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Meiner Familie und Uwe

“The road and the tale have both been long, would you not say so? The trip has been
long and the cost has been high... but no great thing was ever attained easily. A long
tale, like a tall Tower, must be built a stone at a time.”

— Stephen King, The Dark Tower
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1 Introduction

The severe acute respiratory syndrome coronavirus type 2 (SARS-CoV-2) and influenza A
viruses (IAV) are significant public health concerns.

Influenza viruses cause seasonal waves, while SARS-CoV-2 triggered a pandemic in 2020,
which is still ongoing. The World Health Organization (WHQO) has terminated the public
health emergency of international concern (PHEIC) in May 2023, stating that the virus has
established itself in the population causing regular waves.

For influenza viruses, first vaccines have been available for wider use since 1945, but their
composition needs to be re-assessed and the vaccine must be re-administered on a yearly
basis due to drift processes of the virus. Research focuses on the development of a
universal influenza vaccine, which is not dependent on the everchanging parts of the
surface glycoprotein hemagglutinin (HA). These efforts are still ongoing.

Since the start of the SARS-CoV-2 pandemic, research and vaccine development
progressed in record time, having the first licensed vaccines ready by the end of 2020. In
the course of the pandemic, variants of the initial virus have emerged. The further they
progressed from the original virus, the more they showed immune evasion, so by now it
has been stated that the wildtype strain should be left out of updated vaccine formulations.
In this thesis, an adeno-associated virus (AAV) — vector is evaluated as a vaccine vector
for both abovementioned viruses.

In the context of developing a broadly reactive influenza vaccine, this vector system has
already been shown to be a promising candidate. AAV-vector vaccines have also been in
development for SARS-CoV-2, but none has reached market-level authorization yet.

The object of this thesis is 1) the immunological evaluation of AAV-vectors delivering
different IAV antigens as a vaccine against influenza viruses in a mouse model of influenza
and 2) the design and assessment of an AAV-vector vaccine targeting the receptor-binding
domain of SARS-CoV-2 (AAV-S-RBD).

For this evaluation, a bivalent AAV-HA + AAV-NP (AAV-HA/NP) vaccine was used,
investigating a possible synergistic effect to induce a broadly reactive immune response.
It should further be assessed, if priming with an AAV-vector vaccine could have an
enhancing effect, similar to a natural influenza infection or the immunization with a live-
attenuated vaccine, on the induction of a broadly reactive immune response compared to
priming with an inactivated vaccine. Additionally, the immunogenicity of an AAV-vector
carrying a group 2 HA (AAV-H3) was evaluated, and further assessed, if a broader immune

response could be achieved by the combination of group 1 and 2 HAs (AAV-HA/H3).



2 Introduction

The AAV-S-RBD vaccine was designed and evaluated in vitro before its immunological
properties were assessed in vivo. As the pandemic progressed, the vector was adapted to

emerging variants of concern (VOC) of SARS-CoV-2 and cross-reactivity was assessed.



2 Literature Review

2.1 Current and past pandemics — One Health paradigms with major impact

During the 20" century, there have been five documented pandemics, meaning the
outbreak of an infectious disease over multiple countries or continents, leading to great
socioeconomic losses and challenges to public health. Four of these pandemics were due
to IAV subtypes, namely H1N1 (1918), H2N2 (1957), H3N2 (1968) and H1N1 (2009)
(Palese 2004; McCullers 2016; Yang et al. 2022). The fifth pandemic, caused by SARS-
CoV-2, was declared in March 2020 by the WHO, who ended the PHEIC recently in May
2023, but the pandemic is still ongoing (Figure 1).

These pandemics all have a zoonotic origin, meaning that those infectious diseases

originated in animals and crossed over to humans. Zoonoses appear to emerge more and

2009 Pandemic

(swine)
1918 Pandemic 1957 Pandemic 1968 Pandemic 2020 Pandemic
(Avian) (Avian + 1918)  (Avian + 1957) m SARS-CoV-2

H1N1

| | | | | | | | | | | i
1920 1930 1940 1950 1960 1970 1980 1990 2000 2010 2020

Figure 1: Pandemic timeline

Four of the five pandemics in the 20th century have been caused by influenza A viruses.
The 1957 and 1968 were reassortants, whereas the H1N1 viruses came directly from
animal reservoirs. The fifth pandemic is still ongoing and has been caused by SARS-CoV-
2. Own illustration based on Palese (2004), McCullers (2016), Yang et al. (2022) and WHO
(2023c).

more frequently, because natural habitats of animals and human territories are becoming
more interconnected and intensive animal husbandry and wildlife trade are extending,
accompanied by environmental degradation (Jones et al. 2008; Jones et al. 2013; Smith et
al. 2014; Everard et al. 2020; Kenyon 2020).

The 1918 H1N1 virus had an avian origin, the 1957 H2N2 was a reassortant of the 1918
H1N1 and an avian virus, the 1968 H3N2 was a reassortant of the previous strain as well,
and the 2009 H1N1 originated in swine (McCullers 2016).

The origin of SARS-CoV-2 has been discussed and studied intensely, but the exact
transmission route leading up to the pandemic is not known. On the other hand, it is known
that bats are the natural reservoir hosts for Alpha- and Beta-coronaviruses (Yang et al.
2022). Most likely there was a zoonotic event, where the virus crossed over from an
intermediate host animal to humans at the Huanan market late in 2019 (Kenyon 2020;
Pekar et al. 2022).
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Seasonal IAV can infect up to 20% of the global population and up to 650,000 deaths are
reported worldwide, 72,000 of those only in the WHO European Region (WHO 2023b).
SARS-CoV-2, as of August 2023, has caused more than 769 million cases worldwide and
more than 6.95 million reported deaths (WHO 2023c).

Thus, the IAV and SARS-CoV-2 pandemics are paradigms for One Health problems that
can have a major impact on public health and economies and need to be met with a One
Health approach, integrating measures not only from human medicine, but also veterinary
medicine, as well as environmental interventions (Ludwig et al. 2014; Kenyon 2020). To be
able to better respond to future pandemics, or even prevent them, this multi-level approach

needs to be applied.

2.2 Influenza viruses
2.2.1 Taxonomy

Influenza viruses belong to the family of Orthomyxoviridae (Kuhn et al. 2021). They have
a segmented negative-sense, single-stranded RNA genome. Until today, four genera have
been identified, namely Alpha-, Beta-, Gamma- and Deltainfluenzaviruses with the
respective species Influenza A, B, C and D virus (Kuhn et al. 2021). Influenza A, B and C
viruses are known to cause disease in humans (Paules and Subbarao 2017; Uyeki et al.
2022).

Influenza D viruses are the most recently discovered Influenza viruses and have primarily
been found in cattle as their reservoir (Hause et al. 2014). Periodical spillover to other
mammalian and poultry species has been found, without evidence of replication (Su et al.
2017; Liu et al. 2020).

Influenza C viruses have also been found in pigs, dogs and cattle and rare cases of human
to swine transmission have been reported (Sederdahl and Williams 2020). Infection is
mostly asymptomatic in adults but can be dangerous for young children (Matsuzaki et al.
2006).

Influenza B viruses mostly infect humans but have also been found in marine mammals
like seals (Osterhaus et al. 2000).

For influenza B viruses, two antigenically distinct lineages, B/Yamagata, and B/Victoria,
have been defined (Rota et al. 1990; Nerome et al. 1998). During the SARS-CoV-2
pandemic, B/Yamagata has disappeared completely, and it remains to be determined
whether it can re-emerge (WHO 2022a).

Influenza A viruses have the broadest host range and the highest pandemic potential. Their
natural reservoir are wild birds, specifically waterfowl, but they can infect different

mammalian species in addition to humans, like pigs, horses, or dogs (Figure 3) (Webster
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et al. 1992; Yoon et al. 2014).

There have been different virus

Group 2

subtypes identified for IAV due to the
composition of their surface
glycoproteins hemagglutinin (HA) and *H18
neuraminidase (NA). To date there are
18 antigenically distinct HA (H1-18) *H17
and 11 NA (N1-11) subtypes
described (Wu et al. 2014; Hutchinson
2018; Long et al. 2019). The HA and

NA subtypes can additionally be

divided into 2 groups each, depending
on their amino acid sequence (HA Hie H13
groups displayed in Figure 2), Group 1

whereas the bat-derived NAs (N10 Figure 2: Phylogenetic tree of the
and N11) do not fit in either of the hemagglutinin genes of influenza A virus
subtypes
groups. Not all subtypes can infect Displayed is the phylogenetic tree of IAV
hemagglutinin (HA) molecules, which can be
categorized into two groups: group 1 (in blue)
or can pass it on productively (Figure and group 2 (in red). H17 and H18 are bat
3). The subtypes H17N10 and derived HA, which belong to group 1

(reproduced from Wu et al. (2014), image rights
H18N11 have only been found in bats  in chapter 14).

(Tong et al. 2012; Tong et al. 2013).

Both, influenza A and B viruses evolve to escape existing immunity. In this way, they can

every susceptible species equally well

cause seasonal epidemics annually. This evolutionary process occurs via point mutations
in the HA and NA epitopes, leading to amino acid substitutions, insertions, or deletions,
which results in antigenic drift (Krammer et al. 2018; Uyeki et al. 2022).

Another process, which occurs in IAV due to their segmented genome and their ability to
infect a broad range of different hosts, is called antigenic shift. If two or more antigenically
distinct IAV subtypes infect the same host, those viruses can go through the process of
reassortment. Such events can potentially lead to new variants with pandemic potential,
when the genes for the surface glycoproteins in human-adapted strains are exchanged.
Reassortment processes most commonly happen at the close human-animal interface and
are not predictable (Krammer et al. 2018; Uyeki et al. 2022).

