen Virusstimmen (H6N8 A/turkey/Germany/CP6/2007 und HI9N2
Alchicken/Saudi Arabia/CP7/1998) auf die Regulation und Expression von Importin-a

Isoformen erfasst (Manuskript 11).

Es konnte bis 24 Stunden nach der Infektion in den Trachealringkulturen aller drei
Geflugelspezies ein Anstieg der Viruslevel beider LPAIV in der RT-gPCR detektiert werden.
AnschlieBend zeigte sich ein Plateau mit leichtem Abfall bis 96 nach Infektion. Eine
signifikante Hochregulation der mRNA-Expressionslevel zeigte sich in TOCs von Puten 72 und
96 Stunden nach der Infektion mit HON2 fir Importin-al, sowie nach 48, 72 und 96 Stunden
nach der Infektion mit HGN8 sowie mit HIN2 fiir Importin-a3 (p < 0.05). Eine signifikante
Hochregulation der Expressionslevel von Importin-al zeigte sich ebenfalls in TOCs von Enten
24 Stunden nach Infektion mit HON2 (p < 0.05). Die Ergebnisse der Infektionsstudie in
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embryonierten Eiern zeigten spezies-abhangige Unterschiede in der Virusreplikation, die
weiterhin auch durch den Virusstamm beeinflusst waren. In der Tendenz waren die Viruslevel
bei Hiuhnern am hochsten und bei Enten am niedrigsten. Der Zeitpunkt, der aufgrund der
Datenlage in TOC selektiert wurde (24 Stunden nach der Infektion), zeigte jedoch keinen
Unterschied in den Importin-al und -a3 Expressionsmustern im Vergleich zu den Virus-
negativen Kontrollen. Mdglicherweise ist im komplexen Gesamtorganismus der Verlauf der
Infektion abweichend zu den TOCs, weshalb zukiinftig noch weitere Zeitpunkte nach der

Infektion untersucht werden mussen.

Insgesamt zeigen beide Studien deutlich, dass in der Klasse der Aves die Importin-o
Expressionen in Bezug auf Spezies, Alter und Gewebe variieren, was entscheidend die
Empfanglichkeit fur verschiedene Erreger, insbesondere Viren, erkldren kann. Die LPAIV
Studien geben erste Hinweise, dass die Importin-a. Expressionsmuster auch zwischen
unterschiedlichen Stdmmen der AIV variieren konnen. Weitere Studien mussen sich
anschlielen, um den Einfluss dieser unterschiedlichen Regulationen der Importin-a Expression

auf den Infektionsverlauf in verschiedenen Geflugelspezies zu verstehen.



Introduction

1. Introduction

Importin-a isoforms, also known as karyopherin-a (KPNA), play a key role in the nuclear
transport machinery (Oka and Yoneda, 2018). Furthermore, these ubiquitously expressed
proteins are also involved in a variety of cellular functions including cell differentiation (Kohler
etal., 1997; Kohler et al., 2002; Oka and Yoneda, 2018), nuclear envelope development (Gruss
et al., 2001; Hachet et al., 2004), cell surface functions (Yamada et al., 2016), muscle
regeneration and repair (Choo et al., 2016), development of the nervous system (Yasuhara et
al.,2007) or roles in fertility and reproduction (Hu et al., 2010). Some importin-a isoforms also
play a role in the pathogenesis of virus infections. Due to their broad range of functions in the
host, there is an increasing interest in research and science about these proteins, especially for
development of intervention strategies against viruses. The distribution of importin-o isoforms
and their role in mammals are well studied today (Gabriel et al., 2011; Hudjetz and Gabriel,
2012; Thiele, S. et al., 2020), but there is still a lack of knowledge about their distribution,
regulation pattern and their possible roles in avian species (Bexter et al., 2023; Herbst et al.,

2023).

The number of importin-a isoforms differs among species. Humans possess seven isoforms,
mice and birds six, respectively. Specific functions have been described for the different
isoforms. Importin-al plays an important role in tumorigenesis and -progression (Kau et al.,
2004; Christiansen and Dyrskjot, 2013; Cagatay and Chook, 2018) and may therefore be
considered as a prognostic marker with specific overexpression in multiple cancer types such
as breast (Dahl et al., 2006), ovarian (Zheng et al., 2010), oesophageal (Kau et al., 2004), lung
cancer (Wang, C. . et al., 2011), melanoma (Winnepenninckx et al., 2006) and hepatocellular
carcinoma (Yoshitake et al., 2011). Overexpression of importin-al reveals a poor prognosis for
the patient (Christiansen and Dyrskjot, 2013). Some importin-a isoforms are strongly linked to
virus infections. Importin-a3 plays an important role in influenza virus infection especially in
zoonotic transmissions from birds to humans (Gabriel et al., 2007; Gabriel et al., 2011; Thiele,
S. et al., 2020). Influenza viruses try to circumvent the host’s immune system by
downregulation of importin-a3, which acts as an inhibitor of avian influenza viruses (Gabriel
et al., 2011; Thiele, S. et al., 2020). Additionally, importin-a3 takes a leading part in Human
immunodeficiency virus (HIV) infection and pathogenesis of the Acquired immunodeficiency
syndrome (AIDS) by contributing to efficient HIV-1 nuclear import (Ao et al., 2010). Importin-

a4 shows distinct effects in embryonic stem cells. Overexpression of this isoform results in
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decreasing levels of cell differentiation factors such as octamer binding transcription factor3/4
(Oct3/4) (Young et al., 2011). Importin-a5 contributes to skeletal muscle reparation and also
enhances muscle regeneration (Choo et al., 2016). Additionally, an overexpression of importin-
a5 generates neural differentiation during brain development (Yasuhara and Yoneda, 2007a). It
also acts as a negative regulator of Newcastle disease virus (NDV) replication by reducing the
import of NDV M protein into the nucleus (Duan, Z. et al., 2018). The tissue-specific importin-
a6 and -a8 are limited to testis and ovarian tissue, respectively and take part in fertility and
reproduction progresses. Mutation in importin-a6 leads to sterility and defects in the offspring,
whereas mutation in importin-a8 induces reduction of reproduction (Hu et al., 2010; Nathaniel
etal., 2022). Importin-a7 is involved in the antioxidant response by interacting with the Kelch-
like ECH-associated protein 1 (Keapl). The downregulation of importin-a7 worsens the
intranuclear transport of Keap1 and therefore consequently promotes oxidative stress in the cell

(Sun et al., 2011).

However, the best described and characterised function of importin-a isoforms is the transport
of cargo proteins from the cytoplasm into the nucleus (Fontes et al., 2000; Goldfarb et al., 2004;
Lange et al., 2007). This transport is mediated through the importin-o/p complex, which
facilitates the crossing of selected molecules from the cytoplasm into the nucleus by
recognizing the nuclear localization signal (NLS) (Herold et al., 1998; Fontes et al., 2000;
Goldfarb et al., 2004; Pumroy and Cingolani, 2015). Different viruses utilized the importin-a-
based pathway into the nucleus including Dengue virus (Pryor et al., 2007), Hepatitis C virus
(Neufeldt et al., 2013), Severe acute respiratory syndrome coronavirus type 2 (SARS-CoV-2)
(Frieman et al., 2007) and also a lot of poultry-associated viruses such as Newcastle disease
virus (NDV) (Duan, Z. et al., 2018), Fowl adenovirus (Huang et al., 2022) and Influenza A
viruses (Gabriel et al., 2011; Hudjetz and Gabriel, 2012; Thiele, S. et al., 2020). A few viruses
developed strategies to circumvent the host’s immune response by up- or downregulation of

importin-a isoforms (Thiele, S. et al., 2020) with Influenza A virus as a prominent example.

Depending on subtype and strain, avian Influenza A viruses (AIV) show zoonotic potential,
infecting not only it’s reservoir species but also others including humans, pigs, horses and seals
(Suarez and Schultz-Cherry, 2000). In avian species, it can be differentiated between highly
pathogenic avian Influenzaviruses (HPAIV) and low pathogenic avian influenza viruses

(LPAIV) based on different virulence. As the natural reservoir of avina influenza virus (AIV),
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the virus circulates in wild aquatic birds but also infects commercial poultry and many other

bird species, leading to high enonomic losses worldwide.

We hypothesize that avian species, age and tissue may impact the distribution pattern of
importin-a isoforms. In addition, we speculate that the expression pattern in poultry species
changes after LPAIV infection of avian origin, based on findings in mice and humans (Gabriel

etal., 2011; Thiele, S. et al., 2020).

The first aim of this study was to expand the knowledge about the distribution of importin-a
isoforms in avian species. Therefore, our objectives were to determine their tissue-, age- and
species-related differences. Thus, the economically most important poultry species chickens,
turkeys, and ducks were selected to describe and compare species-, age- and tissue related
differences in importin-o expression patterns by RT-qPCR. Nasal conchae, trachea, lung, liver
and spleen were investigated of birds at one day before hatch and at 42 days (chickens and
ducks) and 13 weeks (turkeys) of age. Immunohistochemical staining was performed with nasal
conchae, trachea, and lung of 42 days old chickens to visualize importin-o distribution in the

tissue of the respiratory tract (Manuscript I).

The second aim was to find out more about the impact of LPAIV infection on the expression
patterns of importin-a in avian species. Consequently, further objectives were the correlation of
virus replication with importin-a expression patterns, the evaluation of the effect of species and
the comparison of two different virus strains for their effect on the importin-a regulation in two
infection models. Therefore, the LPAIV strains HON8 A/turkey/Germany/CP6/2007 and HON2
A/chicken/Saudi Arabia/CP7/1998 were used for infection studies in tracheal organ cultures
(TOC) and embryonated eggs of chickens (CE), turkeys (TE) and ducks (DE). Samples were
investigated for virus replication in association with the importin-a expression patterns. TOCs
were inoculated with either subtype HO6NS or HIN2 and ciliostasis, virus replication and
importin-a expression were determined at 24, 48, 72, and 96 hours post inoculation (hpi).
Embryonated eggs were also inoculated with either one subtype; virus replication and the

expression of importin-ol and -a3 were investigated at 24hpi (Manuscript II).

Overall, this study provides new insights into the distribution of importin-a in avian species and
highlights species and age-related differences. Additionally, the impact of different LPAIV
subtypes on the expression patterns of importin-a in correlation with virus replication is
demonstrated in two different avian infection models of three poultry species. Our findings

contribute to the understanding of species-specific differences during LPAIV infections and
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provide the basis for further studies to develop intervention strategies against LPAIV in avian

species.
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2. Literature Review

2.1. Importin-a

2.1.1. Structure of the Importin-a/R-Heterodimer

N-term C-term

NLS Binding Sites
(Minor and Major Domain)

Figure 1: Schematic Structure of the Importin-a/B-Heterodimer. Importin-p binding (IBB), NLS (nuclear
localization sequences), cellular apoptosis susceptibility protein (CAS), N-terminus (N-term), C-terminus (C-
term). Derived from (Oka and Yoneda, 2018).

Importin-a, also known as karyopherin-a. (KPNA), belongs to a group of transport factors
(transportins) including import factors (importins) and export factors (exportins) for import and
export of cargo proteins from the cytoplasm to the nucleus and the other way around (Radu et
al., 1995; Weis, 1998; Friedrich et al., 2006; Kelley et al., 2010; Christiansen and Dyrskjot,
2013). Importin-a is described as a multifunctional acidophilic adaptor protein that plays a role
in various cellular functions in eukaryotes (Conti, 2002; Oka and Yoneda, 2018). The functional
importin-a/B-heterodimer consists of three structural parts: the N-terminal autoinhibitory
importin- binding domain (IBB), the nuclear localization signal (NLS) binding sites including
ten armadillo (ARM) repeats, divided into major (found towards the N-terminus) and minor
parts (found at the C-terminus) and the C-terminal domain, where cellular apoptosis
susceptibility (CAS) proteins bind (Gorlich et al., 1995; Gorlich et al., 1996; Conti et al., 1998;
Herold et al., 1998; Fontes et al., 2000; Goldfarb et al., 2004; Kelley et al., 2010; Miyamoto
and Oka, 2016; Miyamoto et al., 2016) (Figure 1). The binding sites for cargo proteins are
placed within the ARM domain which is built of three helical structures (H1, H2 and H3). The
repeats of the ARM domain are highly conserved (Andrade et al., 2001). In general, two
different classes of NLS are recognized; on the one hand NLS which carry one (monopartite)
and on the other hand those with two (bipartite) sections of amino acids (Lange et al., 2007).
One exemplary substrate for classical monopartite NLS is SV 40 T antigen, which is used by

simian-virus 40 for the regulation of viral replication (Kalderon et al., 1984). Nucleoplasmin,

11



Literature Review

which participates in cellular activities like transcription regulation, is an example for a classical

bipartite NLS (Robbins et al., 1991). Both are recognized by the importin-o/B-dimer.

Importin-B, also described as karyopherin-B (KPNB), functions as a carrier molecule and
nucleocytoplasmic transport receptor (NTR) with import-, export- or bidirectional pathways

(Kimura and Imamoto, 2014; Kimura, 2015; Oka and Yoneda, 2018).

2.1.2. Family of Importin-a

Table 1: Importin-a isoforms in humans, mice, chickens, turkeys and ducks.

Importin- Humans Mice Chickens Turkeys Ducks
al + + + + +
a3 + + + + +
a4 + + + + +
as + + + + +
ab + + + + +
a7 + + + + +
al + unknown unknown unknown unknown

Derived from (Oka and Yoneda, 2018) and (Gabriel et al., 2011).

Different species show various numbers of importin-a isoforms. Yeasts were one of the first
organisms, which were investigated for their importin-a distribution and they possess only one
importin-a isoform (Kelley et al., 2010; Miyamoto et al., 2016; Oka and Yoneda, 2018).
Drosophila melanogaster and nematodes, such as Caenorhabditis elegans, have three different
importin-a isoforms (Kelley et al., 2010; Miyamoto et al., 2016). The more complex the species
are, the higher the number of importin-a isoforms. In mice, six importin-a isoforms are found
and in humans seven, respectively (Goldfarb et al., 2004; Hu et al., 2010; Kelley et al., 2010;
Pumroy and Cingolani, 2015; Miyamoto et al., 2016; Oka and Yoneda, 2018). The superfamily
of importin-B (KPNB) includes 14 members in yeast and over 20 in humans. The most

important one for cellular transport pathways is importin-31(Harel and Forbes, 2004).

In chickens, turkeys and ducks six different importin-a isoforms are described (Gabriel et al.,
2011; Thiele, S. et al., 2020) (Table 1). Nevertheless, the distribution and expression patterns
of importin-a isoforms in different tissues of poultry species has not been described yet. We
speculate that species, age and tissue might have an effect on the distribution pattern of

importin-a isoforms in avian species.
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Figure 2: Subfamilies of human Importin-a. The family of importin-a is divided into three subfamilies based
on their sequences. The percentage indicates the protein homology between the different subtypes. Derived from
(Oka and Yoneda, 2018).

The family of importin-o isoforms can be divided into three different subfamilies according to
their sequence homology among each other within the subfamily (Goldfarb et al., 2004; Kelley
et al., 2010; Miyamoto et al., 2016; Oka and Yoneda, 2018) (Figure 2). The classification of
importin-a isoforms is based on the distribution of importins in humans. Subfamily al includes
importin-a5 (KPNA1), importin-a6 (KPNAS) and importin-a7 (KPNAG6), subfamily a2
includes importin-al (KPNA2) and importin-a8 (KPNA7) and subfamily o3 includes importin-
a3 (KPNA4) and importin-04 (KPNA3) (Kohler et al., 1997; Kohler et al., 2002; Friedrich et
al., 2006; Kelley et al., 2010; Miyamoto et al., 2016; Oka and Yoneda, 2018). The importin-a
1soforms vary in their amino acid sequences between species. Phylogenetic analysis of human
and chicken importin-al, -03, -04, -a5 and —a7 revealed homologies in amino acid sequences
between 82% for importin-al and 99% for importin-a3 (Gabriel et al., 2011; Thiele, S. et al.,
2020). Other species such as pigs, mice and other bird species were also investigated, and the
sequence analyses indicate that importin-a3 and-o4 are highly conserved across species,

whereas importin-al shows less homologies (Thiele, S. et al., 2020).

