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1 Introduction 

1.1 Pandemic outbreaks – From the reservoir hosts to spillover 

infection to interhuman transmissions 

A pandemic is characterized by the rapid and locally unlimited spread of an infectious disease 

in the human population, often without any pre-existing immunity in respective individuals and 

without available counteracting treatments. In total, the known pandemics from the past were 

responsible for hundreds of millions of diseased people and up to millions of human deaths 

(Piret and Boivin 2020). Recent investigations by researchers led to the conclusion that the 

world’s first pandemic already might have occurred between 6.000 and 5.000 before present 

(BP), initiated by Yersinia pestis (Bouvenot et al. 2021), a bacterium transmitted by fleas 

(Rascovan et al. 2019). The ability for an animal-to-human interspecies transmission classifies 

the respective pathogen as being zoonotic (ZOONOSES 1951). All pathogens, naturally 

circulate in specific so called reservoir hosts (Mandl et al. 2014). Reservoir hosts are 

characterized by exhibiting disease tolerance to the replication of a specific pathogen, while 

simultaneously limiting structural and functional host responses independent of the respective 

pathogen load (Soares et al. 2017).  

 

Figure 1: From Spillover to pandemic 
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Possible chain reaction following a zoonotic pathogen spillover infection to humans, 
subsequently leading to a pandemic A Numerous animal groups can serve as reservoir for 
different virus families and may finally cause a spillover infection to humans (Mandl et al. 
2014; Ellwanger and Chies 2021). B In turn, the exposed person might get ill and may spread 
the zoonotic virus to further human contacts, a prerequisite for the establishment of a pandemic 
(WHO 2009). C The globalized world enables rapid traffic and travel of also potentially 
infected humans over the globe in a relatively short amount of time (Morens and Fauci 2020; 
Bickley et al. 2021). D The infected person carries the virus all over the globe and exposed 
contacts get infected via efficient transmission of the pathogen, finally causing a pandemic. 
Created with Biorender. 

When a zoonotic pathogen that is generally circulating in a specific reservoir host population 

gets transmitted to a new host species, this event is considered to be a spillover infection (Fig. 

1A+B) (Ellwanger and Chies 2021). There are multiple potential transmission routes of an 

infectious agent, either directly or indirectly (Louten 2016). Direct transmission involves 

physical contact of the new host with e.g. body tissues or fluids of the infected host. Afterwards, 

the pathogen finally enters the contact host over the mucosal epithelium or open skin lesions, 

in case of the latter for example by animal bites or scratches (Louten 2016). Examples for 

pathogens transmitted via the direct route include for example the human immunodeficiency 

virus (HIV) or hepatitis B virus (HBV) (Shaw and Hunter 2012; Hussein et al. 2022). Direct 

transmission can also occur via respiratory droplets (> 5 µm) as a consequence of coughing, 

sneezing or even talking and is differentiated from aerosol transmission as these droplets rapidly 

fall to the ground (Kutter et al. 2018). The respiratory syncytial virus (RSV) is a prominent 

example for virus transmission via droplet spread (Kutter et al. 2021b).  

Indirect transmission can be achieved via aerosols, vectors or vehicles. Aerosol transmission is 

achieved mainly by respiratory viruses, for example influenza A viruses (IAVs) or 

coronaviruses (CoVs) (Lindsley et al. 2016; Prather et al. 2020), which infect their interaction 

partners mainly over a greater distance via small respiratory droplets (< 5 µm) that can remain 

infectious in the air for a long time (Louten 2016; Kutter et al. 2021b; Kutter et al. 2021a). 

Remarkably, it was recently shown that droplets up to a size of 100 µm can sustain in the air 

for about five seconds at a height of one and a half meters, questioning the current classification 

of droplet sizes in aerosols (Wang et al. 2021). Indirect transmission via the vector route is 

established inter alia by animals that can carry the pathogen mechanically from the infected 

host to the new host (Borremans et al. 2019; Viglietta et al. 2021). For example, human 

infections with dengue- (DENV), yellow fever- (YFV) or zika-virus (ZIKV) are primarily 

accomplished by the mosquito Aedes aegypti as arthropodal vectors, transferring the pathogen 

from source to recipient (Souza-Neto et al. 2018). Additionally, such vectors can also serve as 

so called “mixing vessel”, providing a platform for viral recombination events if this host gets 
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simultaneously infected with two related viruses as it can be seen for pigs and IAVs (Ma et al. 

2008; He et al. 2018; Sun et al. 2022). The third route of indirect pathogen transmission 

encompasses vehicles, such as food or fomites. For example, the hepatitis A virus (HAV), as 

well as several noroviruses are able to infect a new host via consumption of contaminated food 

(Randazzo and Sánchez 2020; Elviss et al. 2022). In addition to foodborne transmission, 

humans or animals can also be infected through contact with inanimate surfaces harboring e.g. 

noroviruses (Overbey et al. 2021).  

Importantly, virus spillover from the source host to the final host can also occur via so called 

intermediate hosts, as it is likely to have happened with the severe acute respiratory syndrome 

coronavirus (SARS-CoV) back in 2002/2003 (Cui et al. 2019). The probable origin and 

coherences of SARS-CoV spillover to humans will be addressed in detail in 1.4.1. In brief, it is 

hypothesized that SARS-CoV originated through recombination of multiple SARS-CoV-

related coronaviruses in horseshoe bats as natural reservoir and subsequently accomplished a 

spillover to palm civets and raccoon dogs as intermediate host at a Chinese market (Kan et al. 

2005; Lau et al. 2005; Li et al. 2005; Song et al. 2005; Cui et al. 2019). In turn, the virus 

underwent further genetic adaptation in these intermediate hosts, which enabled the jump to 

humans and caused the SARS-CoV epidemic (Hu et al. 2017; Cui et al. 2019). This scenario 

highlights the important role of intermediate hosts in the emergence of zoonotic viruses and 

that some viruses need this intermediate host for further viral adaptation, which can in turn 

facilitate the spillover to humans. 

There are multiple important factors that can positively influence the chance of a successful 

spillover event and further adaptation to the new host: Firstly, a high percentage of phylogenetic 

similarities between two viruses can facilitate recombination during a simultaneous host 

infection, potentially resulting in more virulent and/or transmissive strains, possibly also with 

an extended host range. These scenarios had already been observed especially with IAVs, but 

also other viruses, such as middle east respiratory syndrome coronavirus (MERS-CoV) or 

SARS-CoV-2 (Smith et al. 2009; Xiao et al. 2016; Schroeder et al. 2021; Arora et al. 2022). 

Secondly, environmental changes can increase the risk for a successful spillover of a zoonotic 

pathogen. These changes encompass inter alia an intensified agriculture, or environmental 

factors that directly affect the immune system of hosts inhabiting this specific environmental 

area (Gibb et al. 2020; Becker et al. 2020; Eby et al. 2022; Hill et al. 2022). In line with that, 

the interaction frequencies between source and recipient host are increasing (Grange et al. 2021; 

Eby et al. 2022). Lastly, virus adaptation by the acquisition of nucleotide substitutions in their 

genome can also promote virulence and transmission efficiency, but most importantly also 
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contribute to a broader viral host range (Lin et al. 2019; Shuai et al. 2021; Zhou et al. 2021; 

Scheibner et al. 2023). This may in turn facilitate the spillover of a zoonotic pathogen from an 

animal reservoir to humans. According to the “WHO pandemic alert system”, a high risk for an 

emerging pandemic exists in case the pathogen finally is also competent to induce human to 

human transmission events (Fig. 1C) (WHO 2009). The globalization, which includes 

increasing possibilities for humans to travel around the globe, massively facilitates the swift 

dissemination of (human-adapted) zoonotic pathogens, eventually leading to a pandemic (Fig. 

1D) (Morens and Fauci 2020; Bickley et al. 2021).  

1.2 Animal-to-human interface as zoonotic risk factor 

On the 15th of November 2022, the United Nations (UN) were celebrating the “Day of 8 

Billion”, meaning at this date the UN estimates the overall global human population to have 

reached the milestone of 8 Billion inhabitants (Graham 2022; United Nations 2022). Since the 

overall human population is still growing, but our planet only has limited space, it becomes 

obvious that the natural habitat of all animals is narrowed down by humans invading more and 

more earlier undisturbed environments (Graham et al. 2008; Reperant and M E Osterhaus 2013; 

Magouras et al. 2020). However, demographics and urbanization are only one small part of 

many anthropogenic factors massively promoting the animal-to-human interface, which further 

include domestic food production and trading, as well as migratory movements (Magouras et 

al. 2020). Now, as the animal-to-human interfaces are continuing to increase, the risk for 

zoonotic diseases accomplishing spillover infections from an animal reservoir host to humans 

is becoming greater and greater  (Grange et al. 2021). Highly prominent reservoir hosts, which 

were responsible for several spillover infections of zoonotic viruses leading to severe outbreaks, 

are especially diverse bat species. 
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1.2.1 Bats – the perfect home for zoonotic viruses 

 

Figure 2: Distribution of bats and their corresponding zoonotic viruses 

Adapted from Luis et al. 2015 under the creative commons license CC BY-NC 4.0. Distribution 
of bat species in comparison to the amount of zoonotic bat-borne viruses detected over the 
globe.  

Bats belong to the class Mammalia in the order Chiroptera, with different subclades being 

distributed in specific areas all over the globe (Fig. 2) (Burgin et al. 2018). They provide 

multiple characteristic traits that qualify them as the perfect reservoir host for viruses. Many of 

these bat viruses can be classified as zoonotic and human infections with a variety of these bat-

borne viruses have been confirmed. Examples for such viruses encompass ebola virus (EBOV) 

(Leroy et al. 2005), marburg virus (MARV) (Towner et al. 2009), lyssaviruses (Streicker et al. 

2010), MERS-CoV (Zaki et al. 2012) and SARS-CoV (Fig. 2) (Lau et al. 2005).  Importantly, 
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the exact progenitor of most viruses causing human outbreaks is not known, so that the 

knowledge of their origin is limited to close relatives, as demonstrated for SARS-CoV-2 (Zhou 

et al. 2020; Pekar et al. 2022). In this case, the closest relative was RaTG13, a coronavirus 

originating from bats, again highlighting the role of bats as a prominent reservoir host for 

zoonotic viruses (Zhou et al. 2020).  

Bats have wings of up to two meters span range, allowing especially migratory bat species to 

travel many hundreds of miles while potentially carrying pathogens from one place to another 

(Calisher et al. 2006). A regular exchange of harmless, but also harmful zoonotic viruses 

between migratory and resident bat species is therefore highly conceivable and allows rapid 

and transnational distribution of these viruses (Blackwood et al. 2013). Importantly, bats are 

crepuscular animals that can downregulate their core temperature to up to 10 °C during the day, 

an ability called torpor (Geiser and Stawski 2011). Additionally, these animals perform 

hibernation, a more drastic process leading to even higher deceleration of their individual 

metabolism during the winter period (McGuire et al. 2022). Both abilities, torpor and 

hibernation, are thought to favor persistence of a huge variety of viruses without causing disease 

in these animals (George et al. 2011; Subudhi et al. 2017). Disease tolerance against pathogens 

is highly prominent in bats, which showcase their individual species-dependent disease 

tolerance mechanism by either limiting pathogen replication or restricting their host immune 

responses against a specific pathogen to a non-severe pathological threshold (Mandl et al. 

2018). The metabolic regulation in bats also contributes to their long-life span of up to 35 years 

in some species (Wilkinson and Adams 2019; Gorbunova et al. 2020), which in turn has an 

enormous impact on the basic reproduction number (R0) of one individual virus-carrying bat 

(Calisher et al. 2006). Importantly, this does not only include other bat populations, but also 

other species, such as humans. These events become more and more likely to happen, since the 

animal-to-human interface, including the bat-to-human interface (Anti et al. 2015; Cappelle et 

al. 2020), is becoming more tightened and probable, thus facilitating spillover infection of 

zoonotic viruses from bats to humans. For example, several studies demonstrated recently that 

Ebola-outbreaks in Africa might be based on a spillover-infection from fruit bats (Leroy et al. 

2005; Marí Saéz et al. 2015; Olivero et al. 2020), which is hypothesized to be a reservoir host 

of this virus (Leroy et al. 2005). It was shown that human behavior massively increases bat-

human contacts and therefore the possibility of cross-species spillover events. Examples for 

this circumstance involve bushmeat consumption and hunting, but also agricultural 

performance, as fruit bats adapt to and profit by looting from newly available human-cultivated 

food stocks (Kamins et al. 2011; Centeno-Cuadros et al. 2017). 
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1.3 Bats as reservoir hosts for influenza A viruses 

1.3.1 Discovery of influenza A viruses originating from bat species 

IAVs are enveloped, have a negative-sense orientated single-stranded RNA and belong to the 

Orthomyxoviridae family. There are multiple different IAV subtypes, determined by the 

variable expression of their cell surface proteins hemagglutinin (HA) with 18 subtypes (H1-

H18) and neuraminidase (NA) with 11 subtypes (N1-N11) (Taubenberger and Morens 2010; 

Tong et al. 2012; Tong et al. 2013; Kandeil et al. 2019). Diverse combinations of HA and NA 

reveal distinct subtypes with specific pathogenicity and viral host range characteristics. For a 

long time, bats were not taken into consideration as reservoir host for IAVs. Surprisingly, the 

identification of H17N10 in little yellow-shouldered bats (Sturnira lilium) and H18N11 in flat-

faced fruit bats (Artibeus planirostris) in South America suggested that IAVs might be far more 

distributed in the order Chiroptera than it was assumed before (Tong et al. 2012; Tong et al. 

2013). Importantly, the H17N10 and H18N11 IAV subtypes are solely found in bats to date, 

while subtypes of H1-H16 and N1-N9 are believed to generally circulate in wild waterfowl as 

natural reservoir host (Olsen et al. 2006). Apart from H17N10 and H18N11, sera from 30 out 

of 100 sampled frugivorous bats (Eidolon helvum) in Ghana showed seropositivity to the avian 

H9 hemagglutinin subtype (Freidl et al. 2015). These findings presumed the circulation of an 

H9-influenza A virus in African bats and indeed, another IAV of bat-origin was finally 

discovered in Old World Egyptian fruit bats (Rousettus aegyptiacus) in Egypt in 2019 (Kandeil 

et al. 2019) and was thereafter classified as bat H9N2. Additionally, more sequences from the 

bat-borne H9N2 virus originating from Egyptian fruit bats in South Africa were recently 

published (Rademan et al. 2023), assuming that this bat H9N2 virus is distributed at least over 

the whole African continent.  