In addition to the abovementioned pandemics, influenza A and B viruses circulate in the
human population and cause seasonal epidemics. The subtypes that currently exist in
humans are H1N1 and H3N2. H1N1 circulated after the 1918 pandemic until 1957, when it

was temporarily replaced, but re-emerged in 1977, until it was replaced by the novel H1N1
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Figure 3: Schematic presentation of cross-species transmission of influenza A

viruses

Aquatic birds naturally are the principal reservoirs for influenza A viruses including horses,
cats, dogs, marine animals, domestic poultry, pigs, bats, and humans. Group 1 HA
subtypes are represented in red and group 2 HA subtypes are represents in blue
(reproduced from Yoon et al. (2014), image rights in chapter 14).

pandemic strain of 2009 (Figure 1). H3N2 has been co-circulating with H1N1 since the
1968 pandemic (Palese 2004; McCullers 2016). Those infections are directly transmitted
from person to person via aerosols or droplets.

Regularly, human infections with avian or swine IAV are reported in people closely working
or living with infected animals. Avian influenza virus infections with H5 or H7N9 subtypes
often display a severe clinical course, with a higher case fatality rate than seasonal
influenza (Li et al. 2014). For subtypes H7N7 and HONZ2 the course is usually mild (Jonges
et al. 2014). Swine influenza subtypes are H1N1, H1N2 and H3N2 and mainly cause mild
disease as well.

Since October 2022 there has been a high number of incidences of highly pathogenic avian
influenza (HPAI) with an H5-HA of clade 2.3.4.4.B (Friedrich-Loeffler-Institut 2023). The
current events can be classified as a panzootic, as many different avian and mammalian

species have reportedly been severely affected (Friedrich-Loeffler-Institut 2023). Human
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cases are still very rare and the risk of zoonotic events appears to be still low (ECDC 2023).
A moderate risk, however, exists for people who are occupationally exposed to infected
poultry or mammals (ECDC 2023).

2.2.2 Morphology and replication

Influenza viruses are enveloped viruses, containing segmented, single-stranded, negative-
sense RNA (Krammer et al. 2018). The viral particles are pleomorphic and can have a
spherical, elliptical, or filamentous shape, with a diameter of 80-120 nm (spherical), or a
length of up to 20 uym (filamentous) (Harris et al. 2006; Bouvier and Palese 2008; Noda
2011). A schematic representation of IAV and electron micrographs depicting the
pleomorphic nature of IAV are represented in Figure 4.

The genome of influenza A and B viruses is segmented into eight segments, while the
genome of influenza C and D viruses is divided into seven segments (Nakatsu et al. 2018).
Those segments are numbered from the longest to the shortest segment. Four of these

segments only encode for one viral protein, while the others can also carry the information

(A)

Lipid envelope

80-120nm

Figure 4: Schematic representation of an influenza A virus virion and electron
micrographs of different influenza A virus strains

(A) This schematic depicts the location of the viral proteins of an IAV virion. The lipid
membrane contains the HA, NA and M2 proteins. The inner part of the virion is lined by
the M1 protein, encasing the viral RNA genome consisting of eight segments, organized
in complexes with the PA, PB1, PB2 and NP proteins (reproduced from Krammer at al.
(2018), image rights in chapter 14). (B) An electron micrograph of Influenza virus
A/California/7/2009 (H1N1), colouring, negative staining, Transmission electron
microscopy (TEM). Initial magnification x 85,000 (reproduced from Holland and Bannert,
image rights in chapter 14). (C) An electron micrograph of Influenza A virus Berlin/H1N1
(Orthomyxoviruses). Negative staining, transmission electron microscopy (TEM). Bar =
100 nm (reproduced from Bannert and Mdller, image rights in chapter 14).



8 Literature Review

(A) (B) 190 helix

HA-head

HA-stalk

Receptor-binding site

Figure 5: Schematic of the hemagglutinin trimer in complex with the ligand LSTc
(A) Structure of the trimeric HA, HA1 subunits in pale colors, HA2 subunits in the
corresponding bright colors. Glycan residues on the subunits in red. (PDB: 3UBE)

(B) Receptor-binding site, main structures in dark red, dominant interaction residues in
green. The ligand LSTc is depicted in yellow (Xu et al. 2012; NCBI 2023). (Own illustration
generated in PyMOL from the given PDB template) LSTc: Sialylneolacto-N-tetraose c

for other proteins, depending on the virus species.

The viral membrane of IAV contains the HA, NA and matrix proteins (M2), with the HA
being the most abundant of the three (Zebedee and Lamb 1988; Bouvier and Palese 2008;
Hutchinson et al. 2014). The layer below the outer membrane is comprised of the major
matrix protein (M1). In the viral core, the nuclear export protein (NEP) and the
ribonucleoprotein complex (RNP) are located. The RNP contains the RNA segments, which
are coated with the nucleoprotein (NP) and bound to the viral RNA-dependent RNA
polymerase (RdRp) consisting of the subunits polymerase acid (PA), polymerase basic 1
(PB1) and polymerase basic 2 (PB2) (Noda et al. 2006). Another component of the virion
is the non-structural protein 1 (NS1), which is thought to be multifunctional, but with a very
low abundance in the virion (Hutchinson et al. 2014).

For replication, the viral HA must bind its receptor on the host cell (Figure 5). Sialic acid
containing glycans (sialoglycans) on cell surface glycoproteins and glycolipids function as
such receptors (Rogers and Paulson 1983; Thompson et al. 2019). Between host species,
IAV display a difference in binding-specificity to the sialoglycans. While human IAV
preferably bind to a2-6-linked glycan (NeuAca2-6Gal) receptors found throughout the
human upper respiratory tract, avian 1AV bind to a2-3-linked (NeuAca2-3Gal) receptors,

which are located in the avian intestinal tract (Thompson et al. 2019; Liu et al. 2023). In
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humans, a2-3-linked sialic acid can be found in the lower respiratory tract, which is a
reason for the limited capacity of avian influenza to spread between humans, but also for
severe respiratory disease being caused by some avian IAV of the H5 subtype (Shinya et
al. 2006; van Riel et al. 2006).
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Figure 6: Replication cycle of influenza A viruses

Viral particles attach to the sialoglycans on the cell surface an enter the cells in endosomes
before the viral membrane fuses with the endosomal membrane and the viral genome is
released and transported to the nucleus. Here, the viral genome is transcribed and
replicated by the viral RNA-dependent RNA polymerase (RdRp). Translation of the viral
proteins takes place in the cytoplasm. Finally, new virions are assembled and bud from
the plasma membrane (reproduced from Krammer et al. (2018), image rights in chapter
14).

When the HA has attached to the host cell receptor, internalization of the virion starts either
via clathrin-coated pits, or through macropinocytosis (Matlin et al. 1981; de Vries et al.
2011) (Figure 6). Either way, the endosome containing the virion is then trafficked and
acidified, leading to fusion of the viral membrane with the endosomal membrane. Fusion is
mediated by the HA2 subunit, which forms the fusion peptide after cleavage of the HAO
precursor protein into the HA1 and HA2 subunits (Chen et al. 1998). Cleavage is necessary
for the virus to be infective and is performed by trypsin-like host cell proteases in the human
respiratory tract, such as HAT or TMPRSS2, recognizing the cleavage site containing a
single arginine in most HA subtypes (Steinhauer 1999). In the HPAI subtypes H5 and H7,
the cleavage site is altered, containing a polybasic signal, which makes them susceptible
to cleavage by subtilisin-like proteases such as furin, which are ubiquitously expressed

throughout the body (Stieneke-Grober et al. 1992; Steinhauer 1999), leading to enhanced
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infectivity and pathology. Cleavage, however, does not instantaneously lead to the full
dissociation of the HA protein, as the two subunits remain connected via disulfide bonds
(Stieneke-Grober et al. 1992; Chen et al. 1998). Simultaneously, acidification also results
in the opening of the pH-sensitive M2 ion channel, lowering the pH inside the virion as well
(Pinto and Lamb 2006).