2.1.3. Nucleocytoplasmic Transport — Components and Structures

All eukaryotic cells are divided into several functional compartments which are separated by

membranes consisting of a double-membrane lipid layer (Rout and Aitchison, 2000; Oka and
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Yoneda, 2018). These compartments such as the nucleus, golgi apparatus and mitochondria,
comprise specific tasks for the cell. In the nucleus, transcription of DNA and translation of
mRNA take place. The nuclear envelope separates the nucleoplasm from the cytoplasm and is
intermitted by nuclear pore complexes (NPC), which regulate the crossing of molecules, nuclei
acids and large proteins (Terry and Wente, 2007; Pumroy and Cingolani, 2015). Thus, a
selective transport between the cytoplasm and the nucleus is required for precise cell functions
(Oka and Yoneda, 2018). Small molecules, water, nucleotides and ions are able to pass the NPC
directly by passive diffusion whereas the transport of large molecules and ribonucleoproteins
remains signal- and energy-associated (Rout and Aitchison, 2000; Terry and Wente, 2007;
Pumroy and Cingolani, 2015). The regulation of the nucleocytoplasmic transport depends on
several factors: Type of cargo protein, transport receptor, and transport channel (Terry and
Wente, 2007). This regulation of passing molecules directly affects several mechanisms such
as antiviral gene transcription. Dysregulation of this mechanism may lead to a range of diseases

(Fried and Kutay, 2003; Terry and Wente, 2007).

The NPC complex is built of an octagonal shape with a tubular core structure, cytoplasmic
filaments, extending into the cytoplasm, and nuclear filaments forming the structure of a basket
on the nucleoplasm side (Rout and Aitchison, 2000; Terry and Wente, 2007; Oka and Yoneda,
2018). The NPC itself is composed of about 30 different proteins called nucleoporins (Nups).
These Nups can be divided into several groups based on their structural folds, function or
location (Rout and Aitchison, 2000; Oka and Yoneda, 2018). The nucleocytoplasmic transport
is actively mediated by transport molecules which recognize nuclear localization signals (NLS)
or nucleus export signals (NES) on cargo proteins for the transport into the nucleus or the export
from the nucleus to the cytoplasm (Rout and Aitchison, 2001; Fried and Kutay, 2003;
Suntharalingam and Wente, 2003). Therefore, transport molecules can be divided into
importins, exportins and transportins (Rout and Aitchison, 2001). The transport of cargoproteins

by the importin-o/B-complex is described hereafter (Figure 3).
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Figure 3: Classical Importin-dependent Nuclear Transport Way. The nucleocytoplasmic transport can be
divided into a classical transport, which depends on the importin-o/B-heterodimer, and a non-classical pathway
which is importin-a-independent (Kohler et al., 1999). In the classical transport pathway importin-o binds to a
nuclear localization signal (NLS) carrying cargo protein and links it to importin- via the importin-B binding
domain (IBB) building the nuclear pore targeting complex (Fried and Kutay, 2003; Friedrich et al., 2006). This
complex passes the aqueous channel of the nuclear pore complex (NPC) which is defined as a semipermeable filter
(Fried and Kutay, 2003; Pumroy and Cingolani, 2015; Oka and Yoneda, 2018). After passing through the NPC,
RanGTP binds to importin-f leading to the dissociation of the complex and release of the cargo proteins into the
nucleus (Kohler et al., 1999; Quimby and Dasso, 2003). Importin-a and - pass back through the NPC in separated
ways. Importin- needs RanGTP for crossing back into the cytoplasm. Importin-o. needs RanGTP as well and
additionally CAS to return into the cytoplasm (Rexach and Blobel, 1995; Kutay et al., 1997; Weis, 1998; Fried
and Kutay, 2003). RanGTP is unleashed again as RanGDP in the cytoplasm to be utilized again for the next cycle
of transport. Subsequently, importin-o. and —f3 can bind to a new cargo protein for the next transport (Kutay et al.,
1997; Fried and Kutay, 2003; Quimby and Dasso, 2003; Oka and Yoneda, 2018). Derived from (Oka and Yoneda,
2018) and (Kohler et al., 1999).
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2.1.4. Function of Importin-a

Importin-a isoforms can be found ubiquitously in every tissue, except for importin-a6, which
is limited to testis tissue and spermatids (Hogarth et al., 2006; Loveland et al., 2015), and
importin-a8, which is strongly associated with ovarial tissue and fertility and predominantly
expressed in oocytes, zygotes and two-cell stage embryos (Tejomurtula et al., 2009; Hu et al.,

2010).

The expression of importin-a isoforms differs due to tissue, cell type, developmental status and
age (Herold et al., 1998; Yasuhara et al., 2007; Yasuhara and Yoneda, 2007b; Laitman et al.,
2017; Oka and Yoneda, 2018). Importin-a is described as a multifunctional protein which most
important and best characterized function is its role as an adaptor protein in the nuclear transport
machinery (Lange et al., 2007; Oka and Yoneda, 2018). The translocation of molecules and
substrates containing an NLS across the nuclear envelope is facilitated by the contribution of
the importin-o/B complex (Herold et al., 1998; Goldfarb et al., 2004; Pumroy and Cingolani,
2015). Some cargo proteins and —molecules of importin-a, such as histones, polymerases and

virus particles, are shown in Table 2.
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Table 2: Importin-a Isoforms and Examples of their Cargo Proteins and -Molecules. Derived

from (Okada et al., 2008).

Importin-a  Cargo proteins and -molecules References
IFN regulatory factor-1 (Umegaki et al., 2007)
Importin-al Type 1 parathyroid hormone receptor (Pickard et al., 2006)
(KPNA2) Oct3/4 (Yasuhara et al., 2007)
HIV-1 Vrp (Nitahara-Kasahara et al.,
2007)
Oct3/4 (Yasuhara et al., 2007)
Importin-a3 ~ RNA helicase (Aratani et al., 2006)
(KPNA4) NF-«B p50/p65 (Fagerlund et al., 2005)
HIV-1 Vrp (Nitahara-Kasahara et al.,

2007)

Importin-a4

Bovine papillomavirus type 1 El protein

(Bian et al., 2007)

(KPNA3) NF-«B p50/p65 (Fagerlund et al., 2005)
Oct3/4 (Yasuhara et al., 2007)
Stat3 (Ma and Cao, 2006)
Ebola Virus VP24 (Reid, S. P. et al., 2006; Reid,
Importin-a5  HIV-1 Vrp S.P. etal., 2007; Liu, Y. et

(KPNAT) Newcastle Disease Virus M-protein al., 2016)
SARS-CoV ORF6 Protein (Nitahara-Kasahara et al.,
2007)
(Duan, Z. etal., 2018)
(Frieman et al., 2007)
Importin-a6  Not defined (Kohler et al., 1997;
(KPNAYS) (testis-specific isoform) Loveland et al., 2015)
Importin-a7 Stat3 (Ma and Cao, 2006)
(KPNAG) Keapl (Sun et'al., 2011)
mCRY?2 (Sakakida et al., 2005)
SV40 (Kimoto et al., 2015)
Importin-a8  Spindle assembly factors (Lau et al., 2009)
(KPNA7) MVP (Vuorinen et al., 2017)
ZNF414 (Vuorinen et al., 2017)
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Other non-transport functions and roles of importin-a isoforms are tissue and cell type specific
(Goldfarb et al., 2004; Miyamoto et al., 2016) including investment in cell differentiation (Oka
and Yoneda, 2018), spindle assembly (Gruss et al., 2001), building of nuclear envelope (Hachet

et al., 2004) and functions in diverse viral infections (Figure 4).

Gene
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Figure 4: Diverse Functions of Importin-a. Beside its function as adaptor protein, importin-a may have functions
in fertility, virus infection, muscle repair and oxidative stress. In addition, it acts as a prognostic cancer marker.
Derived from (Miyamoto et al., 2016).

Cell surface
function

Some more detailed functions and investigations on importin-a isoforms in humans as well as

in other mammalian species are described hereafter.

Importin-al shows involvement in carcinogenesis and —progression where it is described as a
prognostic biomarker (Kau et al., 2004; Christiansen and Dyrskjot, 2013; Cagatay and Chook,
2018). Investigations in several types of cancer including breast (Dahl et al., 2006; Gluz et al.,
2008), ovarian and cervical (Zheng et al., 2010), oesophageal (Kau et al., 2004), lung cancer
(Wang, C. I. et al.,, 2011), melanoma (Winnepenninckx et al., 2006) and hepatocellular
carcinoma (Yoshitake et al., 2011) reveal upregulation of importin-al expression levels during
tumour progression predominantly in the nucleus. Suggestions are made that the overexpression
appears due to cancer specific receptors and proteins (Christiansen and Dyrskjot, 2013) and

correlates with a poor prognosis for the patient. Importin-al is also described in FAdV-4
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infection to be involved in fiber-1 protein transport to the nucleus for virus proliferation (Huang
etal., 2022).

Importin-a3 is strongly linked to virus infections in mammalian species through an interplay
with virus particles, immune response and importin-o3. Influenza viruses try to circumvent the
host’s immune response by downregulation of importin-a3 and therefore decreasing the
availability of antiviral genes in the nucleus (Gabriel et al., 2011; Thiele, S. et al., 2020). High
levels of TNF-a activated NF-kB result in low importin-a3 expression and therefore low
amounts of antiviral genes through a yet unknown mechanism. NF-«B is a transcription factor
which is involved in the regulation of the immune response and transcription of cytokines and
antiviral gene transcription. The level of TNF-o expression is hereby linked to the polymerase
signature of the influenza virus. Avian-type polymerases induce low levels of TNF-a, while
human-type polymerases lead to high levels of TNF-o. Therefore, different kinds of
polymerases lead to different regulation of importin-o3 in the host with subsequent low or high
replication of the virus (Gabriel et al., 2011; Thiele, S. et al., 2020). The mechanisms behind
these phenomenon are still unknown, but downregulation of importin-a3 expression leads to
inadequate antiviral immune responses and therefore to ongoing influenza virus infections in
the host. Another virus using the nuclear import machinery and preferably importin-a3 is the
human immunodeficiency virus (HIV). Importin-a3 is used to transport the preintegration
complex (PIC) of the virus into the nucleus where the viral DNA is integrated into the PIC for
further transcription. Additionally, importin-a3 interacts with the HIV-1 integrase leading to

efficient HIV-1 nuclear import and replication (Ao et al., 2010).

Importin-a4 is involved in mental health progresses and suggestions are made that it
contributes to susceptibilities for psychiatric disorders like schizophrenia (Morris et al., 2012).
Another type of cancer, where importin-o4 is known as a biomarker, is prostate cancer.
Knockdown of importin-o4 in a mouse model reduces prostate cancer invasion and metastasis.
The risk of metastasis is therefore decreased by inhibition of importin-a4 (Yang, J. etal., 2017).
Another function of this isoform is associated with mouse embryonic stem cells where
overexpression of importin-o4 results in decreased amounts of Oct3/4 which supports the early

phase of differentiation (Young etal., 2011).

Importin-aS shows inhibitory effects on NDV infections by slowing down the intranuclear
uptake of the Newcastle virus matrix protein (Duan, Z. et al., 2018; Duan, Z. et al., 2020).

Muscle repair and regeneration are enhanced through importin-a5 by regulation of satellite cell
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proliferation (Choo et al., 2016). Normal brain development and neural differentiation also
require importin-a5. Studies show that this isoform is highly expressed in the brain of
developing mice and correlates with the import of Brn2 which is related to neural differentiation
(Yasuhara and Yoneda, 2007a).

Importin-a6 distribution is limited to testis tissue and mainly found in round spermatids. It
plays a role in fertility, reproduction processes and spermatogenesis. Mutation in importin-a6

results in sterility and defects in the offspring (Loveland et al., 2015; Nathaniel et al., 2022).

Importin-a7 is involved in the oxidative stress response, acting directly with the functional
domain of Keapl. Transport of this complex into the nucleus is mediated by importin-a7.
Downregulation of importin-a7 slows down the import of Keapl into the nucleus and thus
enhances the oxidative stress response (Sun et al., 2011). In addition, this isoform also takes
over a leading part in zoonotic transmission of influenza virus from birds to humans through a
switch in specificity of importin-a3 to importin-a7 (Gabriel et al., 2005; Gabriel et al., 2007,
Gabriel et al., 2011; Thiele, S. et al., 2020)

Importin-a8 is predominantly expressed in oocytes and zygotes in the ovaries. Knock-out of
this isoform leads to reduction of reproduction and sex imbalance mainly in females. Thus,
importin-a8, as well as importin-a6, is required for fertility and reproduction (Hu et al., 2010).
Another function of importin-a8 is suggested in pancreatic cancer. Overexpression of importin-

a8 correlates with poor prognosis for the patient (Laurila et al., 2014).

Overall, it is clearly shown that importin-o isoforms play different roles within various
organisms beyond their primary function in nuclear transport. While most of the indicated
functions of importin-o isoforms were discovered in yeast, Drosophila melanogaster and
Caenorhabditis elegans (Miyamoto et al., 2016; Oka and Yoneda, 2018), they have also been
studied in mice and humans mostly using humanized mice models (Kobe, 1999; Fontes et al.,
2000; Gabriel et al., 2011; Thiele, S. et al., 2020). The role and functions of importin-a isoforms
in avian species are still largely unknown. Most of the studies in the context of importin-a in
avian species were conducted to investigate the transmission of Influenza A viruses from avian
species to humans (Gabriel et al., 2005; Gabriel et al., 2007; Gabriel et al., 2008; Resa-Infante
and Gabriel, 2013; Resa-Infante et al., 2014; Thiele, S. et al., 2020). Gabriel et al. (Gabriel et
al., 2005; Gabriel et al., 2008; Gabriel et al., 2011) demonstrated that the adaptation of the viral
polymerase to importin-a play a fundamental role in crossing species barrier from birds to

humans. For effective influenza virus replication, the polymerase PB2 and the nucleoprotein of
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avian or human viruses require different importin-a isoforms. Avian influenza viruses show
specificity to importin-a3, whereas human influenza viruses require importin-o7. In addition,
both viruses need importin-al. A switch of importin-a specificity during adaptation of avian
Influenza A viruses to humans has also been reported. This switch is gained by mutations in the

PB2 and NP of the virus (Gabriel et al., 2011).

2.2. Influenza Virus

2.2.1. Classification and Taxonomy

Influenza viruses belong to the family of Orthomyxoviridae (Greek: orthos “straight”, myxa
“mucus”) which comprises seven different genera: Alpha-, Beta, Gamma- and
Deltainfluenzavirus, Thogotovirus, Quaranjavirus and Isavirus (Peter M. Howley, 2021). They
are classified according to their variations in the nucleoprotein (NP) and the matrix protein M1
(Webster et al., 1992; Hause et al., 2014). Alphainfluenzaviruses infect a broad range of species
such as humans, horses, pigs, bats, cats, whales, wild and domestic birds. Betainfluenzaviruses
cause infections in seals, humans and pigs, of which the last two can also be infected by
Gammainfluenzaviruses (Suarez and Schultz-Cherry, 2000). Deltainfluenzavirus infections are
mostly found in cattle, pigs and horses and are also suggested to infect humans (Kuchipudi and
Nissly, 2018) but the full host range of Influenza viruses is not known yet (Skelton and Huber,
2022). According to Skelton and Huber (Skelton and Huber, 2022), pigs seem to be the only
species which can be infected by all genera of influenza viruses. Regarding Influenza A virus
infections, pigs play an important role as a mixing vessel during the development of new

emerging Influenza A virus subtypes.
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Figure 5: Examples of Influenza Virus Hosts. A small selection of the influenza virus host range is shown above.
Species in overlapping circles can be infected by several genera. Pigs are the only species that can be infected by
all four influenza virus types. Derived from (Skelton and Huber, 2022) and (Kuchipudi and Nissly, 2018).