1 Introduction 1 
 

- 8 - 
 

 

Figure 3: Genetic similarities between bat- and avian influenza A viruses 

A Examination of phylogenetic gene segment divergence was accomplished by comparing 
nucleotide sequences of avian and bat IAVs using a SuperNetwork (Huson and Bryant 2006). 
Internal avian IAV segments reveal high phylogenetic similarities (blue circle), while Old-
World bat H9 and N2 segments, as well as New-World bat-H17/H18 and N10/N11 segments 
are phylogenetically more diverse to avian IAVs. Importantly, Old World bat segments H9 and 
N2 demonstrate higher genetical identity to avian IAVs than to New World bat IAV HA and 
NA segments. B Time-calibrated phylogeny of avian and bat-PB1 segments. New World bat 
PB1 disseminated from avian PB1 around 650 years ago, while Old World bat PB1 
disseminated around 300 years ago. C Time-calibrated phylogeny of HA, demonstrating 
phylogenetically younger dissemination of the bat H9 from avian HA segments, indicative of 
recent recombination events between an Old World bat IAV and avian IAVs. Adapted from 
Ciminski et al. 2020 under the Creative Common License CC BY 4.0. 

Interestingly, phylogenetic comparison of all gene segments from the Old World bat H9N2 IAV 

demonstrated only little similarities to the New World bat IAVs H17N10 and H18N11, but 

rather high sequence consensus with avian-origin IAVs of subtype H9N2 (Fig. 3A) (Kandeil et 

al. 2019; Ciminski et al. 2020). A following deep sequence analysis of the evolutionary 

background exposed a lineage separation of H17N10 and H18N11 from all other IAVs between 

the 13th and 14th century (Fig. 3B) (Ciminski et al. 2020). In contrast, lineage separation of 

internal segments from the Old World bat IAV could be backdated to around the 17th century 
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(Fig. 3C). However, sequence comparison of the Old World bat IAV HA and NA even shows 

high similarities to only around 100 years old sequences of avian H9-hemagglutinins and N2-

neuraminidases, leading to its classification as subtype bat H9N2 (Fig. 3C) (Ciminski et al. 

2020). The composition of the bat H9N2 viral genome may therefore likely be a result of so 

called recent recombination events between avian IAVs and an ancestral Old World bat flu 

virus. 

1.3.2 General structure and function of influenza A viruses 

All influenza A viruses contain a segmented genome of 8 individual parts, coding for specific 

proteins including polymerase basic protein 1 (PB1), PB2, polymerase (PA), HA, 

Nucleoprotein (NP), NA, matrix protein (consisting of M1 and M2) and non-structural protein 

1 (NS1) (Fig. 4) (Shaw et al. 2008; Chauhan and Gordon 2022). The segmented genome 

facilitates recombination events between two IAV strains during simultaneous infection of a 

host in terms of so called reassortment processes, which involves the exchange of gene 

segments between the different IAV strains and could result in antigenic shifts (Ganti et al. 

2021; Marshall et al. 2013). These events finally lead to the emergence of new IAV subtypes 

that may differ in terms of virulence, antigenicity, transmissive fitness and host range (Mostafa 

et al. 2020; Sun et al. 2020). 

 

Figure 4: Structure of an influenza A virus virion 

The enveloped influenza A virus harbors a single stranded RNA-genome of negative polarity 
that is distributed in 8 gene segments. These gene segments are coding for the different viral 
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proteins HA, NA, M (divided in M1 and M2 subunits), NP (incl. NEP), PB1, PB2 and PA and 
NS. The gene segments are organized in a vRNP-complex, consisting of the viral RNA attached 
to several NP-proteins, as well as an RdRP-complex including PB1, PB2 and PA. The M1 and 
M2-subunits are responsible for vRNP-release into the host cell cytoplasm. Additionally, new 
virion assembly and capsid formation, as well as stabilization of the virus structure is mediated 
also by the M-protein subunits M1 and M2, respectively. The cell surface proteins HA and NA 
are important for virus attachment, entry and virion release. NS1, not part of the virion structure, 
is mainly important to fight against antiviral host immune responses upon IAV infection. 

Each viral RNA (vRNA) coding for the respective proteins is assembled to NP-proteins, as well 

as a heterotrimeric RNA dependent RNA Polymerase (RdRp)-complex consisting of PB1, PB2 

and PA, making up one out of eight viral ribonucleoproteins (vRNPs) (Fig. 4) (Eisfeld et al. 

2014). HA, NA and M2 are transmembrane proteins embedded in the lipid envelope of the 

virion (Fig. 4) (Chlanda and Zimmerberg 2016). HA is essential for binding of the viral particle 

to the appropriate receptors on the host cell surface, thereby initiating virus-cell fusion and entry 

(Böttcher-Friebertshäuser et al. 2014). Avian IAVs prefer binding to α2,3 sialic acid receptors  

through HA to mediate these fusion processes (Dou et al. 2018). However, it was also 

demonstrated that some avian IAVs can also use the α2,6 sialic acid receptor for viral entry, 

which is normally preferred by mammalian IAVs (Walther et al. 2013; Dou et al. 2018; Xu et 

al. 2022). The virus can afterwards be taken up by the host cell for example via clathrin-

dependent endocytosis (Sieczkarski and Whittaker 2002). The virus subsequently is trafficked 

to the endosome, which is characterized by a low pH enabling the activation of the proton 

channel activity of the M2-subunit, as well as the release of the vRNPs from its interaction with 

M1 (Manzoor et al. 2017; Dou et al. 2018). Acidification of the virion interior by M2 finally 

leads to the exposure of the HA-fusion peptide, following its insertion into the endosomal 

membrane, thereby enabling vRNP release into the cytoplasm (Manzoor et al. 2017). 

Simultaneously, the mission of the NS1 relies in counteracting the antiviral responses of the 

host by modulating its immune response against IAV infection (Gao et al. 2012; Feng et al. 

2017; Sha et al. 2020). Each vRNP contains a nuclear import signal peptide, which enables their 

transport into the nucleus of the host cell after entry (Samji 2009). Transcription of viral genes 

is subsequently initiated by the viral RdRp-complex in the nucleus (Stubbs and te Velthuis 

2014). The resulting mRNA products still connected to RdRp-complex are finally exported 

from the nucleus through an interaction between NP, NEP and M1 with the cellular 

Chromosomal Region Maintenance 1 (CRM1) protein, allowing viral protein translation in the 

cytoplasm (Elton et al. 2001; Akarsu et al. 2003; Eisfeld et al. 2014). In addition to mRNA 

transcription, the negative sense vRNA is further transcribed into complementary RNA of 

positive polarity, allowing the production of new negative sense vRNAs (York et al. 2013). 
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Freshly translated NP, PA, PB1 and PB2 are first transported back into the nucleus to form 

vRNPs with newly synthesized vRNA, while translated HA, NA and M are transported to the 

apical site of the plasma membrane (Dou et al. 2018). Here, assembly and capsid formation are 

mediated by the viral M1-protein subunits initiating a helical layer arrangement, while 

simultaneously interacting with the lipid envelope and the mRNA (Noton et al. 2007). 

Accordingly, the M2-protein functions as a proton-channel, thereby allowing lowering of the 

interior virion pH, which prevents dissociation of vRNPs from M1 (Pinto and Lamb 2006). 

Importantly, virus assembly is strongly dependent on particular packaging signals that may 

differ between specific IAV subtypes and thus determine the reassortment potential (Gerber et 

al. 2014). Although there are some publications assigning NA a role in the host cell entry 

processes (Matrosovich et al. 2004; Cohen et al. 2013; Vries et al. 2019), the main function of 

NA from avian IAVs relies in progeny virion release from the infected host cell. In this process, 

the NA-protein of avian IAVs mediates catalytical cleavage of host cell sialic acid residues 

connected to the viral HA-glycoprotein on the progenitor virion surface, thereby allowing 

budding of new viral particles (Palese et al. 1974; McAuley et al. 2019). All different avian 

IAV-subtypes further divide up into low pathogenic (LP) and highly pathogenic (HP) IAVs, 

albeit it is noteworthy that only the subtypes H5 and H7 occur as an HP-phenotype (WOAH 

2021; Shi et al. 2023) The LP- or HP-phenotype is generally determined by an intravenous 

pathogenicity index (IVPI), which involves monitoring of disease and mortality in 4 to 6 week-

old chickens after intravenously injecting a specific virus titer. If the IVPI becomes >1.2, the 

respective IAV subtype has to be classified as HP (WOAH 2021). LP-IAVs do not overcome 

the threshold of >1.2 in an IVPI, which is mainly based on their differential mechanism of 

proteolytic cleavage of the HA-protein necessary for viral fusion with the target host cell 

(Horimoto et al. 1994; Steinhauer 1999; Klenk et al. 2008). LP-IAVs are characterized by a 

monobasic cleavage site motif resulting in only mild infections. HP-IAV viruses possess a 

polybasic cleavage site that was proven to be an important factor enhancing virulence and 

mortality of infected chickens or mammals (Table 1) (Rott 1992; Suguitan et al. 2012; WOAH 

2021). This difference is based on the fact that the protease responsible for monobasic HA-

cleavage in case of LP-IAVs only exists in the respiratory and enteric tract, while the polybasic 

cleavage site motif of HP-IAVs can be cleaved by a ubiquitous protease (Klenk and Garten 

1994).   
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1.3.3 Bat- and avian IAVs – Functional comparison 

Although bat- and avian IAVs do not differ in their segmented genome arrangement, there are 

marked functionally differences especially between New World bat-, Old World bat- and avian 

IAVs (Table 1). Firstly, bat H9N2 and conventional IAVs demonstrate compatible packaging 

sequences that are necessary to produce viable progeny virions (Gerber et al. 2014; Kandeil et 

al. 2019). In contrast, studies with H17N10 and H18N11 revealed complete diverse packaging 

sequences between New World bat IAV- and conventional IAV- gene segments except for M 

(Yang et al. 2017), which thereby drastically decreases the feasibility of reassortment events 

between New World bat- and conventional IAVs (Table 1) (Zhou et al. 2014). Secondly, 

H17N10 and H18N11 rely on the expression of major histocompatibility complex class 2 

(MHC-II) to initiate host cell infection, although a direct interaction between H17 or H18 with 

the MHC-II molecule is yet to be discovered (Table 1) (Karakus et al. 2019). Concurrently, it 

was demonstrated that the NA-protein of H17N10 and H18N11 does not fulfill a neuraminidase 

function as the NA of avian IAVs (Table 1) (García-Sastre 2012), but rather that N11 absence 

promotes viral growth in cell culture (Ciminski et al. 2019). Nevertheless, N11 presence is 

required for efficient transmission in Neotropical Jamaican fruit bats (Artibeus jamaicensis), 

which was demonstrated by in vivo studies in bats and ferrets with a selection and growth 

promotion of viruses with a full-length NA (Ciminski et al. 2019). Contrastingly, Old World 

bat H9N2 still uses the conventional α2,3 sialic acid pathway to enter the host cell, just as avian 

IAVs do (Table 1) (Ciminski et al. 2019). In line with this, embryonated chicken eggs are a 

suitable source to promote bat H9N2 virus replication (Table 1) (Kandeil et al. 2019). However, 

it was likewise demonstrated that adult white leghorn chickens were not susceptible to infection 

with bat H9N2 (Table 1) (Kandeil et al. 2019), suggesting that viral adaptation will be a 

prerequisite to allow bat H9N2 virus replication in these animals. Accordingly, H17N10 and 

H18N11 also do not support propagation in embryonated chicken eggs and reassortment with 

conventional IAVs is impossible without further genetic adaptation (Table 1) (Tong et al. 2012; 

Tong et al. 2013; Juozapaitis et al. 2014; Zhou et al. 2014). Infection of bats with New World 

bat IAVs normally results in mild to asymptomatic disease progression and ferrets also remain 

asymptomatic (Ciminski et al. 2019). Since all three bat influenza A viruses do not support 

replication in chickens, performing an IVPI in chicken of all three bat influenza A viruses 

without further genetic adaptations is rendered impossible. However, for all three bat IAVs, 

sequence analysis revealed a monobasic cleavage site, indicative of low pathogenicity of all 

these viruses (Table 1) (Tong et al. 2012). Nevertheless, information about viral host range and 
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zoonotic potential of these bat IAVs, especially bat H9N2, is still limited and should be 

addressed immediately. 

 

Table 1: Characteristic differences between bat- and avian IAVs 

Characteristics 
Bat H17N10 / H18N11    
(New World bat IAVs) 

Bat H9N2                
(Old World bat IAV) 

Avian IAVs 

Cell entry 
receptor 
protein 

MHC-II α2,3 Sialic acid 
Preferably α2,3, but 
also α2,6 sialic acid 

Neuraminidase 
Potential downregulation 

of MHC-II 
Release of progeny particle 

from producing cell 

Release of progeny 
particle from 

producing cell 

Propagation in 
adult chicken 

No No Yes 

Propagation in 
embryonated 
chicken eggs 

No Yes Yes 

Cleavage site Monobasic Monobasic 
Monobasic or 

polybasic 

Reassortment 
Yes,  

with New World bat IAVs 

Potentially yes, with avian 
IAVs, for mammalian IAVs 

unknown 

Yes, with IAVs of 
avian or mammalian 

origin 

Clinical symptoms 

Bats Mild/asymptomatic Part of this thesis Part of this thesis 

Birds Unsusceptible 

Adult chickens 
unsusceptible 

Day-old chicks and turkeys 
are part of this thesis 

Mild to severe 
disease depending on 

subtype 

Ferrets Asymptomatic Part of this thesis 
Mild to severe 

disease depending on 
subtype 

Humans Unknown Unknown 

Mild to severe 
disease depending on 

subtype, sporadic 
pandemic outbreaks 
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1.3.4 Reassortment as prerequisite for pandemic outbreaks by IAVs 

In humans, two subtypes of IAV are causing re-occurring seasonal Influenza disease outbreaks, 

namely H1N1 and H3N2, although H3N2 replaced the earlier in humans circulating H2N2 IAV 

strain (Scholtissek et al. 1978; Lindstrom et al. 2004; Zanobini et al. 2022). However, diverse 

subtypes of IAVs, including H5N1, H6N1, H7N7, H7N9, or H9N2 have occasionally 

accomplished spillover infections from reservoir hosts to humans with different patterns of 

pathogenicity, transmissive fitness and virulence (Scholtissek et al. 1978; Guan et al. 2002; 

Lindstrom et al. 2004; Wei et al. 2013; Puzelli et al. 2014; Almayahi et al. 2020; Liu et al. 