This process results in the disruption of the M1 layer and the release of the RNPs into the
host cell cytoplasm (Helenius 1992). This is followed by their transport into the nucleus, in
which transcription and replication of the viral genomic RNA can take place. The RdRp
needs a 5’-capped primer to initiate transcription of viral RNA into mRNA. For this purpose,
the PA endonuclease function cleaves these 5’-cap structures from nascent host cell RNA
polymerase |l transcripts (Dias et al. 2009). This process is called “cap-snatching” (Dias et
al. 2009; Reich et al. 2014). On the 3’ end, the viral mMRNAs carry a poly-A-tail, due to a
uridine-rich region in the viral RNA (VRNA) template (Poon et al. 1999). Once the VRNA is
transcribed into mRNA, the host cell machinery continues with the translation process in
the cytosol (Dou et al. 2018). Once the viral proteins are translated, they trans-localize
depending on the signals they carry. Proteins that support transcription and replication of
VRNA, e.g., PBA, PB1, PB2, NEP, M1 and NP, are transported to the nucleus (Smith et al.
1987; Wu and Pante 2009). Proteins designated for the viral membrane (HA, NA, M2) are
synthesized and modified in the rough endoplasmatic reticulum, meaning that the HA
receives N-glycosylations and palmitoylations (Hebert et al. 1995; Veit et al. 2013). The
membrane proteins are also assembled into their respective oligomers, e.g., a trimer for
HA and tetramers for NA and M2 (Copeland et al. 1986; Leser and Lamb 2005; Dou et al.
2018). They are then trafficked through M\

ka7 & _360-373100p (T
A\’ \

the trans-Golgi network to finally be
accumulated in cholesterol-rich regions in
the apical plasma membrane, the so-
called “lipid rafts” (Leser and Lamb 2005).
Replication of the viral genome does also
depend on host cell factors. The final
negative sense VRNA designated for the

new virions is synthesized from a positive
Figure 7: Schematic of influenza A virus

sense complimentary RNA not containing nucleoprotein with bound RNA
the abovementioned 5 cap, which had Structure of a homodimer of the nucleoprotein
. o (NP) in light blue and green. RNA is displayed
been transcribed from the original VRNA i nink. The main structures are highlighted in
template (Vreede et al. 2004; Fodor o©range with the main functional residues
_ labelled in red. (PDB: 7DXP) (Tang et al.
2013). Host proteins from the ANP32  5021) Own illustration generated in PyMOL

family are involved in this process from the given PDB template.
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(Peacock et al. 2019; Zhu et al. 2023). It is assembled to RNPs with the newly synthesized
proteins that had been transported to the nucleus (Dou et al. 2018) (RNA bound to NP in
Figure 7). These new RNPs are exported from the nucleus in association to CRM1, which
is mediated by M1 and NEP (Neumann et al. 2000; Lakdawala et al. 2016). They are finally
trafficked in vesicles containing Rab11 (Amorim et al. 2011; Eisfeld et al. 2011; Lakdawala
et al. 2016) to the lipid rafts in the plasma membrane already containing the viral membrane
proteins, thereby masking their trans-localization signal to not be trafficked back to the
nucleus again (Wu and Pante 2009). Now, mediated by M1, packaging of the new virions
occurs (Brunotte et al. 2014). Importantly, vVRNA segments are labeled with segment-
specific genome-packaging signals located in the noncoding and terminal coding regions
of the 3’ and 5’ ends to ensure that only one copy of each segment is included in the new
virion (Goto et al. 2013). For the budding of the new virions to take place, the sialidase
activity of NA has to prevent the HA from binding to host cell sialoglycans (Palese et al.
1974; Rossman and Lamb 2011).

2.3 SARS-CoV-2

SARS-CoV-2 is the etiological agent responsible for the coronavirus disease 2019 (COVID-
19) that emerged in December 2019 (Zhou et al. 2020a). The related pandemic was
declared in March 2020 by the WHO (Carvalho et al. 2021). Initially, an unprecedented
worldwide public health response has been put in place, including the unified global
implementation of non-pharmaceutical interventions, wide funding of research with faster
publication processes and record-time development of vaccines. The virus has shown a
high rate of mutation, with new variants emerging quickly, leading to enhanced
transmissibility compared to the original strain.

SARS-CoV-2 is transmitted via aerosols and droplets, which are expelled by asymptomatic
and symptomatic infected persons. The spread via asymptomatic people and its rather long

incubation period led to the pandemic development, in contrast to SARS-CoV.

2.3.1 Taxonomy of human coronaviruses

The family of the Coronaviridae belongs to the order of the Nidovirales and contains the
subfamily of Orthocoronavirinae, which encompasses the genera Alpha-, Beta-, Delta- and
Gammacoronavirus (Corman et al. 2018; Coronaviridae Study Group of the International
Committee on Taxonomy of 2020). While Alpha- and Betacoronaviruses are known to infect
several mammalian species, Delta- and Gammacoronaviruses infect birds.

Currently, seven human coronaviruses are known, which belong to either the Alpha- or
Betacoronaviruses (Figure 8) (Fung and Liu 2019). The endemic coronaviruses HCoV-
229E (Hamre and Procknow 1966) and HCoV-NL63 (van der Hoek et al. 2004) are
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Alphacoronaviruses, while HCoV-OC43 (Mclintosh et al. 1967) and HCoV-HKU1 (Woo et
al. 2005) are Betacoronaviruses. Those four are usually referred to as the common cold
coronaviruses and mainly cause mild upper and lower respiratory tract infections (Su et al.
2016).

The epidemic Middle East respiratory syndrome coronavirus (MERS-CoV) (Zaki et al.
2012) and SARS-CoV (Drosten et al. 2003) and the pandemic SARS-CoV-2 (Zhu et al.
2020) are Betacoronaviruses, MERS-CoV belonging to the subgenus Merbecovirus, while
SARS-CoV and SARS-CoV-2 are sarbecoviruses (Coronaviridae Study Group of the

International Committee on Taxonomy of 2020).

Order: Nidovirales —— Family: Coronaviridae Subfamily: Coronavirinae
[ |
Genus: Betacoronavirus Genus: Alphacoronavirus
) /_)_
[ |
Lineage A Lineage B Lineage C Lineage D HCoV-229E  HCoV-NL63

/_‘ﬁ
HCoV-0C43  HCoV-HKU1 MERS-CoV

SARS-CoV SARS-CoV-2

Figure 8: Taxonomy of human coronaviruses

The seven known human coronaviruses belong to the order of Nidovirales, the family of
Coronaviridae, the subfamily of Coronavirinae and the two genera of Betacoronavirus and
Alphacoronavirus. The seven known human coronaviruses are displayed in orange. Own
illustration based on Fung and Liu (2019).

2.3.1.1 Variants of Concern (VOC) of SARS-CoV-2

Like other viruses, SARS-CoV-2 also evolves over time while it circulates in the human
population. Especially RNA viruses are prone to accumulate point mutations because of
the low-fidelity RNA-dependent RNA polymerase (Rehman et al. 2020), even though
coronaviruses have an exoribonuclease with proofreading capability (Minskaia et al. 2006).
Another important mechanism for coronavirus evolution is recombination (Lai and
Cavanagh 1997; Bobay et al. 2020).

Due to the high rate of viral dissemination, replication and prevalence, new viral variants
emerged quickly over the course of the pandemic until now. Genome alterations mainly
occur in the gene coding for the spike glycoprotein (S-protein), which is responsible for
receptor binding and cell entry and is a target for neutralizing antibodies. Changes in the
receptor-binding domain (S-RBD) and the N-terminal domain (NTD) thus can lead to an
increased fitness for the virus due to a higher affinity to the receptor and immune escape
(Harvey et al. 2021; McLean et al. 2022).
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Of those emerging variants, the WHO defines variants of concern (VOC) and variants of
interest (VOI). VOCs are defined by an increase in transmissibility and virulence and
thereby decreasing effectiveness of public health measures (WHO 2022b). WHO
nomenclature for those variants uses the Greek Alphabet and has been developed to also
suit a non-scientific audience, to aid efficient communication to the public (WHO 2022b).
For scientific purposes, there are established nomenclature systems by GISAID (GISAID
2021), Nextstrain (Hadfield et al. 2018) and Pangolin (Rambaut et al. 2020a) for tracking
genetic lineages of SARS-CoV-2 (Table 1).

WHO P?ngolln GISAID clade | Nextstrain clade Dateof earll_est
label lineage documentation
Alpha B.1.1.7 GRY 201 (V1) September 2020
Beta B.1.351 GH/501YV2 20H (V2) May 2020
Gamma P.1 GR/501YV3 20J (V3) November 2020
Delta B.1.617.2 G/478K.V1 21A, 211, 21) October 2020
21K, 21L, 21M,
Omicron | B.1.1.529 GR/484A 22A, 22B, 22C, November 2021
22D

Table 1: SARS-CoV-2 variants of concern as defined in the different nomenclature
systems
Own table adapted from WHO (2022b).

The first notable mutation in the spike protein receiving attention was the amino acid
change D614G, which was detected more frequently since April 2020 and replaced the
ancestral virus worldwide (Yurkovetskiy et al. 2020; Plante et al. 2021). Studies indicated
that it presented an advantage for infectivity and transmissibility (Hou et al. 2020; Korber
et al. 2020; Volz et al. 2021). Conformational changes leading to a higher fraction of the
“open” state of the spike protein, but not an increased binding affinity have been described
(Yurkovetskiy et al. 2020).

After the emergence of single mutations, lineages containing more mutations appeared in
late 2020 and subsequently from then on (Table 2). The first VOC defined by the WHO was
the Alpha variant (B.1.1.7.), which was first documented in September 2020 in the UK
(Rambaut et al. 2020b). Of its 27 mutations, 8 are located in the gene encoding for the S-
protein, with one of those, N501Y, in the S-RBD. N501Y has been shown to result in the
highest increases in ACE2 affinity (Starr et al. 2020). The deletions in the NTD could be

associated with immune escape or increased infectivity (McCarthy et al. 2021; Meng et al.
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Subunit 1 2021), while the substitution in position 681,
. oo . , :
i [ el | soc_ RN o' | 02 which is close to the furin cleavage site
13) | (14-305) 330 | (311-527) | 590) | 680) C .
Alpha sorroa, N501Y | A570D PeaIH between the S1 and S2 domains, has been
Beta R il shown to improve cell entry and
L242H', N501Y . o
el transmissibility (McCarthy et al. 2021,
Gamma L18F, T20N, K417T, HE55Y .
P258, DIgsY, E4s4K, Peacock et al. 2021). N501Y has arisen
Rt e i PRI convergently in different lineages, Alpha, Beta
R158G
Omicront o Gasen, | Tsaric | Hesev | Pest | and Gamma (Harvey et al. 2021). The Beta
T95I, S373P, . . .
Gz, Sash, variant (B1.351) was first sampled in May
2114, N440K, . . .
214EPE, Guses, 2020 in South Africa, but only gained
T4TEK, . . .
Edsin, importance in December 2020, when it started
64968, .
QsoR to expand rapidly (Tegally et al. 2021; WHO
N501Y,
Y505H

2022b). It harbors 19 mutations, including
Table 2: SARS-CoV-2 variant of 17N E484K and N501Y in its S-RBD,
concern mutations in the S1 subunit of

the spike protein which are associated with immune evasion
Omicron data is based on BA.1

Reproduced from McLean et al. (2022),
image rights in chapter 14. first described in November 2020 in Brazil

(Faria et al. 2021; WHO 2022b), with 31
mutations in total and ten of those in the S-protein gene. It has mutations at the same
positions in the S-RBD as Beta, but differs in position 417, with the substitution K417T
(Faria et al. 2021).