Influenza A viruses can be divided into different subtypes based on their surface glycoproteins
hemagglutinin (HA) and neuraminidase (NA) (Alexander, 2000). Until today, 18 different
hemagglutinin (H1-H16 and hemagglutinin-like proteins H17 and H18) and 11 neuraminidase
antigenic subtypes (N1-N9 and neuraminidase-like proteins N10 and N11) are described
(Fouchier, R. etal., 2005; Fouchier, R. A. etal., 2005; Hutchinson, 2018; Li, R. et al., 2019; Li,
X.etal, 2019; Li, Z. etal., 2019). Subtypes H3, H4, H5, H6 and H7 are mostly isolated in birds
whereas other HA subtypes are rarely detected in avian species (Kaleta et al., 2005). On the
other hand, NA subtypes N1, N2, N3 and N8 are often identified. The other NA subtypes are
also rare in birds (Kaleta et al., 2005). Until now, 3 HA (H1, H2 and H3) and 2 NA subtypes
(N1 and N2) led to pandemics in humans (Bouvier and Palese, 2008). Additionally, H5, H9 and
H10 infections have recently been reported from ongoing infections in humans in China
(European Food Safety et al., 2022). HA and NA subtypes do not exist for the influenza virus
genera B (Glezen et al., 2013). Influenza C and D only possess one spike protein named

hemagglutinin-esterase-fusion (HEF) protein (Wang, M. Y. and Veit, 2016; Liu, R. X. et al,,
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2020).

The virus strains of Influenza A virus are named according to standard nomenclature with the
following scheme: virus-type/genus (Influenza A), species from which it was isolated (except
for humans), location of isolation (city, country), number of the isolate and year of isolation
followed by the name of the HA and NA subtype in brackets (Bouvier and Palese, 2008). For
example A/Duck/Alberta/35/76 (HIN1) is an Influenza A virus which was isolated in 1976 in
Alberta from a duck with isolate number 35 and belongs to subtype HINI.

2.2.2. Ecology and Evolution of Influenza A viruses

Wild aquatic birds (especially those from the orders Anseriformes (duck, goose, swan) and
Charadriiformes (gulls, terns and shorebirds)) are considered as the natural reservoir of avian
influenza viruses and provide a diverse gene pool for Influenza A virus subtypes (Webster et
al., 1992). Almost all subtypes of the HA and NA surface proteins were found in ducks (4nas
spp.)(Kaleta et al., 2005). The AIV genome seems to be stable in wild birds and often infects
these species without clinical symptoms (Webster et al., 1992). Adaptation of new emerging
influenza virus subtypes to the naive immune systems of new hosts, due to reassortment of the
viruses and therefore genetical variabilities harbor the danger of pandemics (Webster et al.,
1980; Webster et al., 1992; Neumann et al., 2009; Neumann et al., 2010). Influenza pandemics
occurred several times during the last centuries. The HINI pandemic in 2009 caused by an
Influenza A virus of bird, pig and human origin was the last influenza pandemic until today.
The surface proteins HA and NA of Influenza A viruses evolutionary change after transmission
to a new host species, but mutations in other gene segments were also described (Webster et al.,
1980; Webster et al., 1992) . Two main mechanisms are known in influenza viruses leading to
their antigenic diversity: antigenic drift and antigenic shift (Gething et al., 1980; Schweiger et
al., 2002; Nakajima, 2003), which represent the two important characteristics of influenza
viruses and contribute to circumvention of the host's immune response (Ferguson et al., 2003).
Antigenic drift defines small antigenic changes of the influenza virus that mainly lead to local
epidemics. These often include spontaneous point mutations in the genes encoding for HA or
NA, subsequently leading to structural changes (so called intrasubtypic reassortment) (Nelson
et al., 2008; Neverov et al., 2014; Berry et al., 2016). Changes in the HA appear more often
than changes in the NA protein. The risk of antigenic drift increases in the absence of
proofreading activity of the viral RNA-polymerase during replication. Antigenic drift often

proceeds in human influenza viruses but is also described for AIV infecting poultry, swine and
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horses (Schweiger et al., 2002; Bedford et al., 2015). On the other hand, the antigenic shift is
characterized by major antigenic changes leading to reassortment of the genome segments with
the risk of new emerging influenza virus subtypes and host tropism (Wiley et al., 1981; Colman
and Ward, 1985; Webster et al., 1992; Scholtissek, 1995). Reassortment in all other vVRNA
genome segments may lead to new virus variants (Hinshaw et al., 1980). For the antigenic shift
to occur, one host cell needs to be infected with at least two different influenza virus strains
leading to reassorted strains (so called intersubtypic reassortment) (Scholtissek, 1995; Ito,
Couceiro, et al., 1998; Ito, Kawaoka, et al., 1998; Klenk, 2011; Klenk etal., 2011; Klenk, 2013).
The antigenic drift and shift increase the risk of pandemics and of cross-species transmission
due to the mix up of the genome of different influenza virus subtypes from different host
species. All four major influenza pandemics during the last centuries can be traced back to

antigenic shift occurrence (Scholtissek, 1994).

2.2.3. Morphology and Structure

The influenza viruses have an irregular morphology; thus, they can be of spherical, pleomorph,
filamentous or elliptical shape with a size of 80-120nm in diameter (Webster et al., 1992;
Bouvier and Palese, 2008). Filamentous particles with a length of more than 300nm have also
been described. The morphology also shows an impact on the virulence of the influenza virus.
A filamentous shape of the virus results in better attachment to the host cell and therefore to
higher virulence compared to spherical shapes (Nayak et al., 2009; Dadonaite et al., 2016).
Influenza viruses are enveloped, negative-sense, single-stranded RNA-viruses with a
segmented genome (more details on each segment are described below) and a lipid membrane
where the surface proteins HA and NA and the ion channel protein M2 are integrated (Nayak
et al., 2009). These are comprised in a ratio of four HA trimers to one NA tetramer (Shaw,
2007). The matrix protein M1 builds a protein layer underneath the envelope and is associated
with the nuclear export protein (NEP) (Nayak et al., 2009). The virus core includes the viral
ribonucleoprotein complex with eight viral RNA (VRNA) segments which encode at least 11
viral proteins: polymerase basic protein 2 and 1 (PB2, PB1, PB1-F2), polymerase acidic protein
(PA), hemagglutinin (HA), nucleoprotein (NP), neuraminidase (NA), matrix proteins (M1 and
M2) and non-structural proteins (NS1 and NS2) as well as a nuclear export protein (NEP)
(Cheung and Poon, 2007; Shaw, 2007; Thomas and Noppenberger, 2007) (Figure 6).
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Figure 6: Schematic Structure of Influenza A virus (IAV). The surface proteins hemagglutinin (HA) and
neuraminidase (NA) and the matrixprotein 2 (M2) are embedded in the virus envelope. Matrixprotein 1 (M1)
represents the inner surface and is linked to the non-structural/nuclear export protein (NS2/NEP). The eight viral
RNA (VRNP) segments encode for 11 viral proteins. Derived from (Mostafa et al., 2018).

2.2.4. Replication of Influenza Viruses

Due to the intranuclear replication of AlV, the virus has to attach to the host’s cell by targeting
the sialic acid (Sia) receptors. The attachment process is mediated by the HA protein. Different
influenza viruses depend on different sialic acid receptors. Human influenza viruses
preferentially bind to the 02,6-sialic acid receptor whereas avian influenza viruses bind to the
a2,3-sialic acid receptors (Connor et al., 1994). Endocytosis of the virus is usually mediated
by clathrin (Matlin et al., 1981). Fusion and uncoating with the endosomal membranes of the
virus need a low pH-value. This mechanism is mediated by a structural change in the HA of the
Influenza virus which then exposes the fusion protein that interacts with the membrane of the
endosomes (Harrison, 2015; White and Whittaker, 2016). Finally, the viral ribonucleoprotein
complexes are released into the cytoplasm. In contrast to other RNA-viruses, the transcription
and replication of Influenza viruses take place in the nucleus of the infected host cell (Resa-
Infante et al., 2011). The vVRNP are translocated into the nucleus either through the classical
nucleocytoplasmic transport pathway by the adaptor protein importin-a or through a direct and

importin-a independent way. Replication and transcription occur in a two-step process by a
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primer-dependent mechanism (Matsuoka et al., 2013). First, a positive-sense complementary
RNA (cRNA) is transcribed. In the next step it is used as a template to produce new negative-
sense genomic VRNASs which are transported back into the cytoplasm (Matsuoka et al., 2013).
All RNP complex proteins carry NLS and thus, they use the nuclear import machinery of the
cells (see chapter “Function of importin-a” for more details) (Gabriel etal., 2011; Resa-Infante
and Gabriel, 2013). In the cytoplasm the assembly of the viral components takes place. The
three membrane proteins HA, NA and M2 are folded and glycosylated. The packaging
mechanism of the eight VRNA segments is not well known yet but one of the theories is that
the VRNA segments are randomly incorporated into budding virions. A correct assembly and
packaging of all components of the genome is the key for a fully infectious virus (Matsuoka et
al., 2013; Long et al., 2019). Within the budding process, the plasma membrane of the cell
envelope the virus. The HA links the virus to the sia receptors for attachment. Now the virus
needs to be released actively from the receptor. Through the enzymatic activity of the NA
protein, the virus is finally released from the host cell for further replication in other cells
(Matsuoka et al., 2013; Long et al., 2019).
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Figure 7: Replication Cycle of Influenza A virus. The replication cycle of Influenza A viruses can be divided
into several steps: 1. Attachment/Binding to the target cell, 2. Endocytosis, 3. Uncoating, 4.
Translation/Replication, 5. Assembly, 6. Budding, 7. Release. Derived from (Matsuoka et al., 2013).

2.2.5. History of Influenza Pandemics

The first confirmed isolation of Influenza virus from a sample collected out of a swine in lowa,
A/Swine/lowa/30 (HINT1), was done and described by Richard Shope in 1930 (Shope, 1931c,
1931b, 1931a). The first human Influenza A virus, A/Wilson-Smith/33 (H1N1), was isolated by
Wilson Smith, Sir Christopher Andrewes and Sir Patrick Laidlaw in 1933(Neumann et al., 2009;
Neumann et al., 2010; Neumann and Kawaoka, 2011). The time between the different Influenza
A virus pandemics varied approximately between 10 and 40 years. The first known pandemic
caused by an Influenza A virus of subtype HIN1 was the Spanish Flu in 1918/19 (September
1918 — March 1919) which killed an estimated 25 to 50 million people worldwide (Hsieh et al.,
2006; Aassve et al., 2021). It took place in three waves, where the first wave was characterized
by high contagiousness with mild respiratory symptoms and low mortality. During the second

and third wave mortality rates increased up to 70 % because of a lack of previous exposure to
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Influenza virus and a naive immune system of the population. The origin of the Spanish Flu
virus was suggested to have evolved from a reassortment between human and avian viruses that
created the first pandemic Influenza virus or a direct adaptation from an avian Influenza virus
to humans. The HIN1 of the Spanish Flu subtype with avian-like and human-like amino acids
was finally confirmed by Taubenberger in 1997 (Taubenberger et al., 1997; Reid, A. H. et al.,
1999). The second Influenza virus pandemic was the Asian Flu, which was initiated by a
subtype H2N2 in 1957 (isolated in Japan). (Scholtissek, 1994; Jackson, 2009). Highest infection
rates were found in children and young adults under 20 years suggesting that their naive
immune system was the reason for that. Individuals older than 50 years seemed to have
protective antibodies probably from previous H2 infections (Scholtissek, 1994). Between the
outbreaks of the Spanish Flu and the Asian Flu, the first vaccine against Influenza virus was
developed in 1942 (Francis, Getting, et al., 1947; Francis, Salk, et al., 1947). Nevertheless, these
first vaccines did not provide sufficient cross-protection against newly emerging virus subtypes.
The Asian Flu caused over 1 million deaths worldwide. The causative pandemic Influenza A
virus has also been reassorted from human and avian origin (Scholtissek, 1994). Approximately
10 years later, the next pandemic arose from south Asia in 1968 (Akin and Gozel, 2020). An
H3N2 Influenza A virus was isolated in Hong Kong (A/Hong Kong/1/1968 H3N2) which was
reassorted from an avian H3 and a human H2N2 virus (Peckham, 2020). It caused highest
mortalities in 10-to-14-year-olds and approximately 1 million humans died worldwide
(Peckham, 2020). The last Influenza A virus pandemic took place in 2009 and was called Swine
Flu/Mexican Flu (Sebastian et al., 2009; Akin and Gozel, 2020). Again, an HIN1 subtype with
high contagiousness caused a pandemic spread (Garten et al., 2009; Sebastian et al., 2009;
Shinde et al., 2009). This “old” subtype was of concern because it was a triple-reassortant of an
avian, human and swine Influenza virus subtype (Shinde et al., 2009). Until 2009, reassortants
of avian and human Influenza viruses led to global pandemics. The newly reassorted Influenza
virus spread rapidly from human-to-human, causing mild upper respiratory tract diseases
(Echevarria-Zuno et al., 2009; Perez-Padilla et al., 2009; Shinde et al., 2009). This last Influenza
pandemic caused 150.000 — 500.000 deaths. This subtype is now characterized as a seasonal
Influenza A subtype and is part of the yearly Influenza vaccines. Subtype A(HIN1)pdm09
possessed PB2 and PA segments of north American avian origin, a PB1 segment from human
origin H3N2, HA (H1), NP and M segments from swine virus origin as well as NA (N1) and M

segments of eurasian avian virus origin (Garten et al., 2009).
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2.2.6. Epidemiology and Pathogenesis of Avian Influenza A viruses in Poultry Species

Avian Influenza A viruses (AIV) can be divided into two different pathotypes: low pathogenic
AIV (LPAIV) and highly pathogenic AIV (HPAIV). Both can be distinguished by the
intravenous pathogenicity index (IVPI) and the presence of a monobasic or polybasic HA -
cleavage site (Klenk et al., 1977; Bogs et al., 2010). LPAIVs show an HA cleavage site with a
monobasic motif depending on trypsin-like proteases for fusion of the viral membrane and thus,
enhanced efficient viral infectivity. These proteases are only produced by cells of the
respiratory, gastrointestinal and reproductive tract and therefore viral replication of LPAIV is
restricted to the epithelia of these tissues (Bogs et al., 2010; Post et al., 2012; Luczo et al.,
2015). The IVPI measurement is performed in six-week-old specific-pathogen-free chickens
which are infected intravenously with the virus. Viruses with IVPIs lower than 1.2 are
considered as LPAIV (Bogs et al., 2010). These virus subtypes mostly cause moderate
infections in susceptible birds with mild respiratory and gastrointestinal symptoms. In contrast
to that, HPAIVs possess a polybasic cleavage site in their HA and therefore are able to support
systemic viral replication due to ubiquitous intracellular supporting proteases such as furin
(Boschetal., 1979; Guo, X. L. etal., 2008; Bogs et al., 2010). The IVPI for HPAIV is calculated
higher than 1.2 which has only been confirmed for strains of subtype H5 and H7 until today (de
Bruin et al., 2022; Funk et al., 2022). Some subtypes of H3 and H10 also show high
pathogenicity in avian species but lack multiple basic amino acids (Wood et al., 1996).
Nevertheless, the majority of H5 and H7 and all other AIV subtypes have been found to be low-
pathogenic (de Bruin et al., 2022; Funk et al., 2022). Infections with HPAIV may induce severe
systemic infections with clinical symptoms especially in naive gallinaceous poultry species
with high mortality rates up to 100 % leading to fowl plague. Infected birds suffer from central
nervous symptoms, cyanosis of comb and wattle, diarrhoea, respiratory symptoms, drop of egg
production and oedema (Boyce et al., 2009; Cardona et al., 2009). Due to an infection of the
vascular system, the pathological appearance may also be dominated by haemorrhages.
Chickens and turkeys seem to be highly susceptible to HPAIV; whereas domestic ducks, geese
and also pigeons show lower mortality and milder symptoms of infection (Boyce et al., 2009;
Cardona et al., 2009). Avian influenza in poultry can be seen as one of the predominant diseases
in commercial flocks and still cause high economic losses worldwide.

During the last two decades, seasonal infections with HPAIV (mostly of subtype H5N1) were
found in wild birds and commercial poultry flocks. These outbreaks are often connected with

the migration of wild birds twice a year, showing that these avian species constitute an
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omnipresent hazard for poultry species. Since 2022 the Friedrich Loeftler Institute (FLI) in
Riems reported about ongoing HPAIV infections in wild birds throughout the whole year. The
information about risk assessment of HPAIV infection from May 2024 show decreased reports
about outbreaks in poultry and wild birds since February 2024. In July 2024 no reports about
outbreaks of HPAIV in poultry farming flocks but two infections in wild birds with HPAIV
H5N1were confirmed in Germany (Friedrich-Loeffler-Institute, 2024).