2021b; Zanobini et al. 2022). In general, many of these IAV strains emerged in specific 

reservoir hosts, mainly swine and diverse bird species (Nelson and Worobey 2018). Pigs, but 

also turkeys, quails and humans harbor not only α2,3, but also α2,6 sialic acid receptors in their 

respiratory tract (Kuchipudi et al. 2021), thereby serving as potential “mixing vessel” for 

reassortment events between human and avian IAVs (Hennig et al. 2022). The reassortment 

processes between these IAVs of different species origin may facilitate adaptation to a distinct 

and new host population, in turn leading to cross-species spillover infections. Several pandemic 

outbreaks in the 20th or 21st century have been associated with spillover events of IAVs and 

concomitant reassortment (Dawood et al. 2012). A popular example is represented by the so-

called “Spanish flu”, which emerged during World War I in 1918 based on a spillover infection 

of an IAV of subtype H1N1 with avian origin (Taubenberger 2006), consequently resulting in 

approximately 50 million fatal cases (Taubenberger and Morens 2006). Interestingly, the amino 

acid sequences of the 1918 pandemic H1N1 IAV internal proteins (PB1, PB2, PA, NS1, NP 

and M) demonstrate high similarities to modern avian IAVs (Reid et al. 2004; Worobey et al. 

2014). These observations support the assumption that the origin of this virus relies in wild 

waterfowl (Reid et al. 2004; Nelson and Worobey 2018; Taubenberger and Morens 2020). 

Although the swine is questioned to be a potential intermediate host for the transmission of the 

1918 pandemic H1N1 virus from birds finally to humans, this virus was only detected in swine 

for the first time in 1919 and became enzootic afterwards (Walia et al. 2019; Taubenberger and 

Morens 2020). Therefore, it is rather unlikely that the pandemic H1N1 had circulated for a 

longer period of time in for example the pig as intermediate host before finally accomplishing 

the spillover to humans (Reid et al. 2004; Nelson and Worobey 2018). Another example for a 

noteworthy pandemic outbreak encompasses the Asian flu from 1957, with the H2N2 IAV 

strain of avian origin as causative agent (Jones et al. 2014). This virus likely originated in wild 

ducks and finally underwent reassortment processes with a human IAV, consequently able to 

induce a successful spillover event to humans (Kawaoka et al. 1989; Joseph et al. 2014). The 
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pandemic outbreak of the Asian flu globally resulted in around 1 million deaths (Viboud et al. 

2016). In the following, the 1968-1970 “Hong Kong flu” pandemic emerged as a reassortant 

with a newly acquired avian H3 and the N2 of the H2N2 Asian flu from 1957 (Kawaoka et al. 

1989; Chauhan and Gordon 2022). This virus had great transmissive potential comparable to 

the 1918 H1N1 pandemic IAV strain, but the disease severity was considerably less (Jester et 

al. 2020; Piret and Boivin 2020; Jinjarak et al. 2021). After the pandemic, the H3N2 virus has 

acquired many antigenic changes in the HA, which likely provided immune evasive fitness and 

thereby facilitated its development in a concerning seasonal IAV strain (Jester et al. 2020). 

The most recent pandemic outbreak of an influenza virus strain is backdated to the 2009 

pandemic swine H1N1 IAV (H1N1pdm09) (Smith et al. 2009). It was proven that the virus, 

which was eventually able to succeed with a spillover infection to humans, derived from 

reassortment processes of multiple IAV lineages of avian, swine and human origin with the 

swine as a common reservoir host, as “mixing vessel” (Smith et al. 2009). Estimations of human 

deaths associated with H1N1pdm09 by the CDC add up to nearly 300.000 during the pandemic 

wave in 2009, but the virus still circulates as a seasonal strain and contributed to an estimate of 

25.000 deaths in the United States alone during the Influenza season 2019-2020 (Dawood et al. 

2012; CDC 2022). Importantly, recurrent spillback from humans to pigs on the basis of H1N1 

has led to the appearance of multiple reassortants with unknown consequences for their viral 

host range and transmissibility or virulence (Henritzi et al. 2020).   

These examples prove that IAVs that are able to cross the species barrier to humans circulate 

in multiple different reservoir host populations and pose a constant threat to the human 

population due to their major reassortment potential. 

As mentioned earlier, reassortment processes of New World bat IAVs with conventional IAVs 

could not be proven without further genetic modifications to date (Juozapaitis et al. 2014). 

Nevertheless, the bat H9N2 gene segment packaging sequences are compliant with that of 

conventional IAVs and could therefore enable reassortment with conventional IAVs, although 

evidence for this is still lacking (Table 1) (Gerber et al. 2014; Kandeil et al. 2019). At this point, 

it is worth highlighting again that the bat H9N2 virus originates from a mammalian species, 

which enables and drastically facilitates the adaptation to diverse mammalian species and 

therefore also humans. Therefore, a deep characterization of emerging and newly discovered 

IAVs with zoonotic potential, especially bat H9N2, is needed to enhance the pandemic 

preparedness. 
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1.4 Bats as reservoir for coronaviruses 

Apart from influenza A and other zoonotic viruses originating from bats, a wide variety of CoVs 

can be found in bat species. According to the database of bat-associated viruses (DBatVir), 

nearly 5000 coronaviruses have been discovered in bats to date (Chen et al. 2014; Ruiz-Aravena 

et al. 2022). Among these, human pathogenic coronaviruses solely belong to the taxonomic 

genera alpha- and betacoronaviruses (Su et al. 2016; Schoeman et al. 2022). So far, human 

coronavirus (HCoV)-OC43, NL63, HKU1 and 229E have been linked to the induction of 

mostly mild common colds in humans (Su et al. 2016; Ye et al. 2020). However, three viral 

species have been linked to cause severe respiratory infections in humans, including SARS-

CoV and MERS-CoV, along with the recently discovered SARS-CoV-2 and are therefore 

considered as high-impact coronaviruses (Peiris et al. 2003; Zaki et al. 2012; Zhu et al. 2020). 

As already described earlier, bats frequently come in contact with humans through 

anthropogenic factors favoring the animal-to-human interface, thereby facilitating spillover 

events between bats, humans and also intermediate hosts (Centeno-Cuadros et al. 2017; Kamins 

et al. 2011).   

1.4.1 Pandemic outbreaks associated with coronaviruses 

Numerous coronaviruses are concerning zoonotic viruses and have been associated with 

epidemic or pandemic outbreaks in the past. MERS-CoV caused a disease outbreak first 

reported in Saudi Arabia in 2012 (Zaki et al. 2012). Symptoms of MERS-CoV infections range 

from human common colds to severe pneumonia and multiple organ failure that may result in 

fatal cases (Zaki et al. 2012). To date, over 2500 cases including over 900 deaths have been 

reported and still, infections are registered regularly (WHO 2022). MERS is believed to 

originate from bats, albeit transmission to humans is mediated by dromedary camels where the 

virus is circulating (Memish et al. 2013; Munster et al. 2016; Chu et al. 2014; Shalhoub and 

Omrani 2016).  

Another concerning epidemic outbreak attributed to coronaviruses includes the SARS-CoV-

related epidemic in 2002/2003 with over 8000 confirmed human infections including nearly 

800 deaths (WHO 2015). As mentioned in the beginning, the origin of the SARS-CoV epidemic 

is hypothesized to have involved an intermediate host as a bridge for the spillover from bats to 

humans (Cui et al. 2019). In detail, SARS-CoV presence could be confirmed in 91 palm civets 

and 15 racoon dogs traded at an animal market in China, although the virus could not be 

detected in over a 1000 palm civets sampled in further 12 provinces around this market (Tu et 

al. 2004; Kan et al. 2005). This suggested that the spillover to palm civets and raccoon dogs 
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likely occurred through another animal exactly at this market. Furthermore, closely related 

SARS-CoV-like coronaviruses had been detected at the same time in horseshoe bats, and further 

studies discovered multiple SARS-CoV-related viruses that markedly differ in their Spike (S), 

open-reading-frame 3 (ORF3) and ORF8 sequence information (Lau et al. 2005; Li et al. 2005; 

Hu et al. 2017). These discoveries suggested that recombination of multiple SARS-CoV-related 

viruses might have occurred in horseshoe bats to finally result in the progenitor of SARS-CoV 

(Hu et al. 2017). Interestingly, the genomic sequences of SARS-CoV from humans and civets 

are nearly identical except for the S and ORF8, which indicates that there has been ongoing 

adaptation of SARS-CoV during the 2002-2003 epidemic (Song et al. 2005; Cui et al. 2019). 

Therefore, it is conceivable that SARS-CoV arose through recombination of multiple SARS-

CoV-like viruses in horseshoe bats, which in turn transmitted the virus to palm civets or raccoon 

dogs that finally might have accomplished SARS-CoV spillover infection to humans by serving 

as intermediate host.  

Lastly, the SARS-CoV-2 pandemic was initiated by a spillover infection of the zoonotic SARS-

CoV-2 from a currently unknown source (Zhu et al. 2020). However, recent evidence suggests 

the Huanan Seafood Wholesale market as a striking epicenter for the first SARS-CoV-2 

outbreak (Worobey et al. 2022). This is because the virus was first isolated and sequenced from 

a sample of a patient from Wuhan (China) who was hospitalized with severe pneumonia in 

December 2019 (ISIDProMed 2019). Later on, it was proven that most of the early infected 

patients have visited the “Huanan Seafood Wholesale Market” in Wuhan (Worobey et al. 2022). 

From this epicenter, the virus rapidly spread over the whole globe and revealed severe disease 

progression especially in elderly persons and people with co-morbidities (Bonanad et al. 2020; 

Gao et al. 2020). Additionally, among all coronavirus disease 2019 (COVID-19) survivors, 

some faced more or less severe Long-COVID symptoms ranging from small fatigue to 

neuropathological signs (Groff et al. 2021). Moreover, genetic similarities between SARS-

CoV-2 and a related coronavirus originating from a Rhinopholus bat species highly suggest a 

bat origin also of SARS-CoV-2 (Zhou et al. 2020). Additionally, pangolin-originated 

coronaviruses also show high genetic sequence similarities to SARS-CoV-2, which complicates 

the answer of the true animal reservoir of SARS-CoV-2 (Xiao et al. 2020). Nevertheless, 

multiple factors underpin the hypothesis of an intermediate host playing an important role in 

transmission of SARS-CoV-2 from reservoir bats to the human host. Since the beginning of the 

first outbreak, the coronavirus disease 2019 (COVID-19) induced by SARS-CoV-2 accounts 

for over 700 million confirmed human infections including nearly 7 million SARS-CoV-2-

associated deaths (WHO as of 24th March 2023). 
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Listing all these diverse disease-related pandemic and epidemic outbreaks along with the high 

numbers of severe illnesses and fatal cases highlight the importance of a detailed surveillance 

and of a deep characterization of emerging zoonotic pathogens in addition to SARS-CoV-2 in 

terms of virulence, pathogenicity, transmission efficiency, immune escape and viral host range.  

1.4.2 SARS-CoV-2 life cycle and proteins functions 

SARS-CoV-2 is a spherical, enveloped betacoronavirus belonging to the Coronaviridae family, 

order Nidovirales, and has a single-stranded RNA genome of positive polarity (Rota et al. 2003; 

Zaki et al. 2012; Zhu et al. 2020). The spike gene of the virus shares around 76% genetic 

sequence identity with SARS-CoV, a related betacoronavirus that already accomplished 

spillover infections to humans and was responsible for the 2002-2003 SARS-CoV epidemic 

(Cherry 2004; Wu et al. 2020). The SARS-CoV-2 genome comprises nearly 30 kB distributed 

in 10 open reading frames (ORFs) (Wang et al. 2020b). Just as SARS-CoV, the genome of 

SARS-CoV-2 is encoding four structural proteins, Spike (S), Envelope (E), Membrane (M) and 

Nucleocapsid (N), as well as eight further accessor-proteins (Fig. 5) (Wang et al. 2020b). The 

virion envelope is strewn with S-proteins, necessary for host cell attachment and entry (Fig. 5) 

(Huang et al. 2020).  

 

Figure 5: Viral entry of SARS-CoV-2 
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SARS-CoV-2 encodes the structural proteins S, M, E and N and encapsidates its viral RNA 
(vRNA) (Wang et al. 2020a; Wang et al. 2020b). 1/2) Entry via direct fusion is mediated by 
binding of S to the host-cell resident receptor ACE2 (Huang et al. 2020). 3) Proteolytic cleavage 
by TMPRSS2 leads to a conformational change of S (Hoffmann et al. 2020) and finally leads 
to 4) the insertion of the fusion peptide of S into the target membrane (Jackson et al. 2022), in 
turn developing a fusion pore to 5) finally release of the vRNA into the cytoplasm (Jackson et 
al. 2022). Viral entry can also be established through an endocytotic uptake involving clathrin. 
In turn, endosomes incorporating virions get acidified, leading to S-protein activation through 
cathepsins that eventually cause vRNA release into the cytoplasm (Jackson et al. 2022). 6) Non-
structural protein (NSP) translation is initiated by host ribosomes, 7) resulting in 16 NSPs 
forming the replication-transcription-complex (RTC) (Malone et al. 2022) essential to 8) 
perform transcription of the SARS-CoV-2 negative sense (-)ssRNA genome (Schubert et al. 
2020). 9) The resulting (-)ssRNA genome can finally serve as template for discontinuous 
transcription to generate the whole (+)ssRNA genome of SARS-CoV-2 or the structural 
proteins (Sola et al. 2015; Parker et al. 2021) that 10) in turn get translated in the cytoplasm and 
finally get transported to the ER for further post-translational modifications (Cortese et al. 
2020). 11) Translocation of the structural proteins and vRNA-genome to the endoplasmic 
reticulum-Golgi intermediate compartement (ERGIC) initiates 12) virion assembly (Liao et al. 
2006) and the viral particle lastly is released from the host cell by 13) exocytosis or lysosomal 
traffic (Ghosh et al. 2020; Di Chen et al. 2021). Created with Biorender. 