The Delta variant appeared in October 2020 in India (WHO 2022b). It contains six
mutations in the spike protein, including P681R, like Alpha. In the S-RBD it has two
mutations, L452R and T478K, which have not been detected in the former VOCs. L452R

is linked to increased binding affinity and immune escape (Li et al. 2020).

(McLean et al. 2022). The Gamma variant was

Currently, the Omicron variant is circulating worldwide. It was first documented in
November 2021 (WHO 2022b). It displays the largest number of mutations seen until today,
most of them in the S-gene, especially in the S-RBD region (McLean et al. 2022) (Table
2). So far, several sublineages have been described. The most recent subvariants
described are XBB.1.5., XBB.1.16 and BQ.1, with the two XBB variants originating from
the BA.2 lineage and BQ.1 from the BA.5 lineage (CoVariants 2022).

The source of emergence of Omicron is not clear, but interestingly, phylogenetic analyses
show, that the common predecessor of Omicron and the other variants dates back to mid-
2020 (Hadfield et al. 2018; Nextstrain 2022). The Nextstrain clade schema shows Omicron
having the same predecessor as Alpha and Gamma, while Beta and Delta have diverged

earlier (Figure 9).
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Figure 9: Nextstrain clade scheme of SARS-CoV-2 variants of concern
Image reproduced from CoVariants.org:
(Hadfield et al. 2018; CoVariants 2022; Nextstrain 2022), image rights in chapter 14.

2.3.2 Morphology and replication

Coronavirus particles are enveloped and contain a non-segmented, single-stranded and
positive-sense RNA genome. They have the largest and most complex replicating RNA
genome, with a size of up to 32kb (Denison et al. 2011), which is enclosed by the
nucleocapsid protein (N). The viral membrane contains three proteins, the spike protein
(S), membrane protein (M) and envelope protein (E). S, M, E and N are the structural
proteins of the virus (Siu et al. 2008; Hartenian et al. 2020; Jamison et al. 2022) (Figure
10). The homotrimeric spike glycoprotein mediates cell entry through a specific host cell
receptor and has two domains, S1 and S2 (Figure 11). There is a cleavage site between
S1 and S2, and another one at S2’. The S-RBD is located in the S1 subunit (Jackson et al.
2022) (Figure 11). The S-protein trimer of SARS-CoV-2 presents in different conformational
states, generally the open and closed conformation (Figure 12) (Gur et al. 2020; Pramanick
et al. 2021). These definitions relate to the position of the S-RBD. In the closed
conformation, all S-RBDs are in the down position, covering the S2-domains, while in the
open conformation at least one S-RBD is in the up position. Here, binding to the host cell
receptor, but also to antibodies, is favored (Berger and Schaffitzel 2020; Yin et al. 2022;
Lee et al. 2023).
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Figure 10: SARS-CoV-2 structure

Depicted here are the components of the SARS-CoV-2 virion (above) and the genome
structure (below). The membrane contains the S-, M- and E-proteins, while the N-protein
is located inside in complex with the RNA. The SARS-CoV-2 genome encodes for non-
structural (purple) and structural proteins (green), as well as accessory factors (red).
Image reproduced from Jamison et al. (2022), image rights in chapter 14.

For SARS-CoV-2, like for SARS-CoV and HCoV-NL63, the receptor is ACE2 (Hoffmann et
al. 2020). MERS-CoV utilizes the dipeptidyl-peptidase 4 (DPP4) as its receptor and many
Alphacoronaviruses use aminopeptidase N (APN) (Fehr and Perliman 2015; V'Kovski et al.
2021). The M-glycoprotein, which is responsible for organizing viral components into
virions, spans the membrane three times, which allows it to interact with the other
membrane proteins laterally and with the RNA and N-protein through the C-terminal
domain. It is the most numerous membrane protein of the virion (Siu et al. 2008; Fehr and
Perliman 2015). The N-protein packages and encapsidates the RNA genome (Siu et al.
2008). The E-protein is the least abundant protein, but its depletion has shown to have
strong negative effects on virus growth and particle formation. It is a viroporin, forming ion
channels in the host cell membrane (Siu et al. 2008; Mukherjee et al. 2020).

Besides the structural proteins, the coronavirus genome encodes for 16 non-structural
proteins (nsps) in two open reading frames (ORF1a and 1b), which make up two-thirds of
the viral genome. Either a shorter polyprotein is translated (pp1a), including nsp1-11, or
the longer pp1ab is translated, to produce nsp1-16. This is regulated via a frameshift
strategy, where a stop codon is either read or bypassed. Nsp1-11 are involved in regulation
of the host immune response and act as cofactors for replication and transcription, while

the nsps encoded by ORF1b are the core components of replication and transcription.
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Figure 11: Schematic representation of the full-length SARS-CoV-2 spike protein
(A) Schematic representation of the SARS-CoV-2 spike protein (S-protein) domains in
one subunit; NTP: N-terminal domain, RBD: Receptor-binding domain, SD 1/2:
subdomain 1 and 2, TM + IC: Transmembrane anchor and intracellular tail. (B) Crystal
structure of the S-protein trimer and (C) corresponding surface representation with the S-
RBD in the up position (PDB: 7DK3); colors correspond to the schematic in (A), in (B) and
(C) only one subunit is colored, the other two are in grey. Own illustrations, (A) based on
Jackson et al. (2022), (B) and (C) generated in PyMOL from the given PDB template.

There needs to be a stochiometric balance between these components for the virus to
maintain optimal conditions for infectivity and replication (Hartenian et al. 2020; Finkel et
al. 2021; Jamison et al. 2022).

For replication, SARS-CoV-2 needs to enter the host cell via binding to its receptor ACE2.
As mentioned above, other coronaviruses utilize different receptors. The S1 subunit
containing the receptor-binding domain mediates receptor binding, while the
transmembrane S2 subunit, which contains heptad repeat regions and the fusion peptide,
mediates fusion with the host cell membrane. This requires cleavage at the S2’ site by
TMPRSS2. If there is no TMPRSS2, the virus-ACE2 complex can also be internalized by
the host cell and be cleaved by cathepsins. In both ways, viral RNA is released into the
cytosol of the host cell (Jackson et al. 2022). After the release, the viral replication and
transcription complex (RTC) is established, expressing the nsps as described above.
Genomic replication is initiated by the synthesis of a negative-sense copy of the full
genome, which then functions as a template for the new positive-sense genomes, which
then can be packaged into new virions. Simultaneously, nested sets of subgenomic RNAs
(sgRNAs) are produced through the process of discontinuous transcription, which is a
characteristic of the Nidovirales, from the one third of the genome, which encodes for the

structural and accessory proteins (Hartenian et al. 2020; V'Kovski et al. 2021; Jackson et
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Figure 12: SARS-CoV-2 spike protein in different conformational states

(A) Crystal structure of the spike protein (S-protein) trimer in the closed conformation,
corresponding surface representation in the lower right corner, receptor-binding domains
(S-RBD) in brighter colors (B) top view of the closed S-protein trimer, surface
representation on the right (C) Crystal structure of the open S-protein trimer with one S-
RBD (green) in the up position (D) corresponding top view to C (E) Crystal structure of the
S-RBD (green) binding to ACE2 (pink) (PDB: A+B: 7DF3, C+D: 7DK3, E: 6VW1). Own
illustrations generated in PyMOL from the given PDB templates.

al. 2022). In this process, 3’ co-terminal negative-sense sgRNAs are produced as
templates for the 5’ co-terminal subgenomic mRNAs. This is facilitated by transcription
regulatory sequences (TRSs). One TRS-leader (TRS-L) sequence is located at the 5’ end
of the genomic RNA, while there are also TRS-body (TRS-B) sequences 5’ of every ORF
along the genome, except ORF1a and ORF1b. Due to complementary sequences between
the newly synthesized TRS-B sequence and the TRS-L, the transcription complex can jump
from any TRS-B to the TRS-L and continue transcription from that point. The negative-
strand sgRNAs now serve as templates for the expression of the structural and accessory
proteins. After translation, those proteins transit through the ER-to-Golgi intermediate
compartment (ERGIC), where they engage with encapsidated genomic RNA, resulting in
budding in vesicles. From those, the new virions are released (Hartenian et al. 2020;
V'Kovski et al. 2021).

2.4 The immune system

When a potential pathogen, like a virus, enters the body, in the case of IAV or SARS-CoV-

2 via the respiratory tract, an orchestrated response of the host defense mechanisms is
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initiated. This is true for all mammals, with some species-specific differences that need to
be kept in mind. Also, most main mechanisms are true for avian species as well, but there
are also important differences (Sharma 1997). Here, the description focuses on the
mammalian adaptive immune response to pathogens.

The first line of defense are the physical and chemical barriers of the body (Riera Romo et
al. 2016).