2.2.7. Infection Models/Systems for Avian Influenza Experiments in Poultry Species

Suitable experimental models to conduct infection studies in poultry can be divided into several
categories: in vivo (“Within the living”), in vitro (“In glass™), in ovo (“In the egg”) and ex vivo

(““Out of the living”) (Kromann and Jensen, 2022).

In vivo infection models are very popular to imitate natural infections similar to those taking
place in the fields. The advantage of these models is that any clinical symptoms and the
development of the infection can be observed in the infected animal. Additionally, the
interaction with the host’s innate and adaptive immune system and its metabolism can be
investigated. Different routes of inoculation are possible depending on the type of pathogen
which is used and the objectives of the study. The disadvantage of in vivo systems is the animal
welfare. In vivo studies are often associated with pain, suffering and injuries and have to be
well prepared to avoid any unnecessary suffer of the animals in the experiment. In addition,
high costs for animal husbandry (feed costs and staff costs) have to be considered. The clinical
signs of disease are difficult to monitor and to compare due to individual symptoms of single
animals. Additionally, mostly large amounts of animals are required and have to be sacrificed
in one experiment for correct statistical analysis. Due to the 3-R-Principle (reduction,
replacement, refinement), in vivo studies should be reduced to a minimum and ideally replaced

by alternative methods whenever it is possible (Maestri, 2021).

In vitro models are useful to investigate virus replication and virus titration under standardized
conditions (Zaffuto et al., 2008; Coswig et al., 2010). Cell culture systems can be divided into
primary and immortalized cell lines (Guo, D. et al., 2022). Immortalized cell lines show
limitless cell proliferation whereas primary cell lines are characterized by limited proliferation
and surviving cycles (Martinovich et al., 2017). Although the preparation of primary cell lines
remains highly time-consuming, the advantage of these models is that these cells show the same

characteristics as the investigated tissue (Guo, D. et al., 2022). The pathogenicity of the virus
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is shown by cytopathic effect (CPE) in the cell culture. The disadvantage of in vitro studies is
the limitation of the infections to a single cell type. Investigations of the immune system or of

systemic infections are hardly possible.

Infections of embryonated eggs (“in ovo”) of avian species are mainly used to study mortality
and pathogenesis of different viruses (Peebles, 2018). In addition, it is used for virus
propagation and titration. /n ovo studies represent a widely used model for infection studies
with AIV in avian species. Mostly, 9-11 day-old specific-pathogen free eggs from chickens are
used but it is also possible to carry out investigations in eggs of other avian species such as
turkeys and ducks (Chen et al., 2009). It is possible to inoculate the embryo via different routes
including the intravenous pathway and inoculation via the chorioallantoic sac, the yolk sac or
the chorioallantoic membrane, depending on the objectives of the study and the AIV isolate.
Inoculation into the chorioallantoic sac turns out to be best for AIV propagation and isolation.
However, some isolates of AIV only propagate after inoculation onto the chorioallantoic
membrane or into the yolk sac (Woolcock et al., 2000). High titers of AIV were carried out in
the chorioallantoic sac; therefore, most of the studies about pathogenesis of LPAIV or HPAIV
use this inoculation route (Robertson, 1993; Capua and Alexander, 2002; Lee, C. W. et al.,
2007). The advantage of in ovo studies is that the whole organism can be investigated to
examine the development of the infection. Analysis of viral replication and examination of the
innate immune response by RT-qPCR as well as determination of histopathological lesions via
immunohistochemical staining after sacrificing the embryos, are commonly carried out. On the
other hand, the immune system is still developing in embryos until they grow older. Drawing
conclusion from in ovo infections to an adult host might be problematic. The results of in ovo

infection studies should be verified in an in vivo studies.

Ex vivo organ culture systems have been used in animal and human studies. This method can
be seen as a compromise between in vitro cultures and in vivo studies. Organs or tissues are
cultivated for a limited time in a suitable medium depending on the investigated biological
material of the host. An examination under controlled conditions and tissue with a fully
developed cell complex out of different cell types represent the advantages of this infection
model. The possibility to investigate virus-host interaction as well as the innate immune
response are another benefit of ex vivo studies. Organ cultures also contribute to the 3-R-
Principle because they represent an alternative to in vivo studies and reduce the number of

animals in an experiment (Maestri, 2021). The investigations are thereby only limited to the
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material that is used which means a limitation to local reactions and lesions (Nunes et al., 2010;
Zhang, S. M. et al., 2012; Zhang, H. D. et al., 2023). The first procedures to establish tracheal
organ cultures as an ex vivo model were described around the 1970s (Cherry and Taylor-
Robinson, 1970; Jones and Hennion, 2008; Dowgier and Bickerton, 2020). Today TOCs are a
well-established model to investigate virus-host-interaction in the respiratory tract as they
represent the natural target cells of respiratory viruses (Petersen et al., 2012; Hartmann et al.,
2015; Sid et al., 2016; Riiger et al., 2021; Bexter et al., 2023). They are also useful for virus
isolation and propagation but are mainly used to investigate different respiratory pathogens such
as AV, infectious bronchitis virus (IBV), Mycoplasma spp. or Metapneumovirus and their
impact on the respiratory epithelium and virus-host interaction (Winter et al., 2008; Petersen et
al., 2012; Sid et al., 2016; Riiger et al., 2021; Bexter et al., 2023). TOCs can be prepared from
embryos before hatch as well as from post-hatch birds of various avian species such as,
chickens, turkeys, ducks, quails or pigeons (Colwell et al., 1973; Kocan et al., 1978; Petersen
et al., 2012). It is also possible to prepare TOCs from other species than birds. TOCs represent
a cellular composition that represents an intact respiratory tissue structure with different cell
types such as goblet cells and ciliated epithelial cells (Blaskovic et al., 1972). Monitoring of the
ciliary activity under an inverted light microscope in a ciliostasis assay allows the assessment
of ciliostasis and therefore, to analyze the severity of the infection semiquantitatively. In
addition, it is possible to analyze histopathological lesions, viral replication and innate immune
responses by performing RT-qPCR or immunohistochemical staining of the tracheal ring
(Zhang, S. M. et al., 2012; Riiger et al., 2021; Bexter et al., 2023; Zhang, H. D. et al., 2023).
TOCs limit studies on pathogen host interaction and innate immune responses to the upper
respiratory tract. For complex research questions regarding the interplay between innate and

acquired immune system, animal experiments have to complement the ex vivo studies.

2.2.8. Zoonotic Potential, Transmission and Human I nfections

Viruses such as AIV show, as a common hallmark, a high potential for mutations, changes and
modifications during their replication cycle. Thus, the potential of genetically new subtypes is
omnipresent as well as the risk of increasing zoonotic potential (Neumann et al., 2009). AIV
infection in humans may range from mild respiratory symptoms to severe complication such as
pneumonia especially for people belonging to the high-risk groups such as very young and old
people, pregnant women, immunocompromised people and people suffering from chronical

diseases (Gabriel and Arck, 2014).
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5 to 20 % of the world population are infected during the seasonal Influenza waves every year
and around 25000 people died because of an Influenza infection in 2018/19 (Robert-Koch-
Institute, 2019). Influenza epidemiology is designated by its seasonal and local epidemics
normally ranging from December until March/April (northern hemisphere, where Germany is
situated) (Neumann et al., 2009). The reasons for that are not completely understood now but
an interaction of cold temperature, low humidity and indoor crowding are expected to constitute
perfect environmental conditions for survival and transmission of Influenza viruses (Robert-
Koch-Institute, 2024).

Though transmission of avian Influenza viruses to humans is an omnipresent hazard, only a
limited range of high- and low-pathogenic avian Influenza virus subtypes are able to infect
humans. Two mechanisms to overcome the inter-species transmission from avian Influenza

viruses to humans are described hereafter.

2.2.8.1. Sialic Acid Receptors

Influenza viruses of various species depend on different Sia receptors with different linkages.
Human Influenza viruses bind to an a2,6-linked Sia acid receptor whereas most of the avian
Influenza viruses show specificity to Sia receptors with an 2,3 linkage to galactose.
Transmission and spill-over from avian species to humans therefore requires a switch in
receptor specificity from 02,3 to 02,6 Sia. This is mediated through two mutations in the amino
acids in the HA surface protein (Skehel and Wiley, 2000; Matrosovich, M. N. et al., 2001;
Stevens et al., 2006). Due to these mutations, the specificity to a2,3 Sia is reduced and the virus
preferably binds to a-2,6 Sia in the human host. This mechanism of receptor specificity switch
is seen as a key feature to cross species barriers and one possible route for the avian Influenza
virus to be established in human hosts (Matrosovich, M. N. et al., 2001; Saito et al., 2001;
Stevens et al., 2006). In addition to Sia specificities, several studies also indicate that waterfowl
and land-based poultry species show variation in distribution patterns of Sia types in the trachea,
lung and large intestine which are the preferred target tissues for Influenza virus replication
(LPAIV and HPAIV) (Kimble et al., 2010). Waterfowl such as ducks and geese predominantly
express 02,3 Sia in the trachea, lung and intestine and only low amounts of 02,6 Sia in these
tissues, whereas turkeys and pheasants possess both Sia in equal quantities in trachea, lung an
intestine (Kimble et al., 2010). In humans, 02,6 Sia are mostly found on cells of the respiratory
tract (ciliated and non-ciliated) and in the ileal epithelium. Specifically, 02,3 Sia are found in

ciliated cells of the bronchioles and alveoli (LRT) and colon epithelium (Nicholls et al., 2007;
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Nicholls et al., 2008; Walther et al., 2013). This might also be a reason for sporadic human
infections with HPAIV having avian-like Sia specificity (Matrosovich, M. N. et al., 1997;
Matrosovich, M. N. et al., 2001; Matrosovich, M. et al., 2007).

2.2.8.2. Importin-a

Importin-a plays an important part in zoonotic transmission of Influenza viruses (especially
importin-al, -a3 and -a7) (Gabriel et al., 2011; Thiele, S. et al., 2020). The specificity for
different importin-a isoforms in human-like and avian-like Influenza viruses play a crucial role
in overcoming species barriers and transmission of avian Influenza viruses to humans (Gabriel

etal., 2011).

In vitro studies demonstrated that the growth kinetics of HPAIV and therefore the infection in
mammalian species depend on importin-al and -a3 (Gabriel et al., 2011). Binding of importin-
o to PB2 seems to induce a change in the structure of the polymerase and therefore it is expected
to facilitate the building and function of the vRNPs (Tarendeau et al., 2007; Boivin and Hart,
2011). Changes of the polymerase were described in several studies expecting a regulatory
effect of importin-a3 towards the polymerase activity. Thus, importin-a can be up- or
downregulated depending on the importin-o isoform and on the type of Influenza virus (avian,
human or others). During Influenza virus infection, the importin-a3 activity is also influenced
by transcription factors such as NF-kB. Thiele et al (Thiele, S. et al., 2020) investigated the
effect of NF-kB on importin-a3 during HPAIV infection of various subtypes. The importin-o3
mRNA expression was downregulated when exposed to high levels of TNF-0, whereas low
levels of TNF-a lead to high mRNA expression levels of importin-a3. /n vivo studies with
importin-a3 knock-out mice confirmed these results, showing that these mice only have reduced
NF-kB activated antiviral gene expression as the subunits pS0 and p60 for viral gene
transcription are lacking (Thiele, S. et al., 2020). Thus, TNF-a activated NF-xB is seen as a
crucial component for importin-a3 gene expression and functions as a control mechanism

depending on cell type and dose (Thiele, S. et al., 2020)
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3. Research Goals and Objectives of the Project

The first goal (Manuscript I, Chapter 4.1) was to compare the distribution and expression
pattern of selected importin-a-isoforms (Importin-al, -a3, -a4, -a5 and —a7) of three different
poultry species (chickens, turkeys and ducks) in five organs (Nasal conchae, trachea, lung, liver
and spleen) in two age-groups (one-day before-hatch and 42 day old chickens and ducks as well

as 13 weeks old turkeys).
The objectives of this study were:
Comparison of the distribution and expression pattern of importin-a isoforms in:

e Three different poultry species
e Five different organs

o Two different age-groups

We hypothesized that:

e Different importin-a isoforms differ in their expression levels to each other
e Expression pattern of importin-a isoforms differ between species and tissue

e Expression levels of importin-a isoforms are higher in post-hatch birds than in embryos

The second goal (Manuscript I, Chapter 4.2) was to investigate the impact of LPAIV infection
of two different subtypes (H8N6 A/turkey/Germany/CP6/2007 and HIN2 A/chicken/Saudi
Arabia/CP7/1998) on the expression pattern of selected importin-a-isoforms (Importin-al, -o3,
-04, -a5 and —a7) in three poultry species (chickens, turkeys and ducks) in two infection models

(TOCs and embryonated eggs).
The objectives of this study were:
Comparison of the expression pattern of importin-o isoforms after LPAIV infection:

e With two different LPAIV strains
e In three different poultry species

e In two different infection models
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We hypothesized that:

e Expression pattern of importin-a isoforms differs between species, strains and infection
models

e LPAIV have an impact on the regulation of importin-o isoforms

The validity of the results was investigated in two repeated experiments.
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4.1.1. Abstract

While importin-o is well studied in mammals, the knowledge in avian species is still limited.
In this study, we compared the mRNA expression patterns of five importin-a isoforms in the
respiratory tract, liver, and spleen of chickens, turkeys, and pekin ducks in two different age-
groups. In addition, we determined the distribution of importin-a in selected tissue of conchae,
trachea, and lung of post-hatch chickens at all cellular levels by immunohistochemical staining.
Our results indicate that importin-a3 is the most abundant isoform in the respiratory tract of
chickens, turkeys, and pekin ducks. Moreover, importin-a is expressed as a gradient with lowest
MRNA levels in the conchae and highest levels in the lung. The mMRNA expression levels of
most isoforms were higher in tissues from post-hatch chickens and turkeys in comparison to
the corresponding embryos. In contrast to that, duck embryos mostly show higher mRNA

expression levels of importin-a than post-hatch ducks.
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Extent of Contribution from AH to this Article
Scientific design: 50 %
Laboratory work: 90 %
Data analysis: 95 %

Scientific writing: 80 %

4.2.1. Abstract

Importin-a isoforms play a crucial role in Influenza A virus infection in mammals. But the
knowledge about the expression pattern of importin-a during AlV infection is still limited in
poultry species. In this study we wanted to find out more about the impact of low pathogenic
avian Influenza virus (LPAIV) on selected importin-a isoforms in three poultry species. We
compared the mRNA expression of importin-al, -a3, -04, -a5 and -a7 after inoculation with
one of two different LPAIV subtypes of tracheal organ cultures (TOC) derived from embryos
of chickens (ChTOC), turkeys (TuTOC) and ducks (DuTOC) at 24, 48, 72 and 96 hpi and of
embryonated eggs of the same species at 24 hpi. Investigation in embryonated eggs focused on
importin-al and -a3 at 24 hpi.We confirmed successful infection of TOCs of either species by
induction of ciliostasis and detection of viral genome levels, which were significantly higher in
H6N8 inoculated TOCs than in HIN2 inoculated ones (p < 0.05). Significant upregulation of
importin-al was detected in HON2 inoculated TuTOCs at 72 and 96 hpi as well as in DuTOCs
at 24 hpi in the same inoculated group. Further, significant upregulation of importin-a3 was
found in virus infected TuTOCs at 48, 72 and 96 hpi in the HGN8 as well as in the HON2
inoculated group compared to virus-free controls (p < 0.05). Virus inoculated ChTOCs and Du
TOCs showed slight variation in importin-o regulation. In embryos we did not determine any
significant up- or downregulations of importin-al and -a3. Our results indicate that LPAIV
mediated regulation of importin-a mRNA expression varies between poultry species, virus
strain and importin-o isoform, which may impact the pathogenesis of the infection and

subsequently development of disease.
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4.2.2. Introduction