 

The trimeric S-protein consists of an intracellular C-terminal domain (CTD), a transmembrane 

domain (TMD) and an extracellular N-terminal domain (NTD) (Fig. 5) (Wang et al. 2020a). 

During host cell entry via the dominant direct fusion pathway, the receptor binding domain 

(RBD) in the S1 subunit of the SARS-CoV-2 S protein binds to the angiotensin converting 

enzyme 2 (ACE2)-receptor on the host cell (Fig. 5.2) (Yan et al. 2020). In contrast to SARS-

CoV, SARS-CoV-2 is comprised of a polybasic furin cleavage site (FCS)-motif within the S-

protein, which allows priming of S for viral fusion by the cellular transmembrane serine 

protease type II (TMPRSS2) (Fig. 5.3) (Bertram et al. 2013; Hoffmann et al. 2020). 

Interestingly, in vitro passaging of SARS-CoV-2 on VeroE6 cells leads to loss of the FCS, and 

following in vivo studies demonstrated that this loss results in attenuated pathogenicity and 

transmission efficacy of this virus (Davidson et al. 2020; Johnson et al. 2021; Peacock et al. 

2021). These observations highly suggest an important role for FCS-presence in the SARS-

CoV-2 S-protein necessary for spread and disease severity of this virus. TMPRSS2 

proteolytically cleaves the S1-subunit from the S2-subunit (Fig. 5.3), thereby allowing exposure 

and insertion of the S2-subunit-associated fusion peptide into the cellular membrane (Fig. 5.4), 

which allows uncoating of the vRNA through a developing fusion pore between the viral and 

host cell membrane into the cytoplasm (Fig. 5.5) (Jackson et al. 2022). Another possible 

mechanism of SARS-CoV-2 cell entry relies in classical clathrin-mediated endocytosis (Fig. 5) 

(Jackson et al. 2022). In this case, the acidification of the virus incorporating endosomes 

induces S-protein activation through cathepsins, finally enabling the release of the vRNA into 
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the cytoplasm (Fig. 5) (Bayati et al. 2021; Jackson et al. 2022; Mao et al. 2022). Subsequent to 

vRNA uncoating, replication of ORF1a and ORF1b is initiated by utilizing host ribosomes, 

resulting in the production of replicase polyprotein pp1a and pp1ab (Fig. 5.6) (Malone et al. 

2022). The resulting 16 NSPs are crucial to downregulate host mRNA transcription processes, 

whereas the remaining NSPs assemble in so called replication-transcription complexes (RTCs) 

that mediate the production of new vRNA (Fig. 5.7) (Schubert et al. 2020). This complex 

incorporates an RdRp, as well as other NSPs necessary to construct so called replication 

organelles (ROs) by exploiting cellular ER-membrane components (Snijder et al. 2020). ROs 

are therefore hypothesized to provide a defined location for structured replication processes of 

CoVs in general (Snijder et al. 2020). Transcription of SARS-CoV-2 gRNA leads to an 

antisense RNA of negative polarity, which can either serve as template for new SARS-CoV-2 

full-length (+)gRNA replication or as a template for discontinuous transcription (Fig. 5.8) (Sola 

et al. 2015). This discontinuous transcription, a hallmark of coronaviruses, allows the 

production of new, positive-sense subgenomic mRNAs (sg-mRNAs) that code for the structural 

proteins S, M, E and N of SARS-CoV-2 (Fig. 5.9) (Parker et al. 2021). After cytosolic 

translation of the structural proteins, the proteins are allocated to the ER by specific signal 

sequences for ER-orientated traffic (Fig. 5.10) (Yadav et al. 2021). Further post-translational 

modifications enable viral protein maturation, which can finally assemble into new virions at 

the endoplasmic reticulum-Golgi intermediate compartment (ERGIC) (Fig. 5.11) (Cortese et 

al. 2020). In this assembly process (Fig. 5.12), N mainly condenses the viral genome, while E 

may act as a viroporin (Liao et al. 2006). Furthermore, the M-protein serves as interaction 

partner for N, E and S, thereby facilitating incorporation of all proteins in a new viral particle 

(Neuman et al. 2010). Besides translation of structural proteins, there are numerous other ORFs 

coding for accessory proteins that are not essential for virus production, but are hypothesized 

to have an important assistant role in host immune evasion processes (Redondo et al. 2021). 

Virus budding of SARS-CoV-2 is not fully elucidated yet, although there is evidence for either 

an exocytotic or lysosomal trafficking pathway (Fig. 5.13) (Ghosh et al. 2020; Di Chen et al. 

2021). 

1.4.3 Evolution of the SARS-CoV-2 pandemic 

The host cell-resident entry mediator ACE2, which is highly conserved among mammalian 

species (Damas et al. 2020), enables SARS-CoV-2 infection in multiple mammalian host 

species and may also have contributed to the spillover of SARS-CoV-2 to humans (MacLean 

et al. 2021; Michelitsch et al. 2021). The ability of a highly efficient interhuman transmission 
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finally enabled the pandemic situation by countless virus transfers from person to person mainly 

via an aerosol-based transmission route (Phan et al. 2020; Wang et al. 2021). Efficient 

transmission is a prerequisite for virus adaptation (Simmonds et al. 2019), as the virus develops 

new quasi-species in its infected contact host resulting also in amino acid sequence mutations, 

which might lead to a charge or conformational change of the respective residues (Yang et al. 

2021a). In turn, this can provoke either a replication, transmission or immune escape advantage 

of the new quasi-species over the previous virus strain (Frost et al. 2018). Consequently, this 

evolved virus variant gets predominantly transmitted to further contacts. Among billions of 

SARS-CoV-2 interhuman transmission events, the ancestral SARS-CoV-2 virus isolated in 

Wuhan (Wu-1) has rapidly evolved by acquiring fitness-providing amino acid substitutions, 

insertions or deletions over time. The first identified high-impact mutation within the SARS-

CoV-2 pandemic period relies in a single amino acid substitution from aspartic acid to glycine 

at position 614 in the S-protein (mutation D614G) (Korber et al. 2020). In the following, 

multiple research groups gave experimental evidence of a replicative and transmissive fitness 

advantage of this new variant over the ancestral SARS-CoV-2 D614 strain in vitro, ex vivo and 

in vivo (Hou et al. 2020; Korber et al. 2020; Zhou et al. 2021). Identification of virus variants 

in infected patients by high-throughput sequencing methods allowed the determination of 

specific variant frequencies in the human population, which evidenced that the D614G variant 

rapidly prevailed over its ancestor over the globe and is now globally approved as WT SARS-

CoV-2 (Korber et al. 2020). Afterwards, diverse SARS-CoV-2 variants have emerged with 

multiple mutations especially in the S-protein (Aleem et al. 2022), among which several have 

initially been classified as “Variant of Concern (VOC)” by the WHO (WHO as of 1st december 

2022), such as Alpha (also known as B.1.1.7), Beta (also known as B.1.351), Gamma (also 

known as P.1), Delta (also known as B.1.617) and Omicron (also known as B.1.1.529) (See 

Table 2 for references). As of March 2023, the WHO classified the Alpha, Beta, Gamma, Delta 

and the parental Omicron lineage B.1.1.529 as previously circulating VOCs (WHO 2023). 

These VOCs have characteristic amino acid mutation profiles that lead to variant competitions 

during simultaneous host infection (Somerville et al. 2021; Aleem et al. 2022). More precisely, 

fitness advantages in terms of immune escape, replication and/or transmission finally decide 

which VOC gets preferentially transmitted to contacts (Zhou et al. 2021; Liu et al. 2022b). As 

a result, the global population has been facing diverse and consecutive variant waves over time 

until today (See Table 2). In line with that, several breakthrough infections have already been 

confirmed with a variety of VOCs that have emerged throughout the pandemic, in principal 

proving that individuals can be infected multiple times with this virus and its respective variants 
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(Kroidl et al. 2021; Rovida et al. 2021; Duerr et al. 2022; Tan et al. 2023). Alpha VOC, 

containing 17 non-synonymous mutations, has been the first major VOC that rapidly 

predominated over WT SARS-CoV-2 during a time of no available COVID-19 vaccines or 

counteracting treatments and an immunologically naïve population (Table 2) (Washington et 

al. 2021). Beta and Gamma were among the first variants identified harboring diverse immune 

escape-promoting mutations and were detected in multiple countries over the globe (Table 2) 

(Fujino et al. 2021; Tegally et al. 2021; Andeweg et al. 2022). As more and more people became 

convalescent and the first commercially available vaccines against SARS-CoV-2 developed by 

various pharmaceutical companies were licensed (GOV.UK 2020), the Delta variant with 

increased transmissibility and an additional immune escape potential has become predominant 

in early 2021 (Table 2) (Cherian et al. 2021). Finally, in late 2021, the VOC Omicron BA.1 has 

been detected in multiple countries over the globe displaying in total 50 amino acid mutations 

in its whole genome, with 39 in its S-protein alone (Jung et al. 2022). Originating from this 

VOC, several different sub-lineages with unique mutations developed, of which the sub-

lineages Omicron BA.2, BA.4/5 and BQ.1.1 have predominated in short sequential time frames 

lately in 2022 (Scarpa et al. 2022; Wang et al. 2022b). Although there are still many open 

questions on which mutations exactly were crucial for VOC Omicron dominance, there is large 

experimental evidence that neutralizing antibodies from vaccinated or convalescent individuals 

only insufficiently eliminate the virus, thereby enabling global breakthrough infections 

(Hachmann et al. 2022; Wang et al. 2022c). Nevertheless, several in vivo experiments also 

demonstrated that VOC Omicron and its subvariants are less pathogenic than its progenitor 

variants (Uraki et al. 2022; Yuan et al. 2022). An overview of most important characteristic 

fitness traits of a variety of SARS-CoV-2 VOCs with appropriate references can be seen in 

Table 2. Detailed experimental in vivo characterization of the distinct variants has therefore 

always been and still is an important tool to estimate the fitness potential and predict the 

circulation of future SARS-CoV-2 VOCs in the human population. 

 

Table 2: Major characteristics of SARS-CoV-2 VOCs 

Previous SARS-CoV-2 Variants of Concern (VOCs) 

VOC 

Alpha 
B.1.1.7 

 

Beta 
B.1.351 

 

Gamma 
P.1 

Delta 
B.1.617 

Omicron 
BA.1 

 

Omicron 
BA.2 

 

Omicron 
BA.4/5 
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Prevalence 
over time in 

Germany 

Figure 6: Prevalence of SARS-CoV-2 VOCs in Germany from Jan. 2021 - Nov. 2022 
Data source for this graph was the Whole Genome Sequencing Data from the RKI (RKI 
2021). Blue: Alpha VOC; green: Beta VOC; grey: Gamma VOC; purple: Delta VOC; 
saffron: Omicron BA.1 VOC; dark brown: Omicron BA.2 VOC; light brown: Omicron 
BA.4/5 VOCs. Colors of VOC Alpha, Beta, Delta and Omicron BA.1 are in accordance 
with the respective VOC-colors used in the publications associated with this dissertation. 

First 
discovered 

UK 
South 
Africa

Brazil India 
South 
Africa

South 
Africa 

South 
Africa

Date of VOC 
declaration 

Dec.  
2020 

Dec.  
2020

Jan. 
2021

May. 
2021

Nov.  
2021

Nov.  
2021 

Jan. 
2022

Reference (ECDC as of 2023) 

S-protein 
mutations 

9 9 10 
9-11, 

depends 
on strain

39 31 35 

(Faria et al. 2021); (Tegally et al. 2021); (Yang et al. 2021b); (Suratekar et 
al. 2022); (McCallum et al. 2021); (Kumar et al. 2022); (Tegally et al. 

2022)

Key fitness advantages to WT SARS-CoV-2 

ACE2-
binding 

+++ + ++ + + ++ ++ 

(Liu et al. 2022a); (Hoffmann et al. 2022); (Cao et al. 2022); (Li et al. 
2022b) 

Transmission 
+ + + ++ +++ +++ +++ 

(Wang et al. 2022a); (Suzuki et al. 2022); (Tegally et al. 2022) 

Immune 
escape 

o/+ + ++ + +++ +++ +++ 

(Uriu et al. 2021); (Uraki et al. 2023); (Kurhade et al. 2022) 

BNT162b 
vaccine 

effectiveness 

88% 72% 63% 77,8% 55,9% 
Likely 
lower 

than BA.1 

Likely 
lower 

than BA.2

(Butt et al. 2021); (Esper et al. 2022; Feikin et al. 2023); 
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Disease 
severity 

+ + + ++ -- - - 

(Singer et al. 2021); (Gram et al. 2022); (Kirsebom et al. 2022); (Møller 
Kirsebom et al. 2022) 

 

1.5 Popular animal models for IAV and SARS-CoV-2 research 

Although no single animal model is qualified to exactly mimic disease progression and severity, 

replication or transmission efficiency, as well as pathogenicity of a specific human pathogen 

yet, the evaluation of pathogen behavior in multiple animal models has been the most powerful 

tool to estimate the danger arising from a newly discovered pathogen for a long time. 

Furthermore, in vivo characterization of zoonotic pathogens in general leads to a better 

understanding of emerging viruses, e.g. concerning their zoonotic potential or also the risk of 

new animal reservoirs. There are multiple different standard animal models that are suitable for 

specific viruses, depending on the desired conclusions to draw, which include for example 

general virus characterization or vaccine development (Fig. 7) (Muñoz-Fontela et al. 2020; 

Hoffmann et al. 2021; Nguyen et al. 2021; Ran et al. 2022). In the following, the most important 

standard animal models for IAV and SARS-CoV-2 research will be introduced in more detail. 
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Figure 7: Susceptibility of different experimental animal models for SARS-CoV-2 and 
avian or bat IAVs 

Several animal models reveal specific susceptibilities for either SARS-CoV-2 or the different 
avian or bat IAVs. SARS-CoV-2 is known to successfully infect ferrets, specific transgenic 
hACE2-containing mice and Syrian hamsters as standard animal models (Muñoz-Fontela et al. 
2020; Michelitsch et al. 2021), but cannot infect diverse bird species or pigs (Schlottau et al. 
2020; Berhane et al. 2021). Avian IAVs are able to infect ferrets, genetically unmodified mice, 
Syrian hamsters, chicken and turkeys, as well as pigs (Iwatsuki-Horimoto et al. 2018; Slomka 
et al. 2018; Nguyen et al. 2021; Fan et al. 2022). In contrast, the Old World bat H9N2 is not 
able to infect adult chickens, but C57/Bl6 and BALB/c mice were shown to be susceptible to 
this virus (Kandeil et al. 2019). If the bat H9N2 also infects Syrian hamsters or pigs is currently 
unknown, and the evaluation of turkey and ferret susceptibility to this virus is part of this thesis. 
For the New World bat IAVs H17N10 and H18N11, it is known that they are able to infect 
ferrets and genetically unmodified C57/Bl6 mice, but chickens are not susceptible to these 
viruses (Tong et al. 2013; Tong et al. 2012; Juozapaitis et al. 2014; Ciminski et al. 2019). If 
turkeys, pigs or Syrian hamsters are susceptible to these New World bat IAVs has not been 
evaluated yet. The figure was created with BioRender.   