The following immune response is a combination of the innate and the adaptive immune
mechanisms (Medzhitov and Janeway 2000; Parkin and Cohen 2001).

The unspecific innate immune response sets in immediately after a pathogen, foreign to
the body, is being recognized (Medzhitov and Janeway 2000). This recognition relies solely
on general molecular patterns of pathogens and does not require a previous exposure to
the antigen to become effective (Muzio et al. 2000). Cells of the innate immune system are
neutrophils, macrophages and natural killer (NK) cells (Turvey and Broide 2010).

The adaptive immune response is antigen-specific, meaning that it recognizes specific
parts of proteins of the specific pathogen (Parkin and Cohen 2001). While this response is
more beneficial, it takes longer to form and requires a previous exposure to the pathogen
(Parham 2015). After a first encounter, it takes one to two weeks to effectively respond,
while after a repeated exposure, the response sets in after about three days already
(Broker et al. 2019). In the process of forming the specific response, gene rearrangements
take place (Parham 2015). The cells of the adaptive immune response are B-cells and T-
cells. T-cells can be further differentiated into subclasses, the two most important ones
being T-Helper cells (Th-cells) and cytotoxic T-cells (Tc-cells) (DeWitt et al. 2015; Kumar
et al. 2018).

Those two defense mechanism do not stand separately from each other, but they closely
interact. In the following description, the focus lies on the adaptive immune response, thus
parts of the innate immune response will not be discussed in detail. However, it should not
be disregarded that the innate response is essential for the development of the adaptive

immune response.

Cells of the adaptive immune system

All immune cells originate from hematopoietic stem cells, which is a pluripotent stem cell,
being able to give rise to any type of blood cell (Spangrude et al. 1988; Ghosn et al. 2012).
Several signaling checkpoints determine the faith of differentiation. Adaptive immune cells
arise from the common lymphoid progenitor, which can also differentiate into dendritic or
NK cells (Parham 2015). Immune cells can be distinguished via surface markers, the so
called “Cluster of Differentiation” (CD), numbered in order of identification, not in a

functional pattern (Broker et al. 2019).
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B-cells are named after their origin in the bursa fabricii in birds, or the bone marrow in
mammals. They carry class Il major histocompatibility complex (MHC) molecules, which
allows them to present antigen to T-cells after activation (Parham 2015). The
transmembrane B-cell receptor (BCR) is composed of a membrane bound antibody
molecule linked with an intracellular signaling unit to stimulate the activation of the cell.
One B-cell only has one type of specific BCR and only produces antibodies with the same
specificity (Parham 2015). Plasma cells are B-cells after activation which produce
antibodies, and memory B-cells can be reactivated to become plasma cells with the re-
appearance of a previously encountered antigen (Parkin and Cohen 2001).

T-cells are named after their localization of maturation in the thymus (Dalmasso et al. 1963;
Kumar et al. 2018). T-cells have T-cell receptors (TCR), which can recognize antigen
presented to them bound to an MHC molecule on an antigen presenting cell (APC). Th-
cells are CD4-positive and receive antigen via MHC Il molecules, while Tc-cells are CD8-
positive and require presentation of antigen via MHC | molecules (DeWitt et al. 2015). Th-
cells coordinate the immune response and activate B-cells (Kumar et al. 2018). There are
different subclasses of Th-cells, which can impact the immune response, depending on the
dominant subclass, e.g., Th1-cells dominate for intracellular pathogens, while Th2-cells are
more prominent in reactions against non-phagocytable pathogens (e.g. ectoparasites or
worms) and chronic disease (Romagnani 1999). Th17-cells are most active against
extracellular pathogens and Treg-cells down-regulate the immune response (Chatila
2005).

Besides the bone marrow and the thymus, the lymphatic system with the lymph vessels
and lymph nodes is essential for the transport and maturation of immune cells (Hampton
and Chtanova 2019). The spleen also has regions with T- and B-cells, like the periarteriolar
lymphoid sheath (PALS) for T-cells and the marginal zone with B-cell follicles (Lewis et al.
2019).

The Major Histocompatibility Complex

As mentioned above, the MHC molecules are important for antigen presentation. Human
MHC are also called human leucocyte antigen (HLA) (Parham 2015; Brdker et al. 2019).
Class | MHC are expressed by almost all nucleated cells. Thus, they are not found on red
blood cells, but also not on sperm cells and neurons (Parham 2015).

Class Il MHC are expressed by APCs, like macrophages, dendritic cells, and B-cells
(Parham 2015).

The MHC genes are usually tightly linked and stay together when they are passed on to
offspring. This block of MHC genes is called haplotype. The combination of haplotypes in

offspring gives rise to new combinations and increases fithess and resistance against
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disease. In inbred mouse strains, there is no variability in haplotypes anymore, so they are

all histocompatible with each other (Cuppen 2005).

Antigen presentation

When a pathogen enters the body, professional APCs phagocytize or endocytose the
pathogen and its peptides are then presented on the MHCs.

Antigen presentation is different in the MHC classes. On MHC I, peptides bind best with 9
amino acids, as they are slightly bending out of the groove, presenting the middle of the
peptide (Parham 2015). On MHC II, peptides can be 13 to 18 amino acids long and rather
lie flat in the cleft (Parham 2015).

The antigens on the MHC Il are recognized by Th-cells, leading to their activation. Tc-cells
on the other hand, recognize all foreign antigens on MHC |, leading to the death of those
cells (Broker et al. 2019).

Immunoglobulins

Immunoglobulins (lg) are usually referred to as antibodies and are one of the most
important features of the adaptive immune response beside the cellular components. They
are proteins produced by plasma cells, recognizing specific peptides of a previously
encountered pathogen (Parham 2015; Broker et al. 2019). They label their specific antigen,
so that phagocytes can eliminate infected cells or antigen complexes.

The Y-shaped molecule consists of two identical heavy chains (~100 kDa) and two identical
light chains (~50kDA), each containing a variable and a constant region. They are held
together by covalent disulfide bonds and weak interactions. The constant regions form the
stem (or Fc) of the antibody, and the variable regions for the antigen binding domain (or
Fab) (Figure 13).
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There are five classes of antibodies, that differ in function and conformation.

The first antibody class expressed by B-cells is the IgM antibody. Its monomeric form is
usually membrane bound and when secreted, it forms pentamers. It activates the innate
complement system (Parham 2015).

IgD antibodies are also usually membrane bound and aid the recognition by naive B-cells.
The most abundant and important antibody class are the IgG antibodies. They are soluble
and are secreted in large amounts by plasma cells after antigen recognition. In humans,
there are four IgG subclasses, while in mice there are three (Dekkers et al. 2017). Their
different functions are expressed differentially in specific situations (Vidarsson et al. 2014).
IgG1 and 1gG3 enhance inflammation during Th1-responses. IgG2 is only mildly
inflammatory and dominates during Th2-responses. IgG4 activates an intermediate
response and is the only subclass that does not activate complement.

IgA antibodies are mainly found in the mucosa and are mostly secreted as a dimer.

IgE antibodies are secreted as a defense against parasites and are involved in the allergic
response.

Immunoglobulins are produced by B-cells. The number of possible antibodies in any one
individual are vast, but one single B-cell can only synthesize antibodies with a single
antigen-binding region. Thus, B-cells undergo constant negative selection processes in the
bone marrow, to eliminate B-cells recognizing self-antigen, or they undergo apoptosis
when they don’t encounter a suitable antigen. When a B-cell recognizes a fitting antigen,
i.e. a pathogen, and an activating Th-cell further stimulates it, it starts to divide and produce
antibodies in large numbers. Activated naive B-cells undergo class switching, meaning that
they switch from producing IgM antibodies to producing IgG antibodies. This process takes
about one week. Activation usually happens in the cortex of lymph nodes, where
subsequently a germinal center forms. In those germinal centers, affinity maturation of the
B-cell takes place, meaning that clones of the original B-cell, that bind the antigen more
effectively, are positively selected. Those have undergone the process of somatic
hypermutation, in which single point mutations are introduced at high rates into the genes
encoding for the antigen-binding region, and thus creating clones with higher or lower

affinity to the antigen (Parham 2015).

Signaling

To communicate with one another, immune cells utilize different ways of signaling.

They either transfer information via direct cell to cell contact, e.g. Th-cell and APCs
communicate via the MHC |l receptor, or they use pathways via chemical signals, like
cytokines, e.g. chemokines and interleukins (IL). Those cytokines orchestrate the process

of inflammation. A plethora of different molecules has been identified, which can be
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classified by the use of certain receptors and on their participation in specific immune
responses, i.e., if they act on cells of the adaptive or innate response, or if they have pro-
or anti-inflammatory properties (Turner et al. 2014).

There are three main receptor types for signaling: the immunoglobulin receptors and type
I and Il receptors.

The most prominent ligands for the Ig receptor belong to the IL-1 family, which play a
central role in the pro-inflammatory responses and are secreted by different cell types like
macrophages, B cells and DCs (Dinarello 2009).

Type | receptors are the largest class of immune-related signal systems, with shared signal
transduction chains. Their common gamma chain for example is shared between IL-2, IL-
4, 1L-7 and others (He et al. 1995), while the common Beta chain is used by IL-5, IL-3 and
GM-CSF (Woodcock et al. 1994). IL-2 is produced by T-cells and facilitates proliferation
and activation of activated B- and T-cells (Turner et al. 2014).

Type Il receptors are the second largest immune-related receptor class and are used,
among others, by IFNy, which is a major inflammatory signal. IFNy is produced by T-cells
and activates anti-viral responses, macrophage activity, MHC | and |l expression on cells

and neutrophil and monocyte function.