Respiratory diseases in poultry cause high economic losses worldwide. They can be seen as one
of the predominant health issues in commercial flocks nowadays, induced by a variety of
viruses, bacteria and fungi (Glisson, 1998; Capua and Marangon, 2006; Stromberg et al., 2017,
Chrzastek et al., 2021; Vahsen et al., 2021). Avian Influenza is one of the most concerning
pathogens. Influenza viruses are negative-stranded and segmented RNA viruses belonging to
the family of Orthomyxoviridae (Alexander, 2000; Suarez and Schultz-Cherry, 2000; Capua
and Marangon, 2006; Hutchinson, 2018), which infect a broad range of birds and mammals
including pigs, seals, horses and also humans (Suarez and Schultz-Cherry, 2000). Due to their
surface glycoproteins hemagglutinin (HA) and neuraminidase (NA), Influenza A viruses can
be divided into different subtypes (Alexander, 2000). Most of the subtypes have been isolated
from avian species and almost all were found in waterfowl especially in ducks (Webster et al.,
1992; Suss et al., 1994; Capua and Marangon, 2006; Fouchier and Munster, 2009). Based on
their virulence, avian Influenza A viruses (AIV) are divided into highly pathogenic (HP) and
low pathogenic avian influenza viruses (LP) AIV (Capua and Marangon, 2006). While HPAIV
infection may lead to systemic infection with high mortality rates, LPAIV infections often cause
only mild clinical symptoms with respiratory and intestinal signs or even remain asymptomatic
(Capua and Marangon, 2006). Interspecies transmission between wild and domestic birds may
occur in both directions (Webster et al., 1992; Suss et al., 1994; Suarez and Schultz-Cherry,
2000). Variable susceptibility of poultry species is suggested to be influenced by several factors:
distribution and specificity of different sialic acid receptor types (Kimble et al., 2010; Zhao and
Pu, 2022) and different (innate) immune response (Yang, W. H. et al., 2023). Different
distribution and regulation of Importin-a isoforms might also play a role during AIV infection
in different poultry species, as it was demonstrated for mammalian species (Gabriel et al., 2008;
Gabriel et al., 2011; Resa-Infante and Gabriel, 2013; Resa-Infante et al., 2014; Thiele, S. et al.,
2020). Knowledge about their distribution, regulation and role in infection and immunity in
poultry is still limited (Bexter et al., 2023; Herbst et al., 2023). Importin-a, also known as
Karyopherin-a (KPNA), is characterized as a multifunctional protein which is mainly involved
as an adaptor protein in the classical nuclear transport pathway between the cytoplasm and the
nucleus (Goldfarb et al., 2004; Miyamoto et al., 2016; Oka and Yoneda, 2018). The
ubiquitously spread importin-a isoforms also participate in functions other than transport-
related ones including their role as a prognostic cancer marker (Importin-al, -04 and -08, (Kau
etal., 2004; Dahl et al., 2006; Christiansen and Dyrskjot, 2013; Yang, J. etal., 2017)), in fertility
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and reproduction progresses (Importin-a6 and —a8, (Hu et al., 2010; Nathaniel et al., 2022)).
They also contribute to muscle regeneration and nervous system development (Importin-a5,
(Yasuhara et al., 2007; Choo et al., 2016)) and additionally to antioxidant response processes
(Importin-a7, (Sun et al., 2011)). Some of the importin-a isoforms are strongly linked to viral
infection for example with Newcastle Disease virus, where Importin-a5 slows down the intake
of the Newcastle Disease virus matrix protein into the nucleus (Duan, Z. et al., 2018). Several
studies in mammals revealed that influenza viruses utilize importin-o to circumvent the immune
response of the host by downregulation of importin-o3 availability and therefore, decreased
levels of antiviral genes inside the nucleoplasm (Thiele, S. et al., 2020).

It is known that the distribution of importin-a isoforms in poultry species slightly differs to
those in mammals like mice and humans. Importin-a3 is the most abundant isoform in mice,
humans and also in poultry (Thiele, S. et al., 2020; Bexter et al., 2023; Herbst et al., 2023).
Studies also revealed that the levels of importin-a isoforms differ between poultry species;
additionally, tissue- and age-related differences were detectable (Herbst et al., 2023).

Since the impact and regulation of importin-o isoforms during LPAIV infection in poultry is
largely unknown, our objectives were to describe and compare the changes in expression pattern
of several importin-a isoforms during infection of the tracheal organ culture (TOC) model and
embryonated eggs (EE) with two different LPAIV subtypes in three poultry species. We
selected two LPAIV strains of economic impact on poultry farming: Influenza A virus subtype
H8N6 A/turkey/Germany/CP6/2007 and HIN2 A/chicken/Saudi Arabia/CP7/1998. The
expression pattern of five different importin-a isoforms (Importin-al, -a3, -04, -a5 and —a7)
were investigated via RT-gPCR in TOCs of chickens, turkeys and ducks. For the investigation
of LPAIV subtype H6N8 and HON2on importin-a regulation in EE, we focused on isoform-al
and -o3 at 24 hpi in all three poultry species compared to virus-free embryos.

The findings in our studies provide basic information on the impact of LPAIV on the regulation
of importin-a and the variation between both strains. The results also highlight that species, age
and tissue have an influence on the importin-o expression pattern, which may subsequently

affect the pathogenesis.
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4.2.3. Materials and Methods

4.2.3.1. Embryonated Chicken, Turkey, and Duck Eggs

Specific pathogen free (SPF) embryonated chicken eggs as well as turkey and duck eggs or
egg-derived organ cultures were used to conduct the experiments. Eggs were either purchased
from VALO® Biomedia GmbH (Osterholz-Scharmbeck, Germany) or commercial hatcheries
Moorgut Kartzfehn (Turkey Breeder GmbH, Bdsel, Germany) and DuckTec (Duck Tec Breeder
GmbH, Bad Belzig, Germany).

4.2.3.2. Tracheal Organ Culture

20-day-old SPF-Ch, 26-day-old Tu and 26-day-old Du embryos were humanely sacrificed and
used for preparation of tracheal organ culture (TOC) following previously published procedures
(Cherry and Taylor-Robinson, 1970). After preparation, TOC’s were incubated in an overhead
shaker (Heidolph Instruments GmbH & Co. KG, Schwabach, Bavaria, Germany) at 37°C for
four days; then evaluated via an inverted microscope (Zeiss, Jena, Germany) for ciliary activity
(Cherry and Taylor-Robinson, 1970). Only tracheal rings with 100% ciliary activity were used
for the experiments and were randomly assigned to the different groups (inoculated and virus-

free control groups).

4.2.3.3. Low Pathogenic Avian Influenza A viruses

Low pathogenic avian Influenza A viruses subtype A/turkey/Canada/1963 (H6N8) (Tu/H6NS)
and Al/chicken/Saudi Arabia/CP7/1998 (H9N2) (Ch/HI9N2) (Petersen et al., 2012) were
propagated in 11-day-old embryonated SPF chicken eggs. The virus titer was calculated using
the plaque assay method as described previously (Gaush and Smith, 1968). Aliquots of the

propagated virus strains were stored at -80°C (Petersen et al., 2012).

4.2.3.4. Experimental Design

In our study, three experiments were conducted where we used TOCs or embryonated eggs at
14 days of embryonation of chickens and 21 days of embryonation from turkeys and ducks and
two varied LPAIV subtypes (H6N8 and HIN2) in each of the experiments.

In experiment 1, TOCs were used to investigate the mRNA expression pattern of importin-a
isoforms and possible regulation during LPAIV infection. We looked for possible differences

in importin-a. expression between the three selected poultry species. Tracheal rings were
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assigned to 3 groups (virus-free, HGN8 and HON2 inoculated) with n=5/group/timepoint. Virus
was diluted in PBS + 0.2% BSA. TOC inoculation was performed with a dose of 104
PFU/100ul/ring; inoculated TOCs were cultured one hour at 37°C. Control TOCs were cultured
in PBS + 0.2% BSA. Afterwards, 900ul 199 Hanks salts medium supplemented with 1% L-
glutamine, 1 % Penicillin-Streptomycin and 0,2% BSA was subsequently added. TOC’s were
incubated in an overhead shaker at 37°C. Five timepoints post virus-inoculation were selected:
Oh, 24h, 48h, 72h and 96h. For every timepoint 5 TOCs per species and LPAIV subtype and 5
virus-free control TOCs were collected and stored immediately in RNAlater at -80°C until RNA
isolation. All collected TOCs were processed for RNA isolation and subsequent RT-gPCR to
quantify the replication of Influenza A virus and to examine the mMRNA expression of importin-
a isoforms.

For experiment 2, EE of Ch, Tu and Du were used to investigate the mRNA expression pattern
of importin-a and possible regulation during LPAIV infection with either HON8 or HON2. We
only focused on Importin-al and -3 as these are the two most abundantly expressed isoforms
and on timepoint 24hpi. In preliminary experiments embryos, infected with LPAIV, started to
die after 24 hpi. Eggs from SPF chickens, turkeys and ducks were used at 14 days and 21 days
of embryonation, respectively. Embryos were assigned to 3 groups (virus-free, HGN8 and HON2
inoculated) with n=3/group/species and inoculated via allantois route with 104 PFU/100
ul/embryo of indicated LPAIV subtypes using a sterile needle (27G x %, Braun, Melsungen,
Germany) (Petersen et al., 2013). Eggs were sealed with glue and incubated at 37.8°C and 60%
humidity in an upright position. After 8, 16 and 24 hours post inoculation (hpi), eggs were
candled to check embryo mortality. At 24 hpi, embryos were humanely sacrificed. Samples
from trachea and lung were taken with separate sterile forceps and scissors and immediately
stored in RNAlater (Thermofisher Scientific, Waltham, USA) at -80°C until further use.
Collected tissues were processed for RNA isolation and subsequent RT-qPCR to quantify the
replication of Influenza A virus and to examine the mRNA expression of importin-a isoforms.
All experiments were repeated once. Summarized data from both repeated experiments are

presented.

4.2.3.5. RNA Isolation

The innuprep RNA Minikit 2.0 (Analytik Jena, Jena, Thuringia, Germany) was used according
to the manufacturer’s instructions to perform RNA isolation from TOCs, trachea and lung.

Samples were homogenized in the Precillys©24 (Peqglab Tissue Homogenizer Precillys©24,
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Erlangen, Bavaria, Germany). Concentration and purity of RNA were measured with the
DeNovix DS-11 Fx+ (DeNovix, Wilmington, USA) according to standard protocols. Isolated
RNA was stored at -80°C until further use.

4.2.3.6. mMRNA Expression Levels of Importin-a Isoforms via RT-qPCR

Samples of TOCs, trachea, and lung of chicken, turkey and duck embryos were investigated for
the expression pattern of importin-a isoforms. RTqPCR was conducted using the Luna
Universal RT-gPCR Kit (New England Biolabs GmbH, Frankfurt am Main, Germany) with the
following cycling program: one cycle at 55°C for 10 minutes and 95°C for one minute and 40
cycles at 95°C for 10 seconds and 60°C for 60 seconds. The QuantStudio3 Real-Time PCR
System (Applied Biosystem, Thermo Fisher Scientific, Dreieich, Hessen, Germany) was used
to analyse the amplification reactions. Samples were run in duplicates per reaction. Data are
presented as cycle threshold values in mean 40-CT £SD (CT = Cycle threshold, SD = Standard
deviation). Amplification results were normalized against housekeeping gene RPL13 (60S
ribosomal protein L13 for chickens and turkeys) (Mitra et al., 2016) or SDHA (Succinate

dehydrogenase complex subunit A for ducks) (Chapman et al., 2016) of the same sample.

Sequences of primers and probes used for the RT-qPCR of importin-a, RPL13 and SDHA were
taken from (Herbst et al., 2023). Sequences for primers and probes for the M gene of Influenza
A virus were taken from Spackman et al, 2002 (Spackman et al., 2002). Nucleotide sequences

of importin-a isoforms were obtained from the NCBI nucleotide database (Table 1).

Primers and probes which originated from sequences of Gallus Gallus were successfully tested
for their use in Meleagris Gallopavo and therefore applied to samples of both species. The
expected product size was amplified from RNA samples of chicken and turkey embryos and
homologies of predicted amino acid sequences confirmed by sequencing with homologies
between 97 % to 100 % between the two species (Data not shown).
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Table 1: GenBank Accession Numbers

Specificity GenBank Accession Numbers
Gallus Gallus
Importin-al NM_001006209.1,
Importin-a3 NM_001007963.1
Importin-a4 NM_001193575.1
Importin-a5 NM_001030774.1
Importin-a7 NM_001012841.2

Meleagris Gallopavo

Importin-al XM_010721516.3 PREDICTED
Importin-a3 XM_010716979.3 PREDICTED
Importin-a4 XM_010728794.3 PREDICTED
Importin-a5 XM_019618172.2 PREDICTED
Importin-a7 XM_010707435.2 PREDICTED

Anas Platyrhynchos

Importin-al XM_005012314.4 PREDICTED
Importin-a3 XM_027464723.1 PREDICTED
Importin-a4 XM_027471420.1 PREDICTED
Importin-a5 XM_027449713.1 PREDICTED
Importin-o7 XM_038167377.1 PREDICTED

4.2.3.7. Investigation on Influenza A Virus Replication via Quantitative RT-gPCR

Collected samples of TOCs, trachea, and lung of chicken, turkey and duck embryos were used
to confirm and compare the replication of Influenza A viruses. RT-qPCR was conducted using
the Luna Universal RT-gPCR Kit (New England Biolabs GmbH, Frankfurt am Main, Germany)
with the cycling program mentioned above. Samples were run in duplicates per sample. Data is
presented as cycle threshold values in mean 40-CT £SD (CT = Cycle threshold, SD = Standard

deviation).
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4.2.4. Statistical Analysis

Statistical analysis was performed using the software Statistix Version 10.0 (Analytical
Software, Tallahassee, Florida, USA). Normal distribution of data was tested with the Shapiro-
Wilk-Test. Data normally distributed was assessed by the two-sample t-test or by the one-way
analysis of variances (one-way ANOVA) with o = 0.05. Data not normally distributed was
evaluated with the Wilcoxon Rank Sum test or the Kruskal-Wallis all-pairwise comparison test
with a = 0.05. Differences were considered significant at p < 0.05.

Figures and graphs were created using GraphPad Prism 9 (Version 9.2.0, Graph-Pad Software,
LLC, San Diego, CA, USA).

4.2.5. Results

4.2.5.1. Experiment 1

4.2.5.1.1. Quantification of Influenza A Virus Replication in Tracheal Organ Cultures
Virus replication was detected for both LPAIVs in TOCs of embryonated eggs of all three
species (Figure 1). The viral loads were quantified by RT-qPCR. The levels of Influenza A
virus subtype H6N8 as well as subtype HIN2 increased from Oh to 24h post inoculation in
TOCs of all three poultry species. Virus levels for both subtypes did not further increase until
96hpi. Significant higher delta Ct values were observed for HGN8 compared to HON2 between
24hpi till 96hpi in TOCs of all investigated species (p < 0.05).
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Figure 1: Comparison of H6N8 (A) and HIN2 (B) replication by RT-gPCR in TOCs prepared from
embryonated chicken, turkey and duck eggs. Five rings per species and virus strain were collected at 0, 24, 48,
72, and 96 hours post inoculation (hpi) and processed for viral quantification. Data were normalized against
housekeeping genes RPL13 (chickens and turkeys) or SDHA (ducks) and are presented as Mean 40 — CT + SD.
Error bars show standard deviation (SD). Graphs represent summarized data of two independent experiments.
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4.2.5.1.2. Quantification of Importin-a mRNA Expression Levels in Tracheal Organ
Culture

The mRNA expression levels of five importin-a isoforms were quantified by RT-gPCR. TOCs
prepared from embryonated eggs of chickens, turkeys and ducks, inoculated with LPAIV
subtype H6N8 or subtype HON2 were used to investigate the impact of poultry species and virus

strain on importin-a expression pattern.

After infection with LPAIV the expression levels of importin-al showed slight variation
between virus-infected and control in ChTOCs for either virus and species within the
observation time period. While HGN8 had almost no effect on importin-al expression in virus-
inoculated ChTOCs, it induced in TuTOCs and DuTOCs variable up- and downregulation
compared to virus-free TOCs (Figure 2). HON2 induced some upregulation in TOCs in all three

investigated poultry species mostly after 48 hpi (Figure 2, p < 0.05).
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Figure 2: Comparison of importin-a1 mRNA expression levels after inoculation of TOCs from embryonated
eggs of chickens (A, D), turkeys (B, E) and ducks (C, F) with Influenza A virus subtype H6N8 and HINZ2.
Five rings/group/timepoint were inoculated with HGN8 (A-C) or HIN2 (D-F) and mRNA expression of importin-
al was investigated via RT-gPCR. Error bars show standard deviation (SD). Asterisks indicate significant
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differences between the mMRNA expression levels of the virus inoculated group and the virus free group at the same
time point, with two sample t-test (normal distributed) or Wilcoxon Rank Sum Test (not normal distributed) (p <
0.05). Graphs show summarized data of two independent experiments.