1.5.2 Ferrets 

The lung physiology of the ferret reveals multiple similarities with humans, including the 

distribution of sialic acid receptors (Belser et al. 2011; Flerlage et al. 2021). Additionally, the 

pattern of viral attachments (PVAs) for zoonotic IAVs in humans are highly similar to those 

from especially ferrets and pigs (van Riel et al. 2007; Flerlage et al. 2021). Moreover, immune 

responses, disease progression, pathogenesis and clinical signs as a consequence of an IAV-
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infection are similar in humans and cannot be as prominently observed in the mouse or guinea 

pig model (Maher and DeStefano 2004; Belser et al. 2018; Belser et al. 2020; Nguyen et al. 

2021). Most importantly, the ferret still resembles one of the currently best known animal model 

for IAV transmission, especially concerning aerosol- and droplet spread-based virus 

transmission (Richard et al. 2020; Le Sage et al. 2021; Nguyen et al. 2021; Zhang et al. 2022). 

Ferrets are also a valuable model to study vaccine safety, immunogenicity and effectiveness 

especially in the case of vaccine development against IAV infection (Schön et al. 2020; Liu et 

al. 2021a; Stadlbauer et al. 2021; Vidaña et al. 2021). All these advantages and utilities of this 

famous animal model have even led authorities to include this animal in the “Influenza Risk 

Assessment Tool (IRAT)” and the “Tool for Influenza Pandemic Risk Assessment (TIPRA)” 

as a precautionary measure in respect of pandemic preparedness (Cox et al. 2014; WHO 2016; 

Belser et al. 2018). Importantly, the ferret is also susceptible to New World bat IAVs (Ciminski 

et al. 2019). Taken together, the ferret is one of the most important and valuable animal models 

in IAV research, independent from the desired conclusions to draw.  

After SARS-CoV-2 emergence, the ferret also rapidly evinced also as a suitable model for this 

virus mimicking generally mild SARS-CoV-2 infections in humans. More specifically, the 

virus can be efficiently transmitted among ferrets, but clinical signs are rather absent and 

replication is restricted to the upper respiratory tract (URT) (Schlottau et al. 2020; Berhane et 

al. 2021; Zhou et al. 2021). In some preclinical studies, ferrets are also considered a valuable 

model for SARS-CoV-2 vaccine development (An et al. 2021; Li et al. 2021; Boley et al. 2023). 

Conclusively, the ferret represents a highly valuable model for IAV and SARS-CoV-2 research 

in all different questions of translational research, which range from general virus 

characterization to specific vaccine development. On the other side, the available 

immunological tools are limited for the ferret, and handling of the animals requires respective 

training of the animal caretakers and researchers. This is especially important when working 

under high biosecurity levels (Pickering et al. 2019; Wong et al. 2019; Nguyen et al. 2021). 

1.5.1 Laboratory mice 

For basic research and also pre-clinical studies, C57/Bl6 and BALB/c are commonly used as 

laboratory mice models (Zhu et al. 2013; Bleul et al. 2020; Magaña-Guerrero et al. 2020; Li et 

al. 2022a). A well examined immune system, as well as fully available genome sequences and 

great potential of genetic modification in these animals (e.g. gene knock-out) are the main 

criteria of mouse model popularity in research (Rosenthal and Brown 2007). In many cases of 

experimental IAV-infection of mouse models, the animals develop severe clinical signs that 
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may even lead to fatalities (Margine and Krammer 2014; Gunther et al. 2021; Okda et al. 2021). 

It was also shown that C57/Bl6 mice are susceptible to H18N11, and C57/Bl6 as well as 

BALB/c mice are susceptible to bat H9N2 (Ciminski et al. 2019; Kandeil et al. 2019) 

Transgenic C57/Bl6 mice expressing the human myxovirus resistance protein 1 (MxA) were 

demonstrated to exhibit remarkably lower clinical signs and disease progression of a variety of 

diseases, including IAV infections (Hefti et al. 1999; Haller and Kochs 2020). Interestingly, 

researchers suggest that MxA is a major restriction factor for IAVs and that these viruses have 

to escape from MxA to establish a seasonal IAV strain circulating in the global population 

(Dittmann et al. 2008; Götz et al. 2016; Deeg et al. 2017). Therefore, identifying an MxA escape 

by experimentally using transgenic MxA mice is rendered an important step to unravel potential 

pre-pandemic IAV strains. 

For SARS-CoV-2 research, especially genetically modified, transgenic K18-hACE2-mice, 

which express - in addition to their murine ACE2 (mACE2) receptor - the human ACE2-

receptor under the keratin 18 promotor, and transgenic hACE2-knock-in (hACE2-KI) mice 

(expressing hACE2 instead of the mouse homolog mACE2) are used, since both models are 

highly susceptible to SARS-CoV-2 infection (Dong et al. 2022; Winkler et al. 2022). 

Importantly, the very early SARS-CoV-2 variants are not able to efficiently use the murine 

ACE2 (mACE2) protein as cellular receptor and therefore research makes use of genetically 

modified mice or mouse-adapted SARS-CoV-2 virus strains (Zhou et al. 2020; Ren et al. 2021; 

Sun et al. 2021). However, SARS-CoV-2 infection in K18-hACE2 mice can exhibit severe 

clinical signs by artificial neuroinvasion, since the hACE2 receptor here is ubiquitously 

expressed including the brain (Chan et al. 2022; Fumagalli et al. 2022). This is not the case for 

the hACE2-KI mice, as the mACE2 receptor in these animals is exchanged by the hACE2-

receptor (Winkler et al. 2022). 

Taken together, the mouse model still is a highly valuable animal model for IAV and also 

SARS-CoV-2 research, which is mainly based on and facilitated by the availability of several 

genetically modified mice strains. 

1.5.4 Syrian hamster 

The Golden Syrian hamster is generally susceptible to IAV-infection, but still is not the most 

favorite animal model for this virus type (Fan et al. 2022). However, the Syrian hamster may 

become a more relevant model for IAV infections in the future, since researchers showed that 

an H3N2 virus was able to successfully infect Syrian hamsters, but not mice (Iwatsuki-

Horimoto et al. 2018). For bat IAVs, it is currently unknown if these animals are susceptible to 
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these viruses. All in all, the Syrian hamster could represent a good model for specific IAV 

strains in the future and it shows the dynamics of the development of in vivo research following 

the adaptive potential of novel virus strains. 

In contrast, SARS-CoV-2 infection of Syrian hamsters, especially with WT SARS-CoV-2 and 

the early variants Alpha, Beta and Delta, results in severe disease with striking pneumonia that 

may even lead to fatal cases (Muñoz-Fontela et al. 2020; Tostanoski et al. 2020; Yuan et al. 

2022). SARS-CoV-2 infection of Syrian hamsters moreover efficiently enables viral replication 

and transmission of all known SARS-CoV-2 variants and is therefore one of the most suitable 

used animals in SARS-CoV-2 research (O'Donnell et al. 2021; Yuan et al. 2022). This model 

is also becoming more and more relevant in respect of vaccine development, as there are already 

many research groups performing preclinical trials with all different kinds of vaccine prototypes 

in Syrian hamsters (Trimpert et al. 2021; Maruggi et al. 2022; Roth et al. 2023). 

1.5.3 Poultry  

Experimental inoculation of turkeys and chicks with SARS-CoV-2 was abortive, which 

assumes that these animals are not susceptible to SARS-CoV-2 infection (Schlottau et al. 2020; 

Berhane et al. 2021). 

Multiple IAVs have an avian origin with seasonally occurring, sometimes massive wide ranging 

avian influenza virus (AIV) infections in wild birds and poultry farms (Artois et al. 2018; 

Adlhoch et al. 2022). Therefore, chicks, turkeys, ducks, but also embryonated chicken eggs 

(ECEs) are indispensable for IAV research in terms of characterization of emerging IAV-strains 

(Saito et al. 2009; Slomka et al. 2018). In contrast to the Old World bat H9N2 IAV, the New 

World bat IAVs do not even replicate in embryonated chicken eggs (Tong et al. 2012; Tong et 

al. 2013; Kandeil et al. 2019). 

1.5.3.1  Embryonated chicken eggs 

Since a long time, embryonated chicken eggs serve as highly suitable platform for avian IAV 

or bat H9N2 replication and is therefore a useful method for virus propagation in the lab (Burnet 

and Bull 1943). This method is considered to be the gold-standard method in influenza A virus 

detection and isolate generation, although being time-intensive with an inconvenient protocol 

(WOAH 2022). Moreover, in ovo inoculation and passaging experiments with several IAV 

strains have facilitated and augmented the understanding of how and why HPAIVs develop 

from LPAIV precursory strains (Laleye and Abolnik 2020; Seekings et al. 2020).  
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1.5.3.2  Chicken, turkeys and ducks 

In recent years, European countries were affected by the strongest epizootic HPAIV outbreaks 

in known history not only in wild or captive birds, but also poultry farms (King et al. 2022; 

Pohlmann et al. 2022). In case of poultry farms, especially farms keeping layer chicken and 

turkeys have been identified as an HPAIV outbreak location (King et al. 2022). Chicken and 

turkeys that become infected with an HPAIV strain, such as H5N1, will lead to fatal cases in 

the short time frame of a few days, while infection with LPAIVs results in usually marginal 

clinical signs (Morales et al. 2009; Aldous et al. 2010). Concerning bat IAVs, it is known that 

the bat H9N2 is not able to infect adult white leghorn chicks, although efficiently replicating in 

embryonated chicken eggs (Kandeil et al. 2019). For turkeys and ducks, susceptibility to bat 

H9N2 or New World bat IAVs has not been investigated yet. Since all HPAIVs develop from 

LPAIV precursors (Laleye and Abolnik 2020; Seekings et al. 2020), it is important to track AIV 

occurrence via a detailed PCR-based and also serological surveillance. Apart from the 

surveillance, chicks, turkeys and ducks are also valuable animal models for experimental 

infections in vivo, for example to determine the IVPI or the intramuscular pathogenicity index 

(IMPI) of specific IAVs (Grund et al. 2018). Importantly, for a wide variety of IAV strains, 

ducks do not exhibit clinical signs as a consequence of IAV infection despite the detection of 

substantial viral load in swabs and organ samples during the acute phase of infection (Kim et 

al. 2009; Grund et al. 2018; Campbell et al. 2021). Due to the absence of symptoms, it is 

believed that ducks are one of the main reservoir hosts for IAVs massively facilitating the 

spread of HPAIV among birds, which highlights their importance as research model to study 

the transmissive capacity of newly discovered IAV strains (Kim et al. 2009; Grund et al. 2018).  

In contrast, chicks and turkeys develop severe clinical signs upon HPAIV infection including 

nasal discharge, lethargy and death (Smith et al. 2015; Hemmink et al. 2018; Nguyen et al. 

2021; Blaurock et al. 2022). One discussed explanation for the clinical differences between 

chicks, turkeys and ducks involves their differential immune response upon IAV infection, 

since chicks and turkeys elicit a much stronger immune response upon IAV infection than ducks 

do (Powell et al. 2009; Smith et al. 2015; Pantin-Jackwood et al. 2017; Blaurock et al. 2022). 

Chicks, turkeys and ducks thus represent important animal models for IAV research, with the 

advantage of minimal cost at a simultaneous high availability (Nguyen et al. 2021). On the other 

hand, only mammalian animal models, such as the ferret or the pig, are suitable for the 

characterization of human IAVs, which is mainly based on the different receptor specificity of 

avian (α2,3 sialic acid) or mammalian IAVs (α2,6 sialic acid) (Campbell and Magor 2020; 

Kuchipudi et al. 2021). Accordingly, either the α2,3- or the α2,6 sialic acid receptor is more 
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abundantly expressed in the respective avian or mammalian species (Hemmink et al. 2018; 

Campbell and Magor 2020; Kuchipudi et al. 2021; Nguyen et al. 2021). In turn, infections of 

poultry with human IAV strains is extremely rare and without obvious clinical signs in the 

animals, resulting in a low relevance of poultry for the characterization of human IAVs 

(Kalthoff et al. 2010; Berhane et al. 2016; Hemmink et al. 2018). 

1.5.4 Swine 

Over a long period of time, the pig is considered as one of the most important “mixing and 

reassortment vessels” for avian and mammalian IAVs, which is based on the presence of both 

α2,3- and α2,6 sialic acid receptors in the respiratory tract of these animals allowing efficient 

(simultaneous) replication of both avian and mammalian IAVs (Nelson and Worobey 2018; 

Nguyen et al. 2021; Hennig et al. 2022). While the α2,3- sialic acid receptor is more abundantly 

expressed in the LRT of the pig, the α2,6 sialic acid receptor is predominantly apparent in their 

URT (Nelson and Worobey 2018). As already elucidated in chapter 1.3.4, the swine is often 

connected with several pandemic IAV outbreaks from the past, assigning this animal a role as 

intermediate host and “mixing vessel” to facilitate the spillover of the respective pandemic IAV 

strain to humans (Smith et al. 2009; Dawood et al. 2012; Walia et al. 2019; Taubenberger and 

Morens 2020). Importantly, interspecies transmission of IAVs between pigs and humans can 

occur via both ways, from pigs to humans and from humans to pigs (Nelson and Vincent 2015; 

Hennig et al. 2022). In general, the pig develops obvious clinical signs upon IAV infection that 

include for example fever and dyspnea, while the lower and upper extremities of either an 

asymptomatic or a fatal IAV infection in these animals are rarely observed (Duerrwald et al. 