Fcy-Recpetors

Antibodies binding to pathogens can serve as ligands for receptors present on immune
cells, such as dendritic cells, macrophages, monocytes, B cells, NK cells or neutrophils

(Keeler and Fox 2021). The interaction is facilitated via the fragment crystallizable (Fc)
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Figure 14: Human Fcy-receptors

IgG receptors are either associated with activating (ITAM, green) or inhibition (ITIM, white)
motifs. IgG subclasses have different binding affinities to the receptors (lower table; high
binding affinity in bold, plain low binding, in parentheses very low binding and — indicates
no binding). Image reproduced from Bruhns (2012), rights in chapter 14.



24 Literature Review

region of the antibody and can result in distinct effector functions (Keeler and Fox 2021).
The most abundant antibody isotype present in plasma is IgG, which is detectable by Fc
gamma receptors (FcyRs) (Keeler and Fox 2021). Such effector functions can result in the
clearance of infected cells via antibody-dependent-cellular cytotoxicity (ADCC) or antibody-
dependent-cellular phagocytosis (ADCP) (Fonseca et al. 2018). On the other hand, the Fc-
FcyR interaction can result in antibody-dependent enhancement (ADE) of the disease,
when not clearance of the virus is enhanced, but an easier entry into the cells expressing
the receptor, as it has been observed for dengue virus (Balsitis et al. 2010; Halstead et al.
2010).

FcyRs can be distinguished into type | and type Il receptors, that bind the IgG Fc domain
in either the open (type 1) or closed (type Il) conformation (Bournazos et al. 2009;
Sondermann et al. 2013; Pincetic et al. 2014). Thus, the conformational state of the Fc
domain can lead to different immunological outcomes (Pincetic et al. 2014). The six human
(hFeyRlI, LA, 11B, IIC, 1A, 11IB) and four murine (FcyRI, 11B, IlI, V) type | FcyRs can further
be distinguished by their potential to exhibit activating or inhibiting effector functions
(Bruhns 2012; Keeler and Fox 2021).

The activating receptors (hFcyRI, A, IIC, IlIA, [1IB and murine FcyRl, Ill, 1V) contain an
immunoreceptor tyrosine-based activation motif (ITAM), while the inhibitory receptors
(hFcyRIIB and murine FcyRIIB) contain an immunoreceptor tyrosine-based inhibition motif
(ITIM) (Figure 14) (Bruhns 2012; Rosales and Uribe-Querol 2013).

Those receptors are usually co-expressed on multiple cell types, combining activating and
inhibitory signals, resulting in a fine-tuned initiation of cell functions (Boruchov et al. 2005;
Nimmerjahn and Ravetch 2008). Furthermore, the receptors have different binding-
capacities for the distinct IgG subclasses (Bruhns 2012).

These downstream antibody effector functions need to be considered when implementing
vaccination strategies or therapeutics (Nimmerjahn and Ravetch 2008; Pincetic et al.
2014).

Fc receptor function has been associated with protection against disease, including
influenza and SARS-CoV-2, highlighting the importance of antibody functions besides
neutralization (Jegaskanda 2018; Richardson and Moore 2021).

2.4.1 Immunity to IAV

2.4.1.1 Immune response to and immunity induced by natural IAV infection

The primary target cells of IAV are airway and alveolar epithelial cells (Shinya et al. 2006;
van Riel et al. 2010). As mentioned above, the first line of defense against a pathogen is

the unspecific innate immune response. The virus is recognized through pathogen
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associated molecular patterns (PAMPs), which activate pathogen recognition receptors
(PRRs) (Cao 2016). Most important in 1AV infection is the retinoic acid-inducible gene-I
protein (RIG-I), recognizing intracellular ssRNA and transcriptional intermediates of IAV
(Opitz et al. 2007; lwasaki and Pillai 2014). Its activation leads to cytokine production and
further downstream antiviral reactions. Cells of the innate immune system in the lungs
initiate the first antiviral responses. For example, alveolar macrophages phagocytose
infected cells and thus, limit viral spread and take part in the regulation of the following
adaptive response (Tumpey et al. 2005). Dendritic cells migrate from the site of infection
to the draining lymph node and present IAV antigen to T-cells, initiating the adaptive
immune response (Hintzen et al. 2006).

Tc-cells are activated, either by Th1-cells or independently, and induce apoptosis in
infected cells (La Gruta and Turner 2014). Their granzyme A has been shown to also cleave
viral and host cell proteins involved in viral protein synthesis (Andrade 2010; van
Domselaar and Bovenschen 2011). These virus-specific Tc-cells are more directed against
conserved proteins, like NP, M1 and PA, and last up to two years in mice (Valkenburg et
al. 2012; Grant et al. 2016). Memory T-cells alone, however, are not capable of protecting
mice from heterosubtypic IAV infection (Rangel-Moreno et al. 2008).

Th2-cells activate and promote the B-cell response. As described above, during the life
cycle of AV, not all viral proteins are similarly abundant and thus, not equally accessible
to immune cell receptors.

HA is the immunodominant protein of 1AV, as it is the most abundant surface protein and
responsible for binding to the host cell receptor. Antibodies targeting the receptor-binding
site are defined as a correlate of protection (Hobson et al. 1972). The importance of
antibodies against the HA head is their strong neutralizing and hemagglutination inhibition
activity (Ohmit et al. 2011; Memoli et al. 2016). These effects are achieved by blocking of
the interaction either via steric hindrance or direct binding of the antibody to the receptor-
binding pocket (Schmidt et al. 2015; Krammer 2019).

Natural infection has shown to induce antibody responses focused on the globular head of
HA (Krammer 2019). This type of response, however, although shown to be very long lived,
is rather strain-specific, as the HA head is prone to continuous changes due to antigenic
drift. Antibodies against the more conserved HA-stalk domain, which have the potential to
also inhibit virus entry, are only prevalent at very low levels. Thus, if an individual
encounters an IAV of a strain that has drifted away far enough from the strain that person
had originally been infected with, there will be no sufficient level of protection. Due to this,
IAV can cause yearly epidemics with severe outcomes.

Furthermore, antibodies against NA that inhibit its function have also been identified as a

correlate of protection (Couch et al. 2013; Monto et al. 2015; Memoli et al. 2016). It is far
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less immunostimulatory than HA, but antibodies are prevalent and present for a long time
(Rajendran et al. 2017).

Antibodies against internal IAV antigens like NP, are detectable after infection, but at very
low levels and they do not seem to contribute to antibody-mediated protection.

The mucosal immune response to natural infection most likely targets the same proteins
but might produce more broadly reactive antibodies due to a higher avidity of the dimeric
form of secreted IgA antibodies (Suzuki et al. 2015; Krammer 2019).

An important concept that needs to be considered when looking at immunity to influenza
viruses is the original antigenic sin (OAS). It describes that the exposure to a certain strain
of IAV in early years shapes the immune response to following IAV infections and
vaccinations with drifted strains later in life (Krammer 2019). The classic OAS concept
indicates, that the imprint that had been made by the original strain leads to a boosting
effect, that is mainly directed against the shared epitopes between both strains, and not so
much against the drifted regions in the new strain (Francis 1960; Krammer 2019). This is
not fully understood yet but could be utilized to create more efficient vaccination concepts.
Especially for H3N2 strains, which have undergone a greater antigenic evolution than
H1N1 strains, the memory B-cell response seems to have a strong shaping effect on the

immune response after vaccination (Auladell et al. 2022).

2.4.1.2 Current influenza vaccines, vaccine response and alternative vaccination

strategies

Vaccination is the most important tool available to prevent the seasonal flu and to reduce
the severity outcome of the seasonal epidemics. Current vaccines, however, are only 10-
60% effective, due to vaccine mismatch with the actual circulating strain (Krammer and
Palese 2015; Paules et al. 2017; Paules et al. 2018).

The composition of the vaccine is evaluated and updated, if necessary, every year by the
WHO for the Northern and Southern hemispheres based upon monitoring of the currently
circulating virus strains. This prediction is made six to nine months in advance to the next
flu season, during which the vaccines can be manufactured. The long timespan leaves
sufficient possibility for the virus to change until the vaccines are administered. As current
vaccines are mainly produced in embryonated chicken eggs, egg adaptation of the vaccine
seed virus can further reduce effectiveness (Raymond et al. 2016; Zost et al. 2017). In the
2014-15 season, the H3N2 strain in the vaccine only had a 13% effectiveness against the
actual circulating strain, leading to a high morbidity and mortality especially in the elderly
(Paules et al. 2018).

Currently, intramuscularly administered trivalent or quadrivalent (TIV or QIV) split virus or

viral subunit vaccines are used most commonly, including two IAV strains (H1N1 and
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H3N2) and one or two IVB strains (Victoria and Yamagata) (Soema et al. 2015; Paul-
Ehrlich-Institut 2022). In Germany, the Standing Committee on Vaccination (Standige
Impfkommission, STIKO) recommends the use of the QIV vaccine since 2018 (STIKO
2018).

The abovementioned formulations follow the use of whole inactivated virus (WIV) or split
vaccines when they show to have an acceptable level of adverse effects (al-Mazrou et al.
1991; Barberis et al. 2016). All inactivated vaccine preparations available today are equally
immunogenic and safe (Beyer et al. 1998; Beyer et al. 2011).