The importin-o3 expression was similar between H6N8 and HIN2 inoculated TOCs but
species-specific differences were detectable (Figure 3). While infections did not affect
importin-a3 levels in ChTOCs, significant upregulation was observed in TUTOCs from 438 till
96 hpi for HEN8 infected ones compared to virus-free controls and between 72 and 96 hpi for
TOCs inoculated with either virus. LPAIV-inoculated DuTOCs showed clear downregulation
between 48 and 72 hpi while only minor but significant downregulation was observed for HGN8

inoculated groups (Figure 3, p < 0.05).
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Figure 3: Comparison of importin-a3 mMRNA expression levels after inoculation of TOCs from embryonated
eggs of chickens (A, D), turkeys (B, E) and ducks (C, F) with Influenza A virus subtype H6N8 and HIN2.
Five rings/group/timepoint were inoculated with HGN8 (A-C) or HOIN2 (D-F) and mRNA expression of importin-
al was investigated via RT-qPCR. Error bars show standard deviation (SD). Asterisks indicate significant
differences between the mMRNA expression levels of the virus inoculated group and the virus free group at the same
time point, with two sample t-test (normal distributed) or Wilcoxon Rank Sum Test (not normal distributed) (p <
0.05). Graphs show summarized data of two independent experiments.
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Importin-o4 was downregulated in H6N8-inoculated TOCs of all three species while after
HI9NZ2-inoculation the expression pattern was variable (Figure 4). Importin-a4 downregulation
was most significant in H6N8-inoculated ChTOCs, but less clear in infected TuTOCs due to
high individual variation, and minor but significantly different in H6N8-positive DuTOCs
compared to virus-free one. HIN2 inoculation did not induce clear changes in Importin-a4
expression in chicken and turkey TOCs at most time points while significant downregulation
was detected at 48 and 72 hpi in duck TOCs (Figure 4, p < 0.05).
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Figure 4: Comparison of importin-a4 mRNA expression levels after inoculation of TOCs from embryonated
eggs of chickens (A, D), turkeys (B, E) and ducks (C, F) with Influenza A virus subtype H6N8 and HIN2.
Five rings/group/timepoint were inoculated with HGN8 (A-C) or HON2 (D-F) and mRNA expression of importin-
al was investigated via RT-gPCR. Error bars show standard deviation (SD). Asterisks indicate significant
differences between the mMRNA expression levels of the virus inoculated group and the virus free group at the same
time point, with two sample t-test (normal distributed) or Wilcoxon Rank Sum Test (not normal distributed) (p <
0.05). Graphs show summarized data of two independent experiments.
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H6N8 as well as HON2 induced only minor changes in the expression of Importin-a5 and
Importin-a7 in all three species. The clearest effect was seen in duck TOCs with downregulation

at 48 and 72 hpi d with HON2 (Figure 5 and Figure 6, p < 0.05).
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Figure 5: Comparison of importin-a5 mRNA expression levels after inoculation of TOCs from embryonated
eggs of chickens (A, D), turkeys (B, E) and ducks (C, F) with Influenza A virus subtype H6N8 and HON2.
Five rings/group/timepoint were inoculated with HGN8 (A-C) or HON2 (D-F) and mRNA expression of importin-
al was investigated via RT-qPCR. Error bars show standard deviation (SD). Asterisks indicate significant
differences between the mRNA expression levels of the virus inoculated group and the virus free group at the same
time point, with two sample t-test (normal distributed) or Wilcoxon Rank Sum Test (not normal distributed) (p <
0.05). Graphs show summarized data of two independent experiments.
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Figure 6: Comparison of importin-a7 mRNA expression levels after inoculation of TOCs from embryonated
eggs of chickens (A, D), turkeys (B, E) and ducks (C, F) with Influenza A virus subtype H6N8 and HIN2.
Five rings/group/timepoint were inoculated with HGN8 (A-C) or HON2 (D-F) and mRNA expression of importin-
al was investigated via RT-qPCR. Error bars show standard deviation (SD). Asterisks indicate significant
differences between the mMRNA expression levels of the virus inoculated group and the virus free group at the same
time point, with two sample t-test (normal distributed) or Wilcoxon Rank Sum Test (not normal distributed) (p <
0.05). Graphs show summarized data of two independent experiments.

4.2.5.2. Experiment 2

4.2.5.2.1. Quantification of Influenza A Virus Replication in an Embryo Infection Model
The virus replication and the mRNA expression levels of importin-al and -a3 were quantified
at 24 hpi by RT-gPCR in chicken, turkey and duck embryos, inoculated with Influenza A virus
subtypes H6N8 or HINZ2 via allantoic route. All embryos were still alive after 24 hours post
inoculation. Additionally, no pathological lesions were found during necropsy (Data not

shown).

Both LPAIV subtypes replicated in the embryos of all three species in trachea and lung.
Species-, subtype- and tissue-related differences were detectable. The overall viral loads were
higher for HGN8 compared to HIN2 in embryos of all three species independent of the target
tissue. In chicken embryos both influenza subtypes nearly reach the same virus level in trachea

as well as in lung tissue (Figure 7). In turkey embryos the virus detection level by RT-gPCR
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of LPAIV subtype H6N8 was significantly higher in trachea and lung tissue compared to
subtype HIN2. In ducks there was a similar trend, but the difference were not significant
between both virus subtypes in the trachea (p < 0.05). In the lung we detected significant higher
replication of LPAIV subtype H6N8 than subtype HON2 (Figure 7, p < 0.05).
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Figure 7: Comparative Quantification of viral loads by RT-gPCRYV in trachea and lung after infection of
embryonated eggs of chickens (A), turkeys (B) and ducks (C) with influenza virus A subtype HEN8 or HON2.
Embryos were inoculated via allantoic route at 14 days of embryonation (chickens) and 21 days of embryonation
(turkeys and ducks). Trachea and lung were investigated via RT qPCR at 24 hpi (n = 6/ species). Data were
normalized against housekeeping genes RPL13 (chickens and turkeys) or SDHA (ducks) and are presented as
Mean 40 - CT. Error bars show standard deviation (SD). Different letters indicate significant differences in viral
loads between influenza A subtypes within the same tissue and species with two sample t-test (normal distributed)
or Wilcoxon Rank Sum Test (not normal distributed) (p < 0.05). Graphs represent summarized data of two
independent experiments.

4.2.5.2.2. Quantification of Importin-a Expression Levels in an Embryo Infection Model
The mRNA expression levels of importin-al and -a3 were quantified by RT-gPCR in chicken,
turkey and duck embryos inoculated with Influenza A virus subtype H6N8 or subtype HIN2

via allantoic route.

Overall changes in importin-al and -3 expression after AIV were minor in embryos of all
three species at 24 hpi (Figure 8, p < 0.05). The trend of up- and downregulation was
comparable for importin-al and -03 independent of the tissue within the species but varied for
virus- and poultry species. The pattern was similar between chicken and turkey embryos with
mainly downregulation at 24hpi. Duck embryos showed some upregulation for importin-al for

both viruses while importin-a3 was only slightly upregulated after HON2 inoculation.
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Figure 8: Comparative quantification of mRNA expression of importin-al and —a3 with RT-qPCR in
trachea and lung tissue of chicken (A), turkeys (B) and duck (C) embryos after inoculation with influenza
virus A subtypes HEN8 or HON2. Embryos, at 14 days of embryonation (chickens) and 21 days of embryonation
(turkeys and ducks), respectively were inoculated via the allantoic route. mRNA expression of importin-a1 and -
a3 was investigated in trachea and lung tissues via RT-gPCR 24 hpi (hours post infection) (n = 6/species/subtype).
Error bars show standard deviation (SD). Asterisks indicate significant differences between the mRNA expression
levels of the virus inoculated group and the virus free group at the same time point, with two sample t-test (normal
distributed) or Wilcoxon Rank Sum Test (not normal distributed) (p < 0.05). Graphs show summarized data of
two independent experiments.

4.2.6. Discussion

The goal of our study was to determine the impact of AlV infection on the expression pattern
of five selected importin-a isoforms and to identify species-related differences by investigating
TOCs derived from chicken, turkey and duck embryos, infected with either LPAIV subtype
H6N8 or HON2. Additionally, we compared importin-a expression pattern in embryonated eggs
of the indicated species inoculated with the same LPAIV subtypes. In EE we focused on the
respiratory tract as this is the major LPAIV replication site. The expression pattern of importin-

al and -a3 were measured at 24 hpi.
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The results of our study showed that the mRNA expression pattern of importin-a were clearly
influenced in several ways depending on the poultry species, the LPAIV strain, the importin-a
isoform and the infection model, which was used.

Both LPAIV strains replicated successfully in TOCs as well as in EE of all three poultry species
as it was quantified by RT-qPCR (Petersen et al., 2012; Post et al., 2012; Post et al., 2013). The
levels of both strains increased to 24hpi with significant higher Ct values in the HENS8
inoculated groups in TOCs as well as in EE of all three species (p < 0.05). Virus levels for both
subtypes did not further increase until 96hpi. In ChE both LPAIVs showed similar levels in
trachea and lung, whereas the replication of HGN8 in TuE and DUE was significant higher in
the trachea (p < 0.05).

4.2.6.1. The Impact of LPAIV on Importin-al Regulation

Importin-al was differentially regulated between species and virus strains. Significant
upregulation were detectable in TuTOCs after 72 and 96 hpi and in DuTOCs after 24 hpi in the
HINZ2 inoculated group. DUE also showed upregulation of importin-al for both viruses whereas
minor regulation were detectable in TuE for both LPAIVs and tissues. Previous studies in mice
and human cells, infected with HPAIV H7N7, showed that Influenza viruses of avian and
human origin both depend on importin-al for their replication (Gabriel et al., 2011). Studies
about the distribution of importin-a isoforms in the respiratory tract of embryos and post-hatch
birds demonstrated that importin-al was the second most abundant isoform in avian species.
Compared to significant upregulation in TOCs of this isoform, we may speculate about possible
function during LPAIV replication (Herbst et al., 2023). Furthermore, importin-al is described
in infections with other pathogens such as Fowl Adenovirus infections to be involved in the
transport of fiber-protein into the nucleus and thus, it is required for virus replication in the host
(Huang et al., 2022).

4.2.6.2. The Impact of LPAIV on Importin-a3 Regulation

Importin-a3 was significantly upregulated in TuTOCs from 48 till 96 hpi for both LPAIV
strains (p < 0.05). ChTOC and DuTOC show slight variation in importin-a3 regulation. The
expression levels of this isoform showed minor regulation in EE of all three species 24 hpi. The
functions and roles of importin-oa3 during Influenza virus infections have already been studied

in mice and human and additionally in studies about interspecies transmission especially from
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birds to humans. Importin-a3 played a crucial role with a negative regulatory effect on the
polymerase activity of the Influenza A viruses of avian and human origin (Gabriel et al., 2011).
Defense mechanisms of the host against AlV result through an interplay of TNF-a-activated
NF-xB and importin-a3. Influenza viruses with an avian-like polymerase induce low levels of
TNF-o and thereby of NF-kB, leading to an upregulation of importin-a3 resulting in increased
antiviral gene transcription in the nucleus. On the other hand, high levels of TNF-o and NF-xB
lead to a downregulation of importin-a3 mMRNA expression levels and thereby to decreased
antiviral gene transcription (Thiele, S. et al., 2020). The consequences of reduced importin-o3
expression are inadequate antiviral immune responses of the infected host and thereby ongoing
infection. Significant upregulations of importin-a3 were only detectable in TuTOCs suggesting
that increasing levels of antiviral genes in the nucleus may lead to better prevention of this host.
But in the fields, turkeys are highly susceptible for AlV infections resulting in high mortalities
among this avian species which would refute the theory of better prevention due to upregulated
importin-a3 levels. We may speculate about different mechanisms of importin-a3 during AIV
infection in avian species compared to mammalian species. Comparing the expression of
importin-a3 in TuEE, we saw mainly upregulation of this isoform. Infections in complex entire

organisms may lead to a different course of infection than the infection in TOCs.

4.2.6.3. The Impact of LPAIV on Importin-a4 Regulation

The expression levels of importin-a4 showed the tendency of downregulation in all three
investigated species especially in the HGN8 inoculated group compared to virus-free TOCs.
Previous studies showed that importin-o4 as well as importin-a5 knock-out mice died after
infection with Influenza strain SC35M (which is a mouse adapted strain) (Gabriel et al., 2011).
We may speculate about only subordinate effect of these two importins with regard to protective

activities against Influenza virus in poultry species.

4.2.6.4. The Impact of LPAIV on Importin-a5 and Importin-a7 Regulation

The expression levels of importin-a5 and —a7 showed minor regulation on these isoforms. They
were mostly downregulated in all three species in the HGN8 as well as in the HON2 inoculated
group compared to virus-free TOCs. Duan et al (Duan, Z. et al., 2018; Duan, Z. Q. et al., 2023)
described inhibitory effects of importin-a5 in Newcastle disease infection by slowing down the

intake of the matrix protein into the nucleus and therefore the virus expression is inhibited.
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Effects of importin-a5 have not been described during AIV infections in avian species yet
suggesting redundancy of this isoform during AIV infection. In contrast to that, functions of
importin-a7 in mammalian species during AIV infection have been described in several studies
(Gabriel et al., 2011; Hudjetz and Gabriel, 2012; Resa-Infante et al., 2014; Resa-Infante et al.,
2019; Thiele, S. et al., 2020). A switch from importin-a7 to importin-a3 specificity was
described on avian-mammalian adaptation. As this isoform is also downregulated in avian
TOCs we may speculate that it may hold an immaterial role with minor effect during AIV

infection in avian species.