2013; Hemmink et al. 2016; Ryt-Hansen et al. 2019). To date, it is unknown if pigs are 

susceptible to any bat-related IAVs. Transmission between these animals can occur via 

respiratory droplets, aerosols and direct contact (Lange et al. 2009; Rajao and Vincent 2015; 

Lopez Moreno et al. 2021). The swine shares multiple anatomic, physiological and genomic 

traits with humans, which include for example the general body size, their lung physiology and 

similarities in their cardiovascular system (Rajao and Vincent 2015; Zettler et al. 2020). 

Through these similarities, the pig qualifies as an excellent translational research model for IAV 

infection in humans. Nevertheless, the challenging housing conditions and animal handling 

along with non-negligible expenses complicates their utility under infection conditions. 

 

The use of a variety of standard animal models paves the way for a deep characterization of 

zoonotic viruses in all kinds of research questions. Since all animal models have their specific 
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advantages and disadvantages, it is required to analyze specific and especially newly emerging 

viruses in more than one animal model. Depending on the virus, there may be complementary 

results in terms of transmission efficiency, replication capacity or the general viral host range 

of this specific virus, which can only be fully elucidated by establishing a multi-species 

characterization approach (Nguyen et al. 2021; Zhou et al. 2021; Muñoz-Fontela et al. 2020).  

For the purpose of wildlife reservoir or potential intermediate host identification for specific 

viruses, it may also become necessary to use or sample more exotic animal models, as it had 

been for example the case for SARS-CoV-2 and raccoon dogs, bank voles, white-tailed deer or 

minks (Freuling et al. 2020; Ulrich et al. 2021; Pickering et al. 2022; Vandegrift et al. 2022; 

Virtanen et al. 2022). Numerous animal trials in multiple species have led to an overwhelming 

knowledge about useful and susceptible animals to IAV or SARS-CoV-2 (Fig. 7) (Muñoz-

Fontela et al. 2020; Schlottau et al. 2020; Michelitsch et al. 2021; Nguyen et al. 2021).
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2 Study objectives 

Preparedness for potentially pre-pandemic pathogens, as well as preventive actions for onward 

transmission of already pandemic pathogens are indispensable to better understand and 

minimize the overall infection risk of the global population (Lal et al. 2020). Characterization 

of pathogens fulfilling these requirements in specific animal models have therefore always been 

a tool of utmost importance to rapidly estimate e.g. the zoonotic risk for humans (Kash et al. 

2004; Kash et al. 2006; Claire et al. 2017; Schlottau et al. 2020).  

In this doctoral thesis, the objectives were to tackle both concerns with the examples of the 

potentially pre-pandemic bat IAV H9N2, as well as the already pandemic SARS-CoV-2 virus. 

This study thus provides important insights into mechanisms of action in case of two major 

objectives: 

I) Pandemic preparedness – bat H9N2, a potentially zoonotic pathogen whose pre-

pandemic potential is currently unknown and has to be evaluated, and  

II) Pandemic control and precaution – SARS-CoV-2, an already pandemic pathogen 

with continuously adapting virus strains of uncertain capabilities concerning 

virulence, immune escape and transmission efficacy. 

 

I) In vivo characterization of emerging bat IAV H9N2 to estimate its 

zoonotic/pandemic potential 

Firstly, in vivo characterization of bat H9N2 in its natural host Rousettus aegyptiacus was 

performed and compared to an infection of the same bat species with an avian H9N2 

(Publication I). This study was performed to directly investigate bat H9N2 pathogenicity, 

transmission, disease progression, clinical signs and viral spread in organs of infected bats of 

this newly described virus in its natural host. Secondly, ferrets, transgenic MxA mice, as well 

as turkey and chicken hatchlings were experimentally infected with the bat H9N2 virus for 

analyzing both the zoonotic potential but also the risk of adapting to poultry reservoirs 

(Publication II).  

 

II) In vivo competitive infections with SARS-CoV-2 VOCs to unravel their specific 

fitness advantages 

The SARS-CoV-2 pandemic was and still is driven by frequent emergence of VOCs and related 

variants, and the role of specific fitness advantages over their respective precursors are a matter 

of debate (RKI 2021). The aim of the second objective was thus to characterize the fitness 
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advantages of emerging VOCs during the progression of the pandemic. Firstly, potential fitness 

advantages of emerging SARS-CoV-2 VOCs Alpha and Beta and their genetic fitness 

determinants compared to WT SARS-CoV-2 were examined in competitive infection and 

transmission approaches in the ferret, golden Syrian hamster, as well as K18-hACE2 and 

hACE2-KI mice models (Publication III). Secondly, the same competitive infection and 

transmission studies were also performed with the lately emerged SARS-CoV-2 Delta and 

Omicron VOC (Publication IV), now taking the pandemic situation at that timepoint into 

consideration by using vaccinated animals in addition. Additionally, single infection studies 

with both Delta and Omicron in ferrets were performed to directly compare the disease 

parameters including shedding, transmission, pathology and viral load distribution in organs of 

infected animals, also with competitively inoculated animals (Publication IV). Finally, the 

generation of recombinant SARS-CoV-2 WT viruses expressing the spike protein of the 

respective VOCs Delta or Omicron should determine the influence of spike-associated 

mutations in terms of fitness (dis-)advantages (Publication IV).
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5 Discussion 

5.1 The Egyptian fruit bat model for bat H9N2 – possibilities and 

limitations – Publication I 

The bat-borne influenza A virus of subtype H9N2 was discovered in 2019 and isolated from 

fecal samples of Egyptian fruit bats (Rousettus aegyptiacus) (Kandeil et al. 2019). Back then, 

researchers identified high phylogenetic similarities of the bat H9N2 gene segments encoding 

the HA and NA proteins with other avian H9N2 IAVs, suggesting reassortment events between 

an ancestral backbone and avian IAVs (Ciminski et al. 2020). Interestingly, the bat H9N2 does 

not replicate in adult white leghorn chicken, although it still initiates a productive replication in 

embryonated chicken eggs. This was first reported by Kandeil et al. 2019 and the efficient 

replication of bat H9N2 in embryonated chicken eggs could be confirmed in Publication I. To 

get a further overview about the pathogenicity, transmissibility and host organ tropism of the 

new bat H9N2 virus, we performed an infection study with bat H9N2 in their natural hosts, the 

Egyptian fruit bats (Publication I). Interestingly, these animals revealed only a low-level 

replication with highest genome copy numbers in the upper respiratory tract (URT), as 

demonstrated by RT-qPCR results from oral swabs. This finding was surprising, as the virus 

was originally isolated from fecal samples in the same species back in 2019. However, RT-

qPCR analysis of rectal swabs from the inoculated fruit bats revealed only marginal viral 

genome copies per mL (<102). These observations show clear limitations of the Egyptian fruit 

bat as animal model and future studies have to define necessary prerequisites for a bat H9N2 

circulation in these fruit bats in the field. This could be age-related issues, simply the route of 

infection or other yet unknown factors. Nonetheless, it has just recently been demonstrated that 

there are marked differences in the immune system of adult and juvenile Rousettus aegyptiacus 

bats, and immune maturation might be an important factor in exhibiting disease tolerance over 

specific viruses (Friedrichs et al. 2022). In line with that, it is generally assumed that bats can 

be persistently infected with viral pathogens, for example during hibernation (Subudhi et al. 

2017). Therefore, adult bats may be able to exhibit disease tolerance by limiting virus 

replication, though prolonged shedding periods, while juvenile bats may exhibit a higher level 

of viral replication and thereby may represent the driving force in the maintenance of viral 

transmission chains in wildlife (Mandl et al. 2018; Storm et al. 2018; Guito et al. 2021; 

Friedrichs et al. 2022). Indeed, general susceptibility of Rousettus aegyptiacus bats to bat H9N2 

was confirmed also through positive seroconversion of directly inoculated animals euthanized 
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at 21 dpi and virus was efficiently isolated and productively replicated in embryonated chicken 

eggs originating from multiple organ or swab samples. In contrast, no viral RNA was found in 

swab samples and no seroconversion was observed in serum samples of Egyptian fruit bats 

inoculated with an avian H9N2 strain. Conclusively, it was assumed that bat-IAVs in general 

might be highly adapted to specific bat species and non-bat IAVs may require further adaptation 

or reassortment to establish a productive infection in a bat-host.  

Nevertheless, these adaptation processes between bat H9N2 and avian or mammalian IAVs are 

considered to be possible. Especially, because of similar packaging sequences of bat H9N2 and 

AIVs gene segments that even might have recently led to the already mentioned reassortment 

events between bat H9N2 and AIVs (Gerber et al. 2014; Kandeil et al. 2019; Ciminski et al. 

2020). In contrast, the incompatible segment ends of the two other known bat IAVs (H17 and 

H18), renders reassortment events for these viruses very unlikely (Juozapaitis et al. 2014; Zhou 

et al. 2014). 

Importantly, it has to be kept in mind that the bat H9N2 has only been found in Rousettus bat 

species, which is a mammalian species. It therefore has to be assumed that this virus is already 

highly adapted to mammals, which can be interpreted as a highly relevant risk factor increasing 

its spillover potential. Furthermore, the natural food searching strategies of Egyptian fruit bats 

encompass looting of different fruit tree leftovers from family households (Centeno-Cuadros et 

al. 2017). Additionally, these fruit tree leftovers may likewise serve as poultry feed, and 

backyard poultry in Egypt is a highly common source to pay for living expenses (Gharib et al. 

2012; Hosny 2016). Through this interface, fruit bats may frequently come in contact with 

humans and/or poultry species and thereby may accomplish spillover infections. The spillover 

risk is even more enhanced by the fact that the Egyptian fruit bat is a migratory species and a 

recent publication has detected the bat H9N2 virus even in a region in South Africa, assuming 

that this virus is already widespread over the African continent (Rademan et al. 2023). 

Conclusively, these observations and hypotheses highlight the necessity for a zoonotic risk 

assessment of bat H9N2 in highly susceptible and prominent mammalian and poultry animal 

models of IAV-research, which was therefore investigated in Publication II. 

5.2 Bat H9N2 exhibits concerning zoonotic and potentially pre-

pandemic characteristics – Publication II 

The Egyptian fruit bat experiment did not prove this animal species as a high-level replication 

animal model for bat H9N2, as well as its pathogenicity and disease progression. In Publication 

II, firstly, the susceptibility of day-old chicks and day-old turkeys to bat H9N2 was examined, 
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especially since the first H9N2 IAV of avian origin was isolated from a turkey in 1966 (Homme 

and Easterday 1970). Considerably, repeated outbreaks of avian H9N2 IAVs in turkey-based 

poultry farms over the globe are frequently reported (Jiang et al. 2012; Afifi et al. 2013; Li et 

al. 2017). Interestingly, while chicken hatchlings were not susceptible to bat H9N2 infection, 

turkey hatchlings productively replicated bat H9N2 with clear seroconversion of all inoculated 

animals. These results firstly support the results of an abortive bat H9N2 replication in adult 

chickens from Kandeil et al. 2019 and moreover suggest important species-specific differences 

between these poultry species that may or may not allow bat H9N2 replication in the respective 

species. Now, based on the data gained in Publication II, a potential introduction of bat H9N2 

into this animal species cannot be excluded anymore and further studies are required to 

investigate the likelihood for such an event, paralleled by surveillance studies in turkey 

populations in Africa. However, apart from poultry susceptibility, the most important goal of 

Publication II was to unravel the zoonotic potential of bat H9N2. Especially, since this virus 

has been isolated from and is probably already well adapted to mammalian species (Kandeil et 

al. 2019). Therefore, the ferret and the MxA transgenic mouse model were used to examine the 

susceptibility to bat H9N2. Surprisingly, ferrets were highly susceptible, efficiently transmitted 

the virus to direct contact animals, and histological analysis revealed a severe rhinitis with 

obvious IAV-antigen in the olfactory epithelium of the ferret nose. It was thereby demonstrated 

that bat H9N2 is able to efficiently replicate in and transmit between ferrets without further 

genetic adaptation, strongly indicating that this virus is already well adapted to mammalian 

rather than avian species. Moreover, since the Egyptian fruit bats as potential natural hosts of 

the bat H9N2 IAV were only moderately susceptible to experimental bat H9N2 infection as 

seen in Publication I, this bat species can be questioned again as singular natural host of this 

virus. The effective replication and transmission capacity in ferrets, one of the most valuable 

models to mimic IAV infections in humans (Maher and DeStefano 2004), opens more questions 

concerning the pre-pandemic potential of bat H9N2.  

An important and often underestimated prerequisite for IAVs establishing either pandemic or 

larger seasonal outbreaks relies in their escape from antiviral MxA restriction factor (Dittmann 

et al. 2008; Götz et al. 2016).  In combination with specific, yet unidentified interferon-induced 

factors, the MxA protein inhibits the transport of IAV vRNPs into the cellular nucleus, thereby 

strongly interfering with IAV replication (Pavlovic et al. 1990; Xiao et al. 2013; Haller and 

Kochs 2020). To date, the identified escape mechanism of IAVs from human MxA is mainly 

based on specific amino acid substitutions within the NP gene segment sequence, for example 

the E53D, L283P or the F313Y/V substitution (Dornfeld et al. 2019; Haller and Kochs 2020). 
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The bat H9N2 NP sequence lacks these specific mutations, which should in principle prevent 

escape from human MxA interventions. In Publication II, bat H9N2 replication is diminished 

in vitro using cells lines expressing an active MxA protein, while the polymerase activity of bat 

H9N2 is less affected from the MxA based inhibitory function than the polymerase activity of 

avian IAVs. Contrastingly, comparative experimental infection of C57/Bl6 and hMxA 

transgenic mice revealed comparable lung titers of bat H9N2 replication in both mice models, 

with no initiation of hMxA-expression in the transgenic hMxA-mice. These observations 

strongly suggest an alternative pathway of bat H9N2-associated MxA-escape by potentially 

suppressing hMxA-expression in vivo after infection.  