There are also live-attenuated influenza vaccines (LAIV), which are being administered via
a nasal spray, following the natural route of infection (Soema et al. 2015). This has shown
to induce mucosal responses, which inactivated vaccines are not capable of doing (Tosh
et al. 2008; Soema et al. 2015). They have shown to be more beneficial in children older
than two years, but only limited in non-naive adults (Ohmit et al. 2006; Belshe et al. 2007).
The protection that is achieved by vaccination is not only dependent on the degree of
matching between circulating and vaccine strains, but can also be influenced by prior
influenza exposure, vaccination history, age and comorbidities (Paules et al. 2018).
Strikingly, a cohort study evaluating the relationship between preexisting anti-HA
antibodies and preexisting CD4 T-cells specific for H1 and H3 and the B- and T-cell
responses to vaccination with commercial vaccines, found a negative relationship between
the abundance and expansion of CD4 T-cells after vaccination, as well as an inverse
relationship between preexisting anti-HA antibodies and CD4 T-cell and B-cell responses
to vaccination (Moritzky et al. 2023).

Overall, currently available vaccines are an important public health measure, but have
some important drawbacks as outlined above. Thus, new vaccination strategies are
needed to overcome these.

A target for a universal or broadly protective influenza vaccine was identified by the
National Institute of Allergy and Infectious Diseases (NIAID) as: “A vaccine with = 75%
protection against symptomatic disease caused by group 1 and 2 influenza A viruses
lasting = 12 months in all populations” (Paules et al. 2018).

The aim for broad protection needs new approaches in antigen design and delivery. As
neutralizing antibodies are directed towards the HA-head, new additional correlates of
protection would have to be defined for broadly reactive immune responses, as those
employ different modes of action. The conserved stalk domain (Krammer and Palese 2013)
or conserved epitopes in the head (Wu and Wilson 2018) of the HA have been identified
as possible targets, as well as the NA (Eichelberger et al. 2018), the ectodomain of the M2
protein (Schepens et al. 2018), or the NP, which has been shown to induce a strong T-cell

response (Zheng et al. 2014; Clemens et al. 2018; Leroux-Roels et al. 2023).
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Alternative delivery platforms include among others viral vectors or mRNA. Suitable viral
vector platforms that have been studied intensely for influenza A antigens are the Modified
Vaccinia virus Ankara (MVA) (Antrobus et al. 2012; Lillie et al. 2012; Altenburg et al. 2014)
or Adenoviruses (Gurwith et al. 2013; Antrobus et al. 2014). The mRNA technology has
recently gained momentum during the COVID-19 pandemic and has also been applied to
influenza A antigens. A multivalent mRNA vaccine encoding for 20 different HA antigens
was recently shown to confer protection against matched and mismatched virus strains in
mice and ferrets (Arevalo et al. 2022).

Modes of action important for broadly reactive immunity are ADCC via Fcy-receptors
(Jegaskanda et al. 2013b; Jegaskanda et al. 2013c; DiLillo et al. 2014; Jegaskanda et al.
2014), CD8 T-cell responses (Zheng et al. 2014; Paules et al. 2017) and complement-
dependent cytotoxicity (Terajima et al. 2011). Important to note is, that the standard TIV
was shown to not induce or prime cross-reactive ADCC and Tc-cell responses de novo, in

contrast to natural infection (Jegaskanda et al. 2013a).
2.4.2 Immunity to SARS-CoV-2

2.4.2.1 Immune response to and immunity induced by natural SARS-CoV-2 infection

SARS-CoV-2 enters the body, just like 1AV, through the respiratory tract and replicates in
the upper and lower airway epithelia (Sette and Crotty 2021). Here, it is also subjected to
the initial innate immune response. As described above, one group of main effector
molecules of the innate response are interferons. SARS-CoV-2 has been shown to
effectively evade and block this particular response, leading to a less efficient and delayed
innate and subsequently adaptive immune response (Arunachalam et al. 2020; Bastard et
al. 2020; Blanco-Melo et al. 2020; Laing et al. 2020; Kasuga et al. 2021). A short temporal
delay in innate response is associated with so-defined asymptomatic or mild disease (Oran
and Topol 2020), while an impaired or far delayed innate response has shown to lead up
to severe or fatal disease (Hadjadj et al. 2020; Galani et al. 2021). In the latter case, the
virus can replicate to high numbers without being stopped by innate and adaptive
responses until it reaches high viral loads. Without an effective adaptive response and a
high viral load, eventually the innate response attempts to control the infection with an
overshooting response, leading to excessive lung pathology. Additionally, the few T-cells
available are over-reactive, adding to the inflammatory effect. This phenomenon is referred
to as “cytokine storm” and can lead to severe conditions such as acute lung injury (ALI),
systemic inflammatory response syndrome (SIRS) and acute respiratory distress syndrome
(ARDS) (Song et al. 2020).
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The adaptive humoral immune response to SARS-CoV-2 is mainly directed towards to S-
protein (Merad et al. 2022). Antibodies against the S-RBD can neutralize the virus by
blocking interaction with the receptor (Zohar and Alter 2020). Fewer antibodies with
neutralizing activity are directed against the NTD (Piccoli et al. 2020). As described above,
SARS-CoV-2 VOCs have mutations mainly in the S-RBD, resulting in escape from
neutralizing antibodies (Merad et al. 2022).

Cellular immune responses are directed against multiple antigens, including structural and
nonstructural viral proteins (Rydyznski Moderbacher et al. 2020). Generally, the presence
of virus-specific T-cells has been associated with milder disease (Liao et al. 2020; Sekine
et al. 2020; Zhou et al. 2020b).

From other coronaviruses it is known that the protective effect of the immune response
may wane rather quickly, only lasting less than one year, enabling reinfections with the
same virus (Edridge et al. 2020). For SARS-CoV-2 this seems to be the case as well.
Neutralizing antibody responses, the correlate of protection, peak within the first weeks
after infection, but subsequently decline quickly (Cromer et al. 2021; Muecksch et al. 2021),
while cellular responses last longer (Zuo et al. 2021). A recent meta-analysis found no
significant differences in the clinical pattern or severity of primary infections and
reinfections, suggesting that natural immunity is not long-lasting in COVID-19 patients
(Deng et al. 2023a). However, the duration of protection against reinfection after a SARS-
CoV-2 infection is not fully understood yet and more research is needed.

The emergence of antigenically distinct immune-escape VOCs has led to continuous waves
of infection and reinfections. Reinfections with the Omicron VOC occur at a higher
frequency than with previous VOCs (Burkholz et al. 2023). Also, Omicron reinfections after
initial Omicron infection are happening over a shorter time span than after primary infection
with an earlier VOC (Burkholz et al. 2023). Omicron is also known to inhibit MHC |
expression and upregulation, leading to evasion of recognition by CD8 T-cells (Moriyama
et al. 2023). This evidence suggests that SARS-CoV-2 continues to develop more immune
escape and inhibiting features, leading to a less efficient and less durable humoral and
cellular immune response after natural infection.

As for IAV, the phenomenon of immune imprinting, or original antigenic sin, is also
discussed for SARS-CoV-2. Evidence suggests that prior infection or vaccination with the
original Wuhan-Hu-1 strain shapes the immune response to subsequent variants or
vaccinations with altered antigen (Roltgen et al. 2022). On the other hand, it has been
found, that immunity to seasonal coronavirus spike proteins has no negative effect on
immunity after mRNA vaccination against SARS-CoV-2 in mice (Amanat et al. 2023).
These findings need to be further investigated to implement them into research for new

vaccines.
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2.4.2.2 Current SARS-CoV-2 vaccines and vaccine response

The emergence of SARS-CoV-2 and the COVID-19 pandemic have led to an
unprecedented public health response including the fast development of vaccines. By
February of 2023, current vaccines have approximately saved more than 20 million lives
(Callaway 2023). As of March 2023 (most recent update), the “COVID-19 — Landscape of
novel coronavirus candidate vaccine development worldwide” of the WHO lists 183
vaccines in clinical development and 199 vaccines in pre-clinical development (WHO
2023a).

As the main vaccine antigen, the S-protein of the original Wuhan-Hu-1 strain was used on
different vaccine platforms (Patel et al. 2022). Because of the emergence of the VOCs,
there are also bivalent vaccines on the market by now, additionally including the Omicron
BA.1 or BA.4/5 S-proteins as an antigen.

The first two vaccines to receive a conditional authorization in the EU were based on
mRNA, namely Comirnaty® (BioNTech/Pfizer) and Spikevax® (Moderna). These two
vaccines are still available, meanwhile also in the bivalent formulation. They induce high
titers of neutralizing antibodies, activate T-cell responses and overall decrease disease
severity and spread (Jackson et al. 2020; Walsh et al. 2020; Kalimuddin et al. 2021;
Rotshild et al. 2021; Sahin et al. 2021).

One downside to them is that they need to be stored at a temperature of -80°C until
application, which hinders distribution and shipping to remote places (Echaide et al. 2023).
The formulation should also be revised to shift the response away from the Th17 activation
(Echaide et al. 2022; Echaide et al. 2023).

Two other vaccines based on an adenoviral vector platform were also authorized early on
and broadly distributed. Compared to the mRNA vaccines, the adenoviral vaccines,
especially Vaxzevria® by AstraZeneca, were found to cause increased levels of severe side
effects, like thrombosis with thrombocytopenia syndrome (TTS), immunothrombocytopenia
(ITP) and in rare cases also cerebral venous sinus thrombosis (CVST) or splanchnic vein
thrombosis (SVT) (Greinacher et al. 2021b; Kowarz et al. 2022). It was found that
autoantibodies against platelet factor 4 (PF4) played a role in this condition (Greinacher et
al. 2021a). In reference to the condition heparin-induced thrombocytopenia (HIT), the term
vaccine-induced immune thrombotic thrombocytopenia (VITT) was established (Kowarz et
al. 2022).