4.2.7. Conclusions

The findings in our studies provide basic information on the differential regulation of importin-
a expression after infection with two selected LPAIV strains between TOCs derived from
chicken, turkey and duck embryos as well as embryonated eggs of these species. As the impact
of the infection varied between importins and was additionally different between poultry
species and virus strains, we may suggest different involvement of importin-a in AIV
pathogenesis in poultry. The distribution of importin-o isoforms in avian species showed that
importin-al and -a3 are the most abundant isoforms in the respiratory tract of these species
(Bexter et al., 2023; Herbst et al., 2023). The TOCs that we used only represent a tool for local
examination of pathogens, in this case of the upper respiratory tract tissue with local reactions
of the immune system. An embryo, by contrast, is an entire organism which counteracts with
its immune system against the infection and because of that, it might be more effective in
interaction with the virus than TOCs are. Additionally, we only investigated the EE at 24 hpi
based on the highest virus replication in TOCs at this timepoint. We may speculate that LPAIV
infection might have a significant effect on the importin-a regulation in EE at later timepoints
post inoculation. Following studies should investigate the importin-a expression patterns after
infection with LPAIV at earlier and later timepoints in either EE or in vivo studies. Additionally
the examination of interferone-stimulated genes (ISG) such as IFIT 5 and ISG12 might also be
an interesting investigation to show possible participations and interplays of the immune system

and regulation of importin-a in avian species during LPAIV.
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Figure 9: Induction of ciliostasis after LPAIV H6N8 inoculation of TOCs prepared from chickens, turkeys
and ducks after inoculation with influenza A virus subtype H6N8. The daily average of ciliary activity in %
of ten TOCs/inoculated group and timepoint from one to eight days post inoculation (dpi) is shown. Error bars
show standard deviation (SD); letters designate significant differences between the different species at the same
time points after inoculation with Influenza A virus subtype HE6NS, p < 0.05 with Kruskal-Wallis all-pairwise
comparison test. Graphs represent summarized data of two independent experiments.
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Figure 10: Induction of ciliostasis after LPAIV HIN2 inoculation of TOCs prepared from chickens, turkeys
and ducks after inoculation with Influenza A virus subtype HIN2. The daily average of ciliary activity in %
of ten TOCs/inoculated group and timepoint from one to eight days post inoculation (dpi) is shown. Error bars
show standard deviation (SD); letters designate significant differences between the different species at the same
time points after inoculation with Influenza A virus subtype HEN8, p < 0.05 with Kruskal-Wallis all-pairwise
comparison test. Graphs represent summarized data of two independent experiments.
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Table 2: Primers and Probes for Importin-a, RPL13 and SDHA of Gallus Gallus and
Anas Platyrhynchos
Specificity Primer/Probe Sequence (5¢-3¢)
Gallus Gallus

Importin-al KPNA2 Forward CTGTGTGGGCTGTAACTAACTA
KPNA2 Probe CACAAGCGGTGGAACAATTGACCA
KPNAZ2 Reverse GCGGTAAGGAGATTCAGTAGAG

Importin-a3 KPNA4 Forward CCCTCATTTGGTTCCTCTTCTC
KPNA4 Probe CGCTGAGAGCGGTAGGAAACATTGT
KPNA4 Reverse GAACTACCTGTGTCTGCTCATC

Importin-o4 KPNA3 Forward GAGAACCACCGCATCAAGAG
KPNAS3 Probe AACTTCAAGAACAAAGGCCGCGAC
KPNA3 Reverse CGTTTTGTGCTTTGAAGTCAGC

Importin-a5 KPNAL1 Forward GAAGTCATAAGCACACCAGG
KPNAL Probe TGGTGGCAAGATTTGTGGAGTTCCT
KPNAL1 Reverse ATATTTGTCAGCACCCAGGC

Importin-a7 KPNAG6 Forward CGCTATTCTTCCTCCCTTGTT
KPNAG Probe CACGAAATGCTGTTTGGGCCTTGT
KPNAG Reverse ATTCAGGTGGTGGACTCTTTC

RPL13 RPL13 Forward GGA GGA GAA GAACTT CAAGGC

RPL13 Probe

RPL13 Reverse

CTTTGCCAGCCTGCGCATG

CCAAAGAGACGAGCGTTTG
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Anas Plathyrhynchos

Importin-al KPNAZ2 Forward CCTCTCAAACTTGTGTCGTA
KPNA2 Probe CAGATTCTTCCAACTCTCGTTCG
KPNAZ2 Reverse TCATTGGAGCCATCTGTTAG

Importin-a3 KPNA4 Forward CCGTAGTTCAATCTAATGCTG
KPNA4 Probe CTGTGTGGGCTTTAGGAAATATCA
KPNA4 Reverse TGGTTTCACTACTCCAAGAC

Importin-a4 KPNAS3 Forward AAGCTGCAAGAAAACTCCTA
KPNAS Probe CCAGTGACAGAAATCCACCTATTG
KPNA3 Reverse GCCTGATGCTATGTTAGTCA

Importin-a5 KPNAL1 Forward CTCCAGATTTTGCCAAGGTT
KPNAL Probe CTGGGCTTTGTCCTATTTGTCTG
KPNAL Reverse AGTCGTTGTGCATTAGCAG

Importin-a7 KPNAG6 Forward GATCAATGAAGATGCCTCCA
KPNAG Probe TCACAAGAGAGATGGTAGAGATGC
KPNAG Reverse TTGGAGGATTTGGCTCTTTG

SDHA SDHA Forward GACACAGTGAAAGGCTCCGA

SDHA Probe

SDHA Reverse

TGCCATACACTACATGACGGAGCA

CATCCCGTAATTCTCCAGCTCTATC

Primer and Probe Modification:

All importin-a isoforms: fluorescent reporter: FAM, quencher: BHQ-1

RPL13 and SDHA: fluorescent reporter: HEX, quencher: BHQ-
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5. Discussion

The nucleocytoplasmic pathways are well studied in eukaryotic cells today. They compromise
several components such as cargo receptors, the nuclear pore complex and the Ran system.
Importin-a is one of the key components, facilitating the transport of cargo proteins from the
cytoplasm to the nucleus via an energy- and signal depending mechanism (Pumroy and
Cingolani, 2015). It is known that several viruses utilize importin-a isoforms to circumvent the
host’s antiviral immune response by regulating importin-o. expression (Gabriel et al., 2011;
Duan, Z. et al., 2018; Thiele, S. et al., 2020). Due to its ability to infect a broad range of hosts
including humans, birds, pigs and horses, Influenza A virus is one of the most concerning
viruses using the importin-o. machinery, (Kuchipudi and Nissly, 2018; Skelton and Huber,
2022).

Infectious diseases, especially respiratory diseases, are a major threat to poultry farming
worldwide. Avian Influenza virus is one of the most relevant viral pathogens, still causing
significant economic losses. Therefore, there is an urgent need for better prevention and
intervention strategies against avian Influenza virus (AIV) infections in poultry species. But the
knowledge about distribution and expression pattern of importin-a in different poultry species
as well as the impact of low pathogenic avian influenza virus (LPAIV) infection on importin-a
expression is still scarce today (Gabriel et al., 2008; Gabriel et al., 2011; Thiele, S. et al., 2020;
Bexter et al., 2023; Herbst et al., 2023).

In the following, data, presented in the two enclosed manuscripts in this thesis, will be combined

and discussed together:

Manuscript I (Chapter 4.1) provides basic data and insights into the distribution and expression
pattern of importin-a isoforms in different poultry species in selected organs. In addition, age-,
tissue- and species-related differences among the importin-o isoforms are described.
Immunohistochemical staining was used to visualize the distribution of selected isoforms in

respiratory tract tissue of post-hatch chickens.

Our results highlight that importin-a3 is by far the most abundant isoform in nasal conchae,
trachea, lung, liver and spleen of chickens, turkeys and ducks. Importin-al is the second-most
abundant isoform. Moreover, importin-a is expressed as a gradient in the respiratory tract with
lowest levels in the conchae and highest levels in the lung. Expression levels of most importin-

a isoforms in chickens and turkeys were higher in tissues from post-hatch birds compared to
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corresponding embryos. Contrary, duck embryos mostly show higher mRNA expression levels
of importin-a than post-hatch birds. Immunohistochemical staining of nasal conchae, trachea
and lung tissue of chickens confirmed that importin-al, -a3 and -a4 are abundantly expressed

in epithelial cells, the cytoplasm and the nucleus of the cells.

Manuscript IT (Chapter 4.2) presents the impact of low pathogenic avian Influenza viruses on
importin-a expression levels in poultry species. Two different LPAIV subtypes (HO6N8 and
HI9N?2) were compared for their replication and effect on importin-a expression. Two infection
models (TOCs and embryonated eggs) in three selected poultry species were used and

similarities and differences in importin-o. expression pattern and virus replication were

described.

Our findings demonstrate significant upregulation of importin-al expression levels of more
than 2 folds in turkey TOCs (TuTOCsS) after 72 and 96 hours post inoculation (hpi) as well as
in duck TOCs (DuTOCs) at 48 hpi in the HON2 inoculated group. Significant upregulation of
importin-a3 is only shown in TuTOCs after 48, 72 and 96 hpi in the HONS§ as well as in the
HON?2 inoculated group with more than 2.5 folds. There are only minor changes of importin-a
expression in chicken TOCs (ChTOCs:). In the embryonated egg model, no significant changes
in expression levels in nasal conchae and lungs were detectable for importin-al and -a3 at 24
hpi for both LPAIV subtypes in all three poultry species. LPAIV replication also shows
differences in between both infection models: In TOCs the virus replication in all three poultry
species shows similar levels for both LPAIV subtypes. In embryonated eggs, we see the
tendency that LPAIV show the highest virus levels in chicken embryos (CE), whereas the virus
replication in duck embryos (DE) demonstrate lowest levels for both LPAIV subtypes.
Additionally, the virus levels of subtype H6N8 and HON2 are similar in trachea and lung of
chicken embryos (CE). Contrary, the H6NS8 levels in turkey embryos (TE) and DE are
significantly higher compared to HON2 in trachea as well as in lung (p < 0.05).

Overall, our findings highlight new insights into the expression pattern of importin-a in avian
species as well as the impact of LPAIV infection on these isoforms. To our knowledge, this is
the first study about the distribution of importin-a and their species-, tissue- and age-related
differences in poultry species. In addition, we reveal differences after LPAIV infection between
the virus subtypes, the species, the isoform and the infection model, showing a significant
impact on the expression of selected importin-a after inoculation mostly in samples from

turkeys.
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Difterences and possible reasons as well as speculation about functions and roles of importin-

a isoforms in poultry species will be discussed in the following.

5.1. The Distribution of Importin-a Isoforms varies between different
Poultry Species

5.1.1. Importin-a3 is the most abundant Isoform in the Respiratory Tract of Chickens,
Turkeys and Ducks

The quantification of importin-o mRNA expression levels was investigated by RT-qPCR and
immunohistochemical staining of importin-a positive cells was performed (Manuscript I). The
obtained data were reproducible between the experiments in manuscript I and II. Our results
about the distribution of importin-a isoforms are also comparable to previously published data
about importin-a in the respiratory tract of mice and human (Thiele, Swantje, 2013; Thiele, S.
etal., 2020). Importin-a3 was identified as the most abundant isoform in the upper respiratory
tract (URT included all parts from nasal conchae to the larynx) and the lower respiratory tract
(LRT with bronchi and alveoli) in both species (Gabriel et al., 2011; Hudjetz and Gabriel, 2012;
Thiele, S. et al., 2020). Interestingly, importin-a7 was the second most abundant isoform in
mice and humans in contrast to poultry species, where importin-o1 was identified as the second
most abundant isoform (Gabriel et al., 2011; Hudjetz and Gabriel, 2012; Thiele, S. et al., 2020)
(Manuscript I). It is known that importin-03 and importin-a7 as well as importin-al in humans
and mice are strongly associated with virus infections. To develop their pathogenic potential,
mouse-adapted Influenza virus strains depend on importin-a7 (Gabriel et al., 2011). Virus
infections with high viral titers of mouse-adapted SC35M in importin-a7 knockout mice were
mainly restricted to lung tissue whereas wild-type (WT) mice showed high virus titers in lung,
brain and liver, accentuating that this isoform plays a crucial proliferative role to develop the
full pathogenic potential of murine Influenza virus during infection (Gabriel et al., 2011).
Previous literature also investigated various avian and human Influenza virus strains for their
virus growth kinetics in importin-a silenced human lung cell cultures, showing that all used
Influenza virus strains depend on importin-al (Gabriel et al., 2011; Hudjetz and Gabriel, 2012;
Resa-Infante and Gabriel, 2013). In addition, avian and human strains required different
importin-a. isoforms for optimal virus growth. HPAIV with avian signatures in PB2
(701D/627E) depend on importin-al and -o03, whereas mammalian signatures in PB2
(70IN/627K) required importin-ol and -a7 (Resa-Infante and Gabriel, 2013). For full

pathogenic potential of Influenza virus during transmission from avian to human species, the
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importin-a dependency of the virus has to switch from importin-3 to importin-a7 (Gabriel et
al., 2011; Hudjetz and Gabriel, 2012; Resa-Infante and Gabriel, 2013). This is accomplished by
mutations in PB2 and NP, shifting the dependency from inhibitory importin-o3 to proliferative
importin-a7 (Gabriel et al., 2011). We may speculate that the higher expression levels of
importin-al, as the second most abundant isoform in poultry species, might play a crucial role
during the infection of avian species (Gabriel et al., 2011; Resa-Infante and Gabriel, 2013;
Thiele, S. et al., 2020). This assumption was underlined by significant upregulation of importin-
al and -a3 in TuTOCs after infection with LPAIV subtype H6N8 and HIN2, suggesting that
these isoforms take over important roles and might possess either activating or inhibitory effects
on LPAIV in avian species (Manuscript II).

Further literature also demonstrated the importance of different importin-a isoforms in other
viral infections. Studies about Fowl adenovirus infection in chickens also verified a crucial role
of importin-al. Fiber-1 protein, which is a structural protein of Fowl adenovirus serotype 4
(FAdV-4), possesses a classical NLS which is needed for successful nucleus entry. Importin-
al knockdown investigations revealed that the levels of F1 protein were reduced in the nucleus
and thus, led to significant decreased virus titer of FAdV-4 (Huang et al., 2022).

Another poultry virus using importin-a5, is the Newcastle disease virus (NDV) which belongs
to the family of Paramyxoviridae. The matrix protein of NDV interacted with importin-a5 by
binding of its NLS to the importin-o/B-heterodimer. Studies in chicken fibroblasts and SPF
chickens demonstrated negative regulation of importin-a5 towards the nuclear import of the M
protein and therefore also inhibitory effects on replication and pathogenicity of NDV (Duan, Z.
etal., 2018; Duan, Z. Q. et al., 2023).

Besides viruses, few bacteria were described using the importin-a transport machinery into the
nucleus. In severe cases of infection, the interaction with nuclear molecules may lead to
cytotoxicity (Lara-Tejero and Galan, 2000). The translocation of bacterial proteins carrying
NLS sequences into the nucleus of the host cells, was first described in E.coli (Cokol et al.,
2000). Other bacterias such as Klebsiella pneumoniae (Lee, J. C. et al., 2009), Salmonella
enterica (Haraga and Miller, 2003) and Acinetobacter baumannii (Choi et al., 2008) were also

predicted to carry the NLS found in E.coli.
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5.1.2. Immunohistochemical Staining show abundantly expressed Importin-al, -03 and -
a4 Isoforms in the Cyto- and Nucleoplasm in Cells of the Respiratory Tract in Chickens

While performing immunohistochemical staining, a problem occured: no commercial sold
primary antibodies for importin-a in poultry were available. Previous studies revealed that
importin-a isoforms, especially importin-a3 and -a4, were highly conserved across species
(Gabriel et al., 2011; Thiele, S. et al., 2020). The amino acid homologies of importin-a isoforms
in humans and chickens vary between 82 % (Importin-al) and 99 % (Importin-a3) (Gabriel et
al., 2011). The antibodies that we used were chosen based on studies from Thiele et al (Thiele,
Swantje, 2013; Thiele, S. et al., 2020) and were successfully used for staining of importin-a
isoforms in tissues of the human and murine respiratory tract. Thus, we expected cross-reactions
of antibodies against human and mouse importin-a with tissue of chickens. As primary antibody
we used, goat polyclonal antibodies directed against mouse and human importin-al (KPNA2)
importin-04 (KPNA3) and importin-a3 (KPNA4). Staining of importin-a5/-a7 was not
successful in chickens and turkeys. None of the antibodies used in this study showed any
staining in duck tissue. Phylogenetic analysis show that all three species belong to the class of
birds (Aves) but ducks belong to the order of Anseriformes and to the family of Anatidae
whereas chickens and turkeys belong to the order of Galliformes and the family of Phasianidae.
We may speculate that the larger phylogenetic distance of ducks to chickens and turkeys might
play a role why antibodies for immunohistochemical staining show no successful staining
results in ducks.

The distribution of importin-a isoforms in the respiratory tract of chickens was comparable with
the immunohistochemical staining results in respiratory tissue of humans and mice (Thiele, S.
et al., 2020), confirming that importin-a isoforms were ubiquitously spread in the cytoplasm
and nucleoplasm of the cells in the respiratory tract of chickens. We may speculate that this
distribution might also represent the function and role of the different importin-a isoforms in
the species. A representative example for this suggestion are the tissue-specific importin-a
isoforms -a6 and -a8, which are expressed in testis- and ovarian tissue, respectively. They
possess functions during reproduction, spermatogenesis and fertility (Hogarth et al., 2006;
Loveland etal., 2015; Nathaniel et al., 2022). Cells of the respiratory tract are the natural targets
for respiratory pathogens such as Influenza viruses. Ubiquitous spread of importin-a isoforms
in organs of the respiratory tract may contribute and represent their important functions during

respiratory virus infections for example as inhibitory isoforms, as transport factors for antiviral
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genes or even as proliferative factors (Gabriel et al., 2011; Resa-Infante and Gabriel, 2013;

Resa-Infante et al., 2014; Thiele, S. et al., 2020; Herbst et al., 2023) (Manuscript I and II).

5.1.3. Importin-a Expression is higher in post-hatch Chickens and Turkeys than in
corresponding Embryos, but not in Ducks

For investigation of age-related effects, we chose two different age-groups: embryos at one day
before hatch and post-hatch birds (42 day old chickens and ducks and 13 week old turkeys).
We hypothesize that the expression levels of importin-a isoforms are higher in post-hatch birds
than in embryos. We were able to confirm this hypothesis in chickens and turkeys but not in
ducks, where most of the importin-a isoforms showed higher expression levels in embryos
compared to the corresponding post-hatch birds (Manuscript I).