An additional pre-pandemic feature of zoonotic IAVs, such as bat H9N2, encompasses their 

antigenic diversity to circulating IAV-strains in humans. Publication II clearly revealed that 

individual humans vaccinated against circulating H1N1 and H3N2 strains were serologically 

naïve towards the bat-N2, although strong antibody responses were observed against the N2 of 

avian IAV origin. If the bat H9N2 virus thereby would finally accomplish spillover infection to 

humans, it would likely be introduced in an immunologically naïve population, a further 

concerning pre-pandemic characteristic of bat H9N2. In addition to that, the ex vivo growth 

kinetics approach in human lung transplant cultures in Publication II revealed that the bat 

H9N2 replicated highly efficient and significantly stronger compared to a seasonal H3N2 IAV 

isolate in these human lung tissues. These results thereby suggest an already advanced 

adaptation of the bat H9N2 to the human alveolar tissue, which markedly increases the 

possibility of humans being susceptible to bat H9N2. 

 

The Publications I and II summarize and elucidate that while a virus does not exhibit severe 

disease progression in its potentially natural host, this does not hold true for a different host that 

might be infected by a viral spillover event from the natural host. It is therefore of indispensable 

interest to characterize emerging and newly discovered viruses in a variety of animal models, 

including livestock animals that might function as intermediate host, to fully elucidate its host 

range, virulence and transmissive potential. As the bat H9N2 example shows, this virus 

unexpectedly exhibited pre-pandemic features, which would have remained unnoticed in case 

this virus would not have been characterized further. Therefore, Publications I and II in this 

dissertation demonstrate the strong relevance of profound in vivo characterization of newly 

emerging viruses in advance to identify their pre-pandemic potential, exemplified by the bat 

H9N2 virus.  
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Missing a newly emerging zoonotic virus and lack of deep characterization in terms of its 

pandemic potential will sooner or later confront the global population with a pandemic virus. 

Exactly this scenario happened in December 2019, when the SARS-CoV-2 virus established 

spillover infections from unknown hosts to humans (Zhou et al. 2020). Consequently, this virus 

rapidly spread over the globe, while likewise evolving into more serious VOCs, in the end 

infecting and killing millions of people (WHO as of 1st december 2022). While Publications 

I and Publication II provide useful modes of action in order to characterize potential pre-

pandemic viruses, Publication III and Publication IV in this dissertation basically focus on 

substantial characterization in case a pathogen has already accomplished pandemic outbreaks, 

here exemplified by SARS-CoV-2 via in vivo characterization in multiple animal models. 

5.3 In vivo competitions of SARS-CoV-2 VOCs as main approach 

to determine variant fitness – Publication III 

SARS-CoV-2, which emerged in 2019, has evolved multiple times throughout the still ongoing 

pandemic, generating multiple different VOCs with specific fitness advantages over their 

respective precursory prevailing VOC (Korber et al. 2020; WHO as of 1st december 2022). 

These SARS-CoV-2 variants may outcompete currently dominating strains due to either 

replication and transmission advantages, enhanced virulence or stronger immune escape 

properties based on amino acid mutations throughout the viral genome (Zhou et al. 2021; Liu 

et al. 2022b). Therefore, in vitro and in vivo infection and transmission competitions between 

VOCs performed firstly in the precursory publication from Zhou et al. 2021 were hypothesized 

to allow the prediction of future prevailing VOCs and their genetic determinants for 

predominance. The goal of the studies in Publication III was basically to lay the cornerstone 

for rapid risk assessments in conformity with respective counteracting measures to prevent 

spread or promote adapted vaccine development against the respective SARS-CoV-2 VOCs. 

During the time of conducting these studies, SARS-CoV-2 Alpha and Beta VOCs were 

dominating in different parts of the world (Fujino et al. 2021; Tegally et al. 2021; Washington 

et al. 2021) and especially the spike-associated mutations were hypothesized to be the main 

cause (Liu et al. 2022c). In Publication III of this dissertation, the competitive (dis-)advantages 

of the emerging Alpha and Beta VOC were investigated in vitro and in a multi-species approach 

including the ferret, the Syrian hamster, as well as the transgenic (tg) K18-hACE2 and hACE2-

KI mice models. The in vitro studies gave a first hint of specific VOC fitness advantages, but a 

full picture of these variants could only be achieved by in vivo experiments. More precisely, in 

the Syrian hamster model, Alpha was able to prevail in terms of replicative and transmissive 
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fitness over Beta, but demonstrates equal fitness as the SARS-CoV-2 WT. These observations 

deviate from human epidemiological data insofar as the Alpha VOC fully predominated over 

Beta VOC and WT SARS-CoV-2 in the human population at that time (RKI 2021), thereby 

necessitating the use of a another animal model to either validate or rather debilitate the results 

obtained through the hamster experiments. However, Beta replicated to a substantial amount in 

donor hamster lungs of the lower respiratory tract (LRT) in competition with Alpha, although 

URT replication in hamsters was dominated by Alpha. Thereby, the here described competitive 

infection and transmission approach in hamsters nevertheless suits for the investigation of 

SARS-CoV-2 VOC tissue tropism and highly suggests that a URT replication advantage of a 

specific VOC determines which variant will be transferred to contact animals. This is even in 

accordance with human epidemiological data again, stating an increased hospitalization risk for 

patients infected with the Beta variant compared to WT, but also Alpha (Funk et al. 2021; 

Veneti et al. 2021). The hamster model thereby still stands out as a useful model to deliver first 

hints in the anticipation of SARS-CoV-2 VOC disease severity, which may be largely 

dependent on LRT replication efficacy of respective VOCs, although the data on transmission 

between hamsters did not match the epidemiological data in humans. The hamster may also 

represent a so called “super spreader” model, since this animal highly efficiently transmitted all 

used variants rapidly to their contacts and is even able to keep these transmission chains up via 

a second contact round. These scenarios have also been observed in humans from time to time 

(Lemieux et al. 2020; Wei et al. 2020; Edwards et al. 2021). 

Contrastingly, the ferret revealed total replication and transmission predominance of Alpha 

over WT SARS-CoV-2 in Publication III, without replication in the LRT and without showing 

any clinical symptoms. Further observations in the genetically modified K18-hACE2 and 

hACE2-KI mouse models used in Publication III also demonstrate predominance of Alpha 

over WT SARS-CoV-2 and Beta, which is in accordance with the ferret model. Importantly, 

the mouse models both contain the ACE2-receptor from humans, making a SARS-CoV-2 

phenotype translation from these mice models to humans more credible. In the thereof 

following experiment in Publication III, a recombinant clone expressing the spike mutations 

of the Alpha VOC in a SARS-CoV-2 WT backbone (wt-SAlpha) was tested in the hACE2-KI 

mouse model, addressing the interplay of these mutations in achieving global predominance. 

Here, the spike mutations of Alpha VOC alone were sufficient to achieve predominance over 

WT SARS-CoV-2 in these animals. These results highlight not only the importance of these 

spike protein mutations for viral fitness, but also the relevance and the adaptation of SARS-

CoV-2 VOCs to the human ACE2 receptor and therefore to humans in general. Apparently, the 
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ferret and both mouse models seem to mimic the epidemiological situation in humans 

concerning SARS-CoV-2 VOC dominance equally well and better than the Syrian hamster. 

Therefore, the combination of all these models hereafter gained high relevance in the 

characterization of future arising SARS-CoV-2 VOCs, also in analogy to humans. As an initial 

preselection method, the use of organoids in terms of growth kinetics and viral distribution may 

be also helpful to get a first insight in the characteristics of these viruses, also in the interest of 

saving animal lives (Kim et al. 2020; Chen et al. 2022; Han et al. 2022).  

Being reminiscent of Publication I and II in this dissertation, the bat H9N2 virus also 

demonstrated a great adaptation to mammalian species, which was proven by in vivo 

experiments in the ferret model. The ferret thereby again stands out as one of the most valuable 

animal models in translating the disease phenotype of emerging viruses from ferrets to humans 

and should be kept in mind for an urgent characterization of newly emerging zoonotic and 

potentially pandemic viruses.  

Referring again to Publication III, all of the used animal models nevertheless are delivering 

different kinds of information and consolidating all this information eventually revealed a full 

picture about the threat of emerging SARS-CoV-2 variants. Competitive infection and 

transmission experiments in a multi-species approach can therefore not only be used as an 

“early-warning system” for potentially prevailing virus variants in the human population 

(ferrets and mouse models), but also to estimate the potential disease severity induced by an 

infection with and the transmissive fitness outgoing from the respective VOC (Syrian hamster 

model). However, it has to be considered that SARS-CoV-2 VOCs are evolving at an 

astonishing speed, as multiple different VOCs were discovered rapidly after Alpha and Beta 

VOC just prevailed over the globe, among which Omicron VOC was the latest variant 

predominating in humans at the time of writing this dissertation (RKI 2021; WHO as of 1st 

december 2022). Therefore, the discussed experiments, especially in the context of SARS-CoV-

2, have to be carried out in a relatively short time frame after a new VOC is discovered to allow 

major influence on counteracting measures to prevent the spread of this respective VOC. If 

done so, these experiments can be extremely helpful in the fight against the SARS-CoV-2 

pandemic.  

In summary, the experiments in Publication III elucidate the importance of using multiple test 

systems including several different animal models for experimental in vivo studies to receive a 

full picture about the diverse fitness benefits of SARS-CoV-2 VOCs. In line with that, the 

advantage of using multiple animal models to fully characterize emerging viruses was also 

already mentioned in Publication I and II. At this point, it is therefore noteworthy again to 
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strongly support the use of a variety of animal models for in vivo characterization of emerging 

viruses not only in the matter of pandemic preparedness, but also pandemic spread precautions.  

 

5.4 Identifying the fitness providing genetic determinants of the 

VOC Omicron requires in vivo characterization - Publication IV 

The tremendous amount of results obtained in Publication III laid the cornerstone to rapidly 

evaluate the threat of emerging SARS-CoV-2 VOCs by performing competitive and single 

infection and transmission experiments of these VOCs in the best fitting animal models. 

Publication IV basically uses the same methods as Publication III to characterize the newly 

emerged SARS-CoV-2 VOC Omicron BA.1 in comparison with its precursory prevailing VOC 

Delta. This time though, the methods could be more finetuned by taking into consideration the 

overall immunity of the global population at the time of conducting the studies. This was not 

only because commercially available vaccines have been licensed, but also because the majority 

of the even unvaccinated human population already had been infected with SARS-CoV-2 and 

thus revealed a serological response against the virus (Sallam 2021; Bergeri et al. 2022). 

However, the antigenic distance of Omicron from all other SARS-CoV-2 variants is quite large 

and a dramatic decrease in neutralizing antibody titers elicited by SARS-CoV-2 WT-based 

mRNA vaccination against Omicron VOC are proven (Cele et al. 2022; Xie et al. 2022). 

Accordingly, several breakthrough infections with this variant have been confirmed (Tan et al. 

2023).  

As it is not feasible to vaccinate cell cultures, animal models are the only way to receive a full 

picture about specific SARS-CoV-2 variant fitness as compared to in vitro studies until the time 

of writing this dissertation. Keeping this in mind, the studies in Publication IV of this 

dissertation, aside from a set of in vitro experiments, focused largely on a general 

characterization of Delta and Omicron BA.1 VOCs in naïve Syrian hamsters, ferrets and 

hACE2-KI mice, followed by single or competitive infection studies with Delta and Omicron 

BA.1 spike-clones (SARS-CoV-2S-Delta and SARS-CoV-2S-Omicron BA.1) in unvaccinated hACE2-

KI, as well as in vaccinated and unvaccinated K18-hACE2 mice. The individual recombinant 

SARS-CoV-2 VOC Delta or Omicron BA.1 viruses with a specific set of S-protein mutations 

were used to identify the genetic determinants responsible for the VOC-specific fitness 

advantages. While in vitro competitions between isolates and spike recombinants of Delta and 

Omicron-BA.1 demonstrated spike-associated predominance of Omicron BA.1 over SARS-

CoV-2 WT and Delta, Delta fully predominated over an Omicron BA.1 isolate in competitive 
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infection and transmission experiments in naïve Syrian hamsters, hACE2-KI mice and ferrets. 

Most surprisingly, an approach to infect the naïve ferret model only with Omicron BA.1 VOC 

led to an abortion of replication.  

Conclusively, marked differences become apparent when comparing the results from the in 

vitro experiments to the in vivo experiments with the naïve animal models. Although Omicron 

BA.1 outperformed Delta in vitro, it was not able to verify these results in all tested naïve animal 

models, even not in the ferret or the hACE2-KI mice. Based on the results from Publication 

III, ferrets were hypothesized to be well translational models for SARS-CoV-2 infections in 

humans. However, the fact that Omicron BA.1 is not able to infect ferrets anymore strongly 

supports the theory that this VOC has adapted to humans perfectly well, which is also in 

accordance to human epidemiological data. Supportive to that theory, Publication IV and also 

other researchers could show that the virulence of VOC Omicron has decreased, visible for 

example in case of the physiological parameters of Syrian hamsters or in the different mice 

models (lower body weight loss etc.) (Halfmann et al. 2022; Yuan et al. 2022). These results 

highly emphasize again the necessity of multiple animal models for full characterization of 

emerging viruses, such as SARS-CoV-2 VOCs, as only the whole organism can provide a 

realistic physiological platform for that purpose. Importantly, this also includes the 

immunological parameters. In Publication IV, comparative single infection of vaccinated or 

unvaccinated K18-hACE2 mice with SARS-CoV-2S-Delta and SARS-CoV-2S-Omicron indeed 

revealed that mRNA-based vaccination against SARS-CoV-2 WT efficiently prevented body 

weight loss and decreased (infectious) viral load in swabs and organ samples after infection 

with SARS-CoV-2S-Delta. In contrast, a decrease in (infectious) viral load in oropharyngeal 

swabs, as well as nose or lung organ samples was only marginally detectable for mRNA 

vaccinated compared to non-vaccinated animals challenged with SARS-CoV-2S-Omicron. As the 

earlier mentioned human breakthrough infections and drop in virus neutralizing antibody titers 

had assumed, the collective in vitro and especially in vivo studies in Publication IV clearly 

demonstrate a spike-dependent immune escape advantage of SARS-CoV-2 Omicron BA.1 over 

Delta, which thereby likely contributed to the SARS-CoV-2 Omicron BA.1 predominance in 

the human population. In line with that, other researchers performed a competitive infection 

and transmission study with SARS-CoV-2 Omicron BA.1 and Delta VOC in vaccinated and 

unvaccinated Syrian hamsters and could indeed confirm that Omicron BA.1 VOC had 

transmissive and replicative advantages over Delta VOC in vaccinated animals (Yuan et al. 