Age-associated changes in the nuclear import machinery components have been reported in
previous literature in human cells and mice (Pujol et al., 2002). Fibroblast cultures from young
(8-10 years), mature (37-40 years) and old (84-96 years) human donors showed age-related
decreases of transport factors importin-a, CAS, and also Ran. Importin-o was downregulated
with 6 to 8 folds in older individuals. Decreased levels of CAS were also detectable in kidney,
lung and spleen in old mice (18-20 months) in comparison to young ones (2 months old) (Pujol
etal., 2002). Unfortunately, investigations in embryos (shortly before birth) or newborn animals
were not performed. We may speculate that the levels of importin-a in embryos or newborn
show lower levels that might increase during maturation of the organism and development of
the immune system until their full potential. When the aging process begins, the levels decrease
again to save energy for those functions that are urgently needed for living processes (Pujol et

al., 2002).

In previous studies, gastric mucosal endothelial cells were isolated from rats of 3 months (young
group) and of 24 months (old group) and examined for their importin-o. expression. To
determine whether expression levels of importin-al and -03 decrease as a consequence of the
aging processes in the host, nRNA and the total protein of these isoforms were investigated by
RT-gPCR and Western blot, respectively. The old rats showed reduced importin-o expression
levels of 1.7-fold (-al) and 2.7 fold (-a3) in the gastric mucosal endothelial cells (Ahluwalia et
al., 2014).

Only few reports of importin-a levels and their development in organisms at embryonic stages

or shortly after birth were found in current literature. But it is known that importin-a isoforms
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possess important role during embryonic stem cell differentiation and brain development
(Importin-04) (Yasuhara and Yoneda, 2007a; Young et al., 2011) as well as specific functions
in reproduction and fertility where mutations could cause defects in the offspring (Importin-oa6
and —a8)(Hu et al., 2010; Nathaniel et al., 2022). Therefore we may speculate that importin-a
is associated with the innate immune system in the host. That may be an explanation why the

levels of importin-o increase during maturation processes.

5.1.4. Importin-o. Isoforms are expressed as a Gradient in the Respiratory Tract of
Chickens, Turkeys and Ducks

The findings in our study indicated that importin-a isoforms were expressed as a gradient in the
respiratory tract of chickens, turkeys and ducks with lowest levels in the nasal conchae and
highest levels in the lung (Manuscript I). These results were comparable to similar studies in
mammalian species (Thiele, S. et al., 2020). The results of these studies also demonstrated that
importin-a isoforms were abundantly expressed as a gradient in the respiratory tract of mice
and humans. By investigating different age-groups, we were able to show that the gradient of
importin-a expression is significant in the respiratory tract of post-hatch birds (p < 0.05).

The targets of respiratory pathogens, such as AIV, Mycoplasma spp. or Avian metapneumovirus
(AMPV) are cells of the respiratory tract. While AMPV primarily infect cells of the upper
respiratory tract leading to avian rhinotracheitis or swollen-head-syndrome (Bexter et al., 2023),
subtypes of HPAIV also infect the lower respiratory tract as well as other organs during a
systemic infection of the host (Chan et al., 2011). Higher levels of importin-a isoforms result
in more antiviral genes in the nucleus through an interplay with the immune system especially
with TNF-a and NF-kB (Gabriel et al., 2011; Thiele, S. et al., 2020). Due to this interplay the

virus replication might be limited in organs with high levels of importin-o.

In addition, we cannot prelude that importin-o isoforms might show different expression
patterns in other organs that we did not examined such as brain, kidney or intestinal tissue.
Especially intestinal tissue would have been interesting to investigate with regards to the LPAIV
infection studies in Manuscript II as the intestine includes target cells of LPAIV. Future
investigations on organs of other avian species or different chicken breeds such as laying hens
and broilers or slow-growing and fast-growing breeds might also be an interesting approach
with regard to their importin-o expression pattern and distribution. Investigations about
different susceptibilities due to expression pattern and distribution of importin-o isoforms might

also help to develop better intervention strategies against respiratory diseases in avian species.
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5.2. The Impact of LPAIV Infection on Importin-a Expression Pattern in
different Infection Models in Chickens, Turkeys and Ducks

5.2.1. LPAIV Infection results in significant Upregulation of Importin-al and -o3 in
TOCs of Turkeys and Ducks, but not in Chickens

LPAIV  strain A/turkey/Canada/1963 (H6N8) (Tu/H6N8) and A/chicken/Saudi
Arabia/CP7/1998 (HIN2) (Ch/HIN2) were used for infection of TOCs and embryonated eggs
(EE) of chickens, turkeys and ducks. These strains were chosen due to the fact that these two
subtypes are globally widespread in poultry flocks [32, 33]. Both strains also represent a
potential threat to human health and several infections have been reported [34, 35].

Studies in human and murine cell cultures with knock-out and silenced cells investigated the
role of importin-a (especially of importin-a3) during HPAIV infection (Gabriel et al., 2011;
Resa-Infante and Gabriel, 2013; Resa-Infante et al., 2014; Thiele, S. et al., 2020). Defence
mechanisms against influenza viruses were established through an interplay of TNF-a-activated
NF-«B (and their subunits p50 and p65) and importin-a3. NF-kB is a transcription factor which
is ubiquitously spread in all animal cell types and tissues and is activated by TNF-a. It is
involved in the regulation of the immune system, cell proliferation and apoptosis and
additionally functions as an antiviral gene expression activator. Levels of TNF-a expression are
strongly related to the Influenza virus polymerase signature PB2. In brief, different signatures
in the PB2 segment lead to different ways of induction of TNF-a. Avian-type signatures are
known to represent low-level TNF-a inducer meaning that they show low replication in
mammals (Thiele, S. et al., 2020). On the other hand, human-type signatures are high-level
TNF-a inducer leading to high replicative fitness and virulence of AIV in mammals (Thiele, S.
et al., 2020). The effect of HPAIVs with either avian-type (627E, 701D) or human-type (627K,
701N) polymerase signatures were compared regarding the effects on TNF-a activated NF-xB
and therefore on the regulation of expression pattern of importin-a3 (Thiele, S. et al., 2020).
The NF-kB subunits p50 and p65 are translocated into the nucleus by importin-a3, which
contains a binding site for NF-xB (Raskatov et al., 2012). The results of the studies show that
importin-a3 expression is affected by TNF-a activated NFkB in a dose-dependent way (Thiele,
S.etal., 2020). HPAIVs with an avian-type polymerase induced low levels of TNF-a expression
and thereby lead to an upregulation of importin-a3 resulting in high levels of NF-xB which are
transported into the nucleus where they induce increased antiviral gene transcription. On the

other hand, HPAIV with a human-type polymerase elicited high levels of TNF-a leading to a
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downregulation of importin-a3 mRNA expression levels and thereby to low NF-kB levels and
decreased antiviral gene transcription in the nucleus (Thiele, S. et al., 2020) (Figure 1). The
mechanisms behind these results are still unknown yet but the consequences of reduced
importin-a3 expression are surely inadequate antiviral immune responses of the infected host

and therefore ongoing infections.
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Figure 8: Impact of TNF-a activated NF-kB during HPAIV Infection with Avian-Type or either Human
Type PB2 Signature. Avian-type HPAIV induce low levels of TNF-a leading to upregulation of importin-a3. On
the contrary, high levels of TNF-a induced by human-type HPAI show down-regulation of importin-a3. Derived
from (Thiele, S. et al., 2020) and (Fagerlund et al., 2005).

Knowing that importin-al and -a3 are the most abundant isoforms in poultry species
(Manuscript I) we may speculate about their role during LPAIV infection. As we used LPAIV,
it may be speculated that a similar mechanism of TNF-a and NF-kB induction takes place in

tracheal organ cultures as a model of the avian upper respiratory tract. Our data support these
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speculations by showing significant upregulation of importin-o3 in TOCs of turkeys and ducks
(Thiele, S. et al., 2020; Herbst et al., 2023). In this case, low levels of TNF-a expression may
lead to this significant upregulation of importin-a3. The results of these studies accentuate our
results of an up-regulation of importin-a3 expression after LPAIV infection expecting an
important role of this isoform during AIV infection in avian species. Further studies should
elaborate on these results and investigate the expression of NF-kB during influenza virus
infection in avian species to find out more about the regulation mechanisms in importin-o
expression. For that, other genes of the immune system may be investigated via RT-qPCR with
isolated RNA from LPAIV infected TOCs of various poultry species. Other interesting genes of
the immune system are the interferon-stimulated genes (ISG). These genes are expressed after
stimulation with interferon and represent an antiviral response of the innate immune system of
the host. The role and involvement of IGS in poultry species during virus infections is not fully
understood yet (Kaiser et al., 2016; Li et al., 2022). IFITS and IGS12 are described in avian
species (Ranaware et al., 2016) and some studies detected high levels of both during in vivo
studies in intestinal and lung tissue of ducks infected with AIV (Vanderven et al., 2012). IFIT5
and ISG12 are upregulated by interferon type I and II and it is speculated that they restrict the
translation of viruses in the nucleus (Kaiser et al., 2016). Investigation on the isolated RNA in
TOC:s of various poultry species should be done to correlate virus replication, upregulation of
importin-a as well as possible upregulation of ISG such as IFIT5 or ISG 12. Previous studies
on mRNA expression of IFIT5 and ISG12 in Intestinal epithelial cells (IECs) infected with
LPAIV showed increased mRNA expression of both genes (Kaiser et al., 2016) expecting a
possible interplay of importin-a and ISGs.

5.2.2. Species show various Impact on the Expression Pattern of Importin-o during

LPAIV Infection in TOCs and embryonated Eggs of Chickens, Turkeys and Ducks

Comparing the levels of importin-a isoforms in all three species, we were able to show the
tendency that the expression levels of importin-a differ among poultry species (Manuscript [
and II). Focusing on importin-a3, as the most abundant expressed isoform in the lung, the
expression levels are lowest in post-hatch turkeys, whereas the highest levels can be seen in
post-hatch ducks. The tendency of highest importin-a expressions in ducks and lowest in
turkeys was detected for all investigated isoforms in all examined tissues (Manuscript I).

Differences in the regulation of importin-a in TOCs after infection with LPAIV were also
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detected. TuTOCs showed significant upregulation of importin-al and -a3 whereas chickens
only showed minor differences and slight variations (Manuscript II).

It may be speculated that the different expression levels of importin-a correlate with the various
susceptibilities of the avian species towards AIV. Importin-a isoforms play a crucial role with
a negative regulatory effect on the polymerase activity of Influenza virus of human and avian
origin [2, 3, 11, 13]. Chickens and turkeys are highly susceptible to AIV and often develop
severe symptoms with high mortality rates after infection with HPAIV [22-24], whereas ducks
are susceptible but show less severe symptoms or remain asymptomatic [25]. LPAIV infection

often remain asymptomatic in ducks as well as in chickens and turkeys.

Studies performing ciliostasis assays in TOCs of chickens, turkeys and ducks after infection
with LPAIV demonstrated that the induction of ciliostasis progressed faster in chickens and
turkeys than in ducks. We may speculate about higher susceptibility of turkeys to LPAIV strains

in contrast to low susceptibility of ducks (Petersen et al., 2013; Petersen et al., 2018).

As importin-a isoforms are strongly linked to cells of the immune system, we have to consider
differences in the immune system of avian species. Studies comparing the innate immune
systems of ducks and chickens with each other detected Retinoic acid inducible gene I (RIG-I)
as an intracellular receptor in ducks which is mainly triggered by RNA viruses. This receptor is
apparently absent in chickens and turkeys and this might contribute to their increased
susceptibility to influenza virus infections (Yoneyama et al., 2004; Barber et al., 2010; Barber
et al., 2013; Evseev and Magor, 2019). RIG-I is able to activate interferon type I through viral
induction and therefore, acts as a regulator of antiviral immunity (Yoneyama and Fujita, 2004;
Yoneyama et al., 2004). Previous literature also revealed roles of RIG-I in ducks during DNA
virus infections. /n vivo and in vitro studies in SPF ducklings as well as in duck embryo
fibroblasts (DEF) cells demonstrated that the Duck enteritis virus (DEV) activates RIG-I in
response to the DEV infection (Huo et al., 2019). Therefore, RIG-I restricted the spread of DEV

in the host.

5.2.3. The Impact of the Infection Model on Importin-a Expression Pattern and Virus
Replication

Comparing the results of virus replication and the expression pattern of importin-a after
infection with LPAIV in TOCs and embryonated eggs of chickens, turkeys and ducks, several

differences were noticeable (Manuscript II).
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This might be a result of different mechanisms of the immune system (discussed in detail above)
as the innate immune system of embryos might be in another developmental status as the

immune response in TOCs.

Another speculation about the differences might be seen in an interplay of different receptor
specificities and distribution in the respiratory tract. Previous studies showed different
distribution patterns of human and avian type sialic acid (Sia) receptors in the upper and lower
respiratory tract of water- and land-based poultry (Kimble et al., 2010). This might also be a
reason why the AIV replication differs between upper and lower respiratory tract and thus,
lower levels of the virus were measured in the lung compared to the trachea. Waterfowl show
predominantly 02,3 Sia in the trachea and lung but a low density of 02,6 Sia whereas turkeys

have both receptors in equal quantities in trachea, lung and intestine (Kimble et al., 2010)
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6. Conclusions and Future Perspectives

Our findings provide the basis for further studies with respect to the role of avian importin-a

isoforms in virus infections between different avian species as well as in transmission between

avian and mammalian species. They might help to find strategies in the future to improve the

treatment and reduce the incidence of Influenza infections. This is also a great goal and effort

regarding the One Health Concept due to the zoonotic potential of AIV.

Additionally new questions arise for further studies:

In vivo studies might provide more insights into the role of importin-o during LPAIV in
susceptible avian species. Especially the responses of the acquired immune system and
possible interplay with importin-o. might be of interest. Systemic infection with AIV
may be studied in different animal experiments to expand the knowledge about
importin-a in avian species. Investigation on the interplay of importin-a in different
organs as well as possible local and systemic immune responses might be a further step
as these correlations have not been examined in avian species yet.

Knock-out experiments with avian cell cultures, treated with si-RNA to silence the
different importin-o isoforms might be a future option to verify the assumptions we
made comparing our results with the knock-out results from other valuable research
works in mammalian cells (Thiele, S. et al., 2020). Importin-o. knock-out mice show
high mortality rates after infection with HPAIV pointing out a crucial role for importin-
a. It might be interesting to compare these results with results in knock-out birds.
Studies on importin-o. dependency in avian species during Influenza infections may
expand the knowledge about possible switches in importin-a specificity from one
isoform to another as described in humans in avian-mammalian adaption. Further
studies are needed to contribute or refute the speculation about an importin-a switch and
dependency in avian species during Influenza virus infections.

It might also be interesting to gain results in importin-a expression of older adult birds
(one year or older) and compare them with the results from our study to show and
confirm the development of age effect. It may be interesting to know if importin-o
expression levels decrease or not. In addition, other organs should be examined for their
importin-a.  distribution, especially intestinal tissue would be interesting during

infections as these are one of the target cells of LPAIVs.
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Investigation of TNF-a and NF-kB in poultry species by RT-qPCR during LPAIV and
HPAIV infection may be considered for future studies. TNF-a activated NF-«B leads to
regulation of importin-a3 during Influenza virus infection in a concentration-dependent
way. High levels of TNF-a result in downregulation of importin-a3 and therefore to low
levels of antiviral genes in the nucleus. This mechanism leads to ongoing Influenza
infection in the host (Gabriel et al., 2005; Thiele, S. et al., 2020).

Other interesting genes for further studies and investigations of the avian immune
system during AIV infection are the interferon-stimulated genes (ISG). High levels of
IFITS and ISG12 were described in lung tissue of ducks during AIV infections.
Investigations on the expression patterns of ISG and possible correlation with importin-
a regulation should be examined in avian species such as chickens, turkeys and ducks
to find out possible functions between virus replication and changes in regulation of

importin-a and ISGs. Hypothesis about an interplay could be approved or refuted.
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