2022). These observations further substantiate the results from Publication IV.  
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In summary, Publication III and IV provide useful, comprehensive and detailed methods to 

rapidly identify and classify newly emerging virus variants that may gain the mastery over 

previously prevailing variants of the respective virus, here exemplified for SARS-CoV-2. 

Importantly, several lessons can be learned from these approaches: Firstly, in vitro 

characterization alone might be not sufficient to reveal all fitness advantages of a specific virus 

or virus variant. Secondly, experimental single and competitive infection studies of virus 

variants in a multi-species approach are necessary, since each animal model will provide 

different kinds of important information about the specific virus variant. Publication III and 

IV show that for SARS-CoV-2, the ferret and the genetically modified mouse models harboring 

the hACE2-receptor are good animal models in mimicking the human epidemiological SARS-

CoV-2 prevalence situation at least until VOC Omicron BA.1, while the Syrian hamster is a 

useful model to study SARS-CoV-2 VOC tissue tropism, disease severity and transmission 

capacity. Thirdly, the use of recombinant viruses expressing specific potentially fitness 

providing amino acid mutations helps to identify the cause for a global predominance on a 

molecular level. Lastly, the overall immunity of the global population has to be considered at 

the time of conducting such studies, as increasing vaccination and re-convalescence of the 

global population will clearly lead to the emergence of virus variants exhibiting fitness 

advantages through immune escape mechanisms, as seen for SARS-CoV-2 Omicron BA.1 in 

Publication IV.  

Most importantly though, these approaches are not restricted to SARS-CoV-2 at all, but could 

also be used for future pandemic viruses. If a future pandemic virus is infecting as much people 

as SARS-CoV-2 has accomplished until now, there is a great potential of this hypothetic virus 

to develop equally high fitness providing mutation rates. In turn, competitive infection and 

transmission studies in animal models with emerging variants of this specific virus will be a 

useful tool to predict their dominance and subsequent prevalence. Additionally, the use of not 

only pre-immunized donor animals, but also pre-immunized contact animals will likely be of 

importance to simulate the human situation at specific timepoints in a potential pandemic. 

 

In conclusion of Publication I to Publication IV, this dissertation provides a sequence of 

useful studies to firstly characterize a newly discovered, emerging and potentially zoonotic 

respiratory virus from its discovery to a potentially pandemic virus. The first steps after 

discovery include a rapid characterization of this emerging virus in its natural host, exemplified 

by the bat H9N2 IAV (Publication I). Secondly, it is important to identify the spillover 

potential to humans and other (domestic) species by inoculation of a variety of animal models, 
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infection of human lung explants and antigenic diversity analysis to related virus strains, also 

exemplified by the bat H9N2 virus (Publication II). These methods are of utmost importance 

in the interest of pandemic preparedness. If such a virus nevertheless accomplishes a spillover 

infection to and consequently efficient spread within humans, this virus may acquire fitness 

providing mutations, eventually leading to the emergence of different virus variants. Thereafter, 

the interest of pandemic preparedness will change to the interest of pandemic spread prevention 

and precautionary measures. These points can be addressed by rapidly assessing the replicative 

and transmissive fitness advantages of such virus variants and their genetic determinants by 

competitive inoculation. Such experiments were performed in a multi-species approach to fully 

characterize viral host range, replicative and transmissive fitness advantages, pathogenicity, 

disease severity, as well as specific tissue tropism in Publication III. The method herein was 

performed with the pandemic SARS-CoV-2 virus and its different VOCs, and has to be 

performed with future viruses of concerning zoonotic potential, such as bat H9N2. After 

identification of the potential fitness pandemic virus variant, the overall evolution of the 

pandemic pathogens - especially in respect of global vaccination - has to be considered. 

Dominant virus variants with a potential immune escape fitness advantage can only be 

identified via using experimental competitive and single infection studies with vaccinated and 

unvaccinated animal models, which was done in case of SARS-CoV-2 Omicron and Delta in 

Publication IV. These results finally are necessary to confirm an immune escape-dependent 

fitness advantage of a specific virus variant that could become predominant in a pandemic 

situation, which also might lead to the rapid production of virus variant adapted vaccines as it 

is currently for the SARS-CoV-2 Omicron adapted vaccine (Muik et al. 2022).  

 

The SARS-CoV-2 pandemic, as well as the discovery of the potentially pre-pandemic bat 

H9N2, assume that there might be multiple other so far undiscovered and potentially zoonotic 

and pre-pandemic viruses around. Using the appropriate methods for virus characterization, as 

exemplified by Publication I to Publication IV of this dissertation, will help to prepare for and 

fight against the next pandemic. 



6 Summary 6 

- 167 - 
 

6 Summary 

As the animal-to-human interface becomes increasingly narrow, transmission events of 

zoonotic pathogens between animals and humans become more and more probable. While 

SARS-CoV-2 already accomplished a spillover infection to humans and is responsible for the 

current pandemic, the bat H9N2 IAV with so far unknown zoonotic potential was only recently 

discovered. In order to identify I) the role and potential of a newly discovered, potentially pre-

pandemic virus, such as the bat H9N2, or II) possible future prevailing virus mutant variants of 

an already known pandemic virus, such as SARS-CoV-2, it is important to characterize these 

emerging viruses in vivo as soon and as good as possible. 

The first objective in this dissertation (Publications I and II) therefore deals with the 

characterization of bat H9N2 and the estimation of its zoonotic or even pandemic potential. 

In Publication I, a general susceptibility of directly inoculated Egyptian fruit bats to bat H9N2 

was confirmed by successful seroconversion, although exhibiting only moderate viral shedding. 

All three contact animals remained seronegative, though one contact bat showed slight lesions 

in the histopathological analysis. 

Publication II further addressed the question of the zoonotic potential of this virus. Inoculation 

of day-old turkey hatchlings demonstrated moderate susceptibility to bat H9N2 infection with 

a measurable seroconversion, while day-old chicken hatchlings were not susceptible to bat 

H9N2. Ferrets proved to be highly susceptible to bat H9N2 with high viral shedding, a 

transmission efficiency rate of 100% to direct contact animals at 2 days post contact, but with 

only minimal clinical signs. Importantly, the virus demonstrated the ability to evade the MxA-

restriction factor and to replicate efficiently in human lung tissue explants. Furthermore, 

seasonal IAV- and standard IAV-vaccines showed no cross reactivity against the bat-N2 protein 

in humans. Therefore, further research on such viruses is urgently needed in order to prevent a 

renewed pandemic situation in the future as caused by SARS-CoV-2. 

The second objective in this dissertation dealt with the identification and characterization of 

emerging SARS-CoV-2 Variants of Concern (VOCs). 

Therefore, in Publication III, competitive infection experiments were performed using the 

Syrian golden hamster, the ferret, and transgenic mouse models (K18-hACE2 and hACE2-KI). 

These studies revealed replicative and transmissive predominance of Alpha VOC over Beta 

VOC, but not over SARS-CoV-2 WT in the hamster model, although Beta VOC substantially 

replicated in the lungs of donor animals. In contrast, the Alpha VOC had an unambiguous 

replication and transmission advantage over WT SARS-CoV-2 in the ferret and both mouse 



6 Summary 6 
 

- 168 - 
 

models. A recombinant SARS-CoV-2 WT-SAlpha virus helped to assign the fitness advantage of 

this variant particularly to the spike protein-associated mutations. 

In Publication IV, in vitro results inferred an early replicative fitness advantage of Omicron 

BA.1 over Delta VOC, although the opposite was observed in competitively inoculated 

hamsters, ferrets and naive hACE2-KI mice. In addition, Publication IV demonstrated a 

disadvantage in transmission for the VOC Omicron BA.1 over the Delta VOC and a lack of 

susceptibility of ferrets after a single infection with the VOC Omicron BA.1. An mRNA 

vaccination of K18-hACE2 mice caused a drastic reduction of infectious virus particles in organ 

material following an infection with a recombinant SARS-CoV-2 WT-SDelta, but not when 

challenged with the SARS-CoV-2 SOmicron BA.1 clone.  

 

This dissertation includes numerous, comprehensive experimental studies that are generally 

important for the characterization of emerging, potentially pre-pandemic viruses and may 

provide crucial information about the future dominance of certain virus variants in an ongoing 

pandemic. Here, the need for the use of a variety of animal models becomes apparent. By 

characterizing and classifying potentially zoonotic strains, these methods will help to better 

prepare for potentially upcoming pandemics and, in the case of a zoonotic or even pandemic 

event, to better detect and understand the circulating strains and their evolution. 
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7 Zusammenfassung 

Da die Schnittstelle zwischen Menschen und Tieren immer enger wird, ist in der Folge die 

Übertragungswahrscheinlichkeit eines Erregers von Tier zu Mensch unter Umständen deutlich 

erhöht. Während SARS-CoV-2 bereits erfolgreich eine Übertragung auf den Menschen 

realisierte und dadurch verantwortlich für die aktuelle Pandemie ist, wurde das Fledertier-

assoziierte H9N2 IAV (bat H9N2) mit aktuell unbekanntem, zoonotischem Potential neu 

entdeckt. Um nun I) die Rolle und das Potential eines neuen, eventuell prä-pandemischen 

Virus‘, wie des bat H9N2, oder II) zukünftig vorherrschende Virusvarianten eines bereits 

bekannten, pandemischen Virus‘, wie z.B. des SARS-CoV-2, zu identifizieren, ist es nötig, 

diese Viren so schnell und gut wie möglich auch in vivo zu charakterisieren 

Die erste Fragestellung dieser Dissertation (Publikationen I und II) befasst sich daher mit der 

Charakterisierung des bat H9N2 und die Abschätzung seines pandemischen Potentials. 

In Publikation I wurde eine generelle Empfänglichkeit der inokulierten Nilflughunde als 

natürlicher Wirt für bat H9N2 über die erfolgte Serokonversion bestätigt, obwohl die Tiere nur 

moderate Viruslasten ausschieden. Alle drei Kontakttiere blieben allerdings seronegativ, 

obwohl ein Kontakttier leichte Läsionen in der histologischen Analyse zeigte. 

Publikation II befasste sich ebenfalls mit der Frage des zoonotischen Potentials dieses Virus. 

Die Inokulation von Eintags-Putenküken bewies eine moderate Empfänglichkeit mit messbarer 

Serokonversion dieser Tiere, während Eintags-Hühnerküken nicht für bat H9N2 empfänglich 

waren. Frettchen erwiesen sich als sehr gut mit bat H9N2 infizierbar, mit einer sehr hohen 

Virusausscheidung, einer effizienten Transmissionsrate von 100% zu direkten Kontakttieren an 

Tag 2 nach Erstkontakt, aber nur minimaler Klinik. Das Virus bewies ebenso die Fähigkeit dem 

MxA-Restriktionsfaktor auszuweichen und in humanen Lungengewebsexplanaten effizient zu 

replizieren. Weiterhin konnte gezeigt werden, dass saisonale IAV und die Standard IAV-

Vakzinen keine Kreuzreaktivität gegen das N2-Protein des bat H9N2 Virus im Menschen 

induzieren. Daher ist eine weitergehende Erforschung solcher Viren dringend notwendig, um 

zukünftig eine erneute pandemische Situation wie durch SARS-CoV-2 hervorgerufen, zu 

verhindern.  

Die zweite Fragestellung dieser Dissertation beschäftigt sich mit der Identifikation und 

Charakterisierung von neu auftretenden SARS-CoV-2 Variants of Concern (VOCs). 

In Publikation III wurden daher kompetitive Infektionsversuche mit dem syrischen 

Goldhamster, dem Frettchen, sowie transgenen Mausmodellen (K18-hACE2 und hACE2-KI) 

durchgeführt. Diese Studien konnten einen deutlichen, replikativen und transmissiven Vorteil 
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der VOC Alpha über VOC Beta, nicht aber gegenüber dem WT SARS-CoV-2 im 

Hamstermodell darlegen, obwohl VOC Beta substantiell in der Lunge von Donor-Tieren 

replizierte. Im Gegensatz hierzu erwies sich die Replikation und Transmission der VOC Alpha 

als deutlich im Vorteil gegenüber WT SARS-CoV-2 im Frettchen und in beiden Mausmodellen. 

Ein rekombinantes SARS-CoV-2 WT-SAlpha Virus half, den Fitnessvorteil dieser Variante 

besonders den Spike-Protein-assoziierten Mutationen zuzuordnen.  

In Publikation IV zeigten in vitro Ergebnisse einen frühen, replikativen Vorteil der VOC 

Omikron BA.1 gegenüber der VOC Delta, obwohl im kompetitiv inokulierten Hamster-, 

Frettchen- und naivem K18-hACE2-Mausmodell stets ein Vorteil der VOC Delta beobachtet 

werden konnte. Außerdem wurde in Publikation IV ein transmissiver Nachteil der VOC 

Omikron BA.1 gegenüber VOC Delta und eine fehlende Empfänglichkeit des Frettchens nach 

einer Einzelinfektion mit der VOC Omikron BA.1 nachgewiesen. Eine mRNA-Vakzinierung 

bewirkte eine drastische Reduktion infektiöser Viruspartikel in Organmaterial von K18-hACE2 

Mäusen in Folge einer Belastungsinfektion mit einem rekombinanten SARS-CoV-2 WT-SDelta 

Virus, nicht jedoch in Folge einer SARS-CoV-2 WT-SOmikron BA.1Infektion. 

 

Diese Dissertation umfasst zahlreiche, detaillierte experimentelle Studien, die einerseits 

generell für die Charakterisierung von neu auftretenden, möglicherweise prä-pandemischen 

Viren von Bedeutung sind, andererseits aber auch entscheidende Hinweise über die zukünftige 

Dominanz bestimmter Virusvarianten in einer laufenden Pandemie liefern können. Hierbei wird 

die Notwendigkeit der Verwendung von unterschiedlichen Tiermodellen deutlich. Diese 

Methoden werden durch die Charakterisierung und Klassifizierung möglicherweise 

zoonotischer Virusstämme dabei helfen, sich besser auf bevorstehende potentielle Pandemien 

vorzubereiten und im Falle eines zoonotischen oder gar pandemischen Geschehens die 

zirkulierenden Stämme und deren Evolution besser zu erfassen und zu verstehen.
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