It was also found, that in addition to the membrane bound immunogenic S-protein, which
was delivered via the Ad5-vector, smaller, soluble fragments of the spike protein were also
produced (Kowarz et al. 2022). These resulted in immune aggregates in the brain sinuses

causing the thrombotic events. This was explained with the finding that by codon-
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optimization, additional splicing donor and acceptor sites had been introduced into the S-
gene. The vector contains DNA, which undergoes the regular splicing process of the cell,
which viral RNA would not. This is why the genes of cytosolic RNA-viruses like SARS-CoV-
2 are not laid out for splicing.

Those complications usually occurred in people younger than 60 years of age, so that in
Germany the distribution of the vaccine was first limited to the age group above-60 years,
before Vaxzevria® was fully suspended (RKI 2021). The other adenoviral vaccine by
Janssen (JCOVDEN) is still available, but also only for the above-60 age group (RKI 2021).
In other parts of the world, other vaccines were licensed, like the whole inactivated virus-
vaccine COVAXIN® in India, or the vaccines by Sinopharm in China (BIBP-CorV and WIBP-
CorV, both WIV-vaccines).

Most vaccines were able to prevent symptomatic infection and severe or critical disease
(Grana et al. 2022), but are more efficient in preventing severe disease than milder cases
(Yang et al. 2023). Vaccine efficiency decreased with time after the last dose and was
higher after subsequent booster doses (Link-Gelles et al. 2023; Yang et al. 2023). Against
the Omicron VOC, primary immunization with either mRNA or adenoviral vaccines showed
only limited protection against symptomatic disease, which could be increased with an
MmRNA booster dose, but this also decreased over time (Andrews et al. 2022). A third
booster dose of mMRNA vaccine was shown to enhance neutralization capacity against
Omicron (Muik et al. 2022b), but the current subvariant XBB shows an even further
enhanced immune escape ability (Brandolini et al. 2023). The bivalent booster vaccines
were recommended by the German STIKO in October 2022 (RKI 2022). They have shown
to reduce hospitalization and death and were also effective against the BQ.1-BQ.1.1 and
XBB-XBB.1.5 subvariants (Lin et al. 2023).

Overall, these first vaccines were a valuable tool to prevent severe disease and death in
the first years of the pandemic, but due to the limitations described above, especially in the
context of new subvariants emerging continuously, new vaccines need to be developed
(Al-Fattah Yahaya et al. 2023; Marks et al. 2023). The goal is to induce a long-lasting
protection, which covers a broad range of SARS-CoV-2 variants, and maybe even a
broader class of coronaviruses (Callaway 2023). Protection should not only prevent
infection, but also transmission of the virus (Callaway 2023; Marks et al. 2023).
Additionally, the formulation of the following vaccines should be improved to lower the risk
of side effects and be more effective at lower doses (Morens et al. 2023).

One potential new approach are intranasal vaccines, that mimic the route of natural
infection and can induce mucosal antibodies, which could prevent or reduce infection
(Morens et al. 2023). Some candidate vaccines have already been proven to be superior

to the current approaches in mice and hamsters, resulting in high levels of neutralizing
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antibodies, a robust T-cell response, and inhibition of replication of the virus in the
respiratory tract (Deng et al. 2023b; Nouailles et al. 2023). An intranasal Omicron booster
vaccine after intramuscular immunization also showed improved results in providing an
effective mucosal and systemic immune response (Wang et al. 2023).

Another approach is the use of different vaccine epitopes. Immunodominant T-cell epitopes
that are conserved in VOCs have been found to be outside of the S-protein (Shafqgat et al.
2022). Furthermore, broadly neutralizing antibodies have been identified against a
conserved area of the S-RBD (He et al. 2022). Those antibodies proved to be protective

against diverse SARS-like coronaviruses (He et al. 2022).

2.5 AAV-vectors

Adeno-associated viruses (AAV) have first been described by Atchison et al. (1965), when
they were conducting research on simian adenoviruses and found them as a
contamination. They were described as particles, that were antigenically different from the
adenoviruses and could only replicate in their presence (Atchison et al. 1965; Hoggan et
al. 1966).

Since then, they have come a long way and have proven to be a valued tool as vectors,

mostly for gene therapy, but also as vaccine vehicles.
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Figure 15: Schematic representation of Adeno-associated virus vectors

(A) AAV9 vector capsid represented as a 3D model (PDB: 7MTO, color-gradient b-factor,
own illustration generated in PyMOL). (B) schematic of the Adeno-associated virus (AAV)
genome of the wildtype (upper panel) and vector (lower panel). In the wildtype genome the
replication (rep) and capsid (cap) genes are present, p9, p19 and p40 indicate the
promoters and pA the termination signal. The AAV-vector genome contains the promotor
(P), Intron, transgene, V5-tag and pA-signal. Own illustration based on Daya and Berns
(2008) and Kwon and Schaffer (2008).
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AAV belong to the family of Parvoviridae and to the genus of Dependoparvovirus
(Muzyczka and Berns 2001; Sant’Anna and Araujo 2022). They are replication defective
and depend on helper viruses, e.g. adenoviruses or herpesviruses for replication in
mammalian cells (Carter 2004). AAV have a single-stranded DNA genome of ~4.7 kb in
size, encoding for three open reading frames, the rep (replication), cap (capsid) and aap
(assembly), which can result in at least eight gene products (Srivastava et al. 1983;
Sonntag et al. 2010; Naso et al. 2017). Positive and negative DNA strands are equally
sufficient for packaging and infection (Samulski et al. 1987; Zhong et al. 2008; Zhou et al.
2008). The coding sequences are flanked by inverted terminal repeats (ITRs), which serve
as the starting point of replication and as a packaging signal (Hauswirth and Berns 1977;
Samulski and Muzyczka 2014). Their capsid is 25nm in diameter, arranged in a T = 1
icosahedral symmetry and consists of 60 capsid subunits (Figure 15) (Sonntag et al. 2010).
Those 60 subunits are a combination of the three expressed cap gene proteins VP1, VP2
and VP3 in a stoichiometric ratio of 1:1:10, resulting from alternative splicing and
translation initiation from a nonconventional ACG codon (Becerra et al. 1988; Cassinotti et
al. 1988; Trempe and Carter 1988). The rep gene encodes for the four proteins required
for viral genome replication and packaging, Rep78, Rep68, Rep52, Rep40 (Figure 15)
(Naso et al. 2017). The assembly-activating protein is encoded by the aap gene and is
suggested to provide a scaffolding function during capsid assembly (Naumer et al. 2012).
For infection, AAV either bind to heparan sulfate proteoglycan (HSPG), or N- or O-linked
sialic acid on the cell surface as their primary receptor (Summerford and Samulski 1998;
Perabo et al. 2006; Vance et al. 2015). Fibroblast growth factor receptor 1 (FGFR1), a.Bs
integrin, hepatocyte growth factor receptor (HGFR), the laminin receptor (LamR),
epidermal growth factor receptor (EGFR) and the platelet-derived growth factor receptor
Beta (PDGFRB) have been identified as secondary receptors, depending on the serotype
(Qing et al. 1999; Summerford et al. 1999; Vance et al. 2015). For cell entry, the type |
transmembrane protein KIAA0O319L has been identified as a universal AAV receptor
(AAVR) (Pillay et al. 2016).

After binding to the receptors, AAV are internalized either via clathrin-coated pits or
endocytosis (Bartlett et al. 2000). Helper function of adenoviruses is only necessary for
early gene expression, not for entry or passage through the cell (Ferrari et al. 1996; Bartlett
et al. 2000). AAV uses the cells microtubule network to reach the perinuclear region to
deposit the DNA (Xiao and Samulski 2012), before it is imported to the nucleus via the
nuclear pore complex, small GTPase Ran and cellular karyopherins (Nicolson and
Samulski 2014). The genome can either be integrated into chromosome 19 or remain
extrachromosomal as episomes (Deyle and Russell 2009). AAV can enter the lytic stage

characterized by genome replication, viral gene expression and virion production in the
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presence of helper genes, like adenoviral E1a, E1b, E2a, E4 and VA RNA or the DNA
polymerase, helicase and other necessary components for transcription of herpesviruses
(Carter 2004; Daya and Berns 2008). Otherwise, they can develop latency (Daya and Berns
2008). Other helper viruses have been described as well, e.g. hepatitis B virus (HBV)
(Hosel et al. 2014) or human bocavirus 1 (Wang et al. 2017).

Antibodies against AAV are highly prevalent in humans and non-human primates,
distinguishing them into different serotypes assigned to six clades (A-F) or classifying them
as clones (AAV3-5, ch.5, rh.8) (Gao et al. 2004; Weitzman and Linden 2011). Overall, more
than 100 genomic species have been identified, which belong to AAV1-9 (Gao et al. 2004;
Mitchell et al. 2009). AAV serotypes 2, 3 and 5 were isolated from humans, while serotype
4 was identified in non-human primates and the origin of AAV1 and 6 is unclear, as it has
been isolated from both sources (Gao et al. 2002). Depending on their capsid, those
serotypes demonstrate different tissues tropisms (Mitchell et al. 2009).

AAV harbor some favorable features, which have led to their wide use as vectors for gene
delivery in humans. They are non-pathogenic, making them safe for the use in humans
(Berns and Linden 1995). When they are used as vectors, all viral genes can be deleted,
resulting in a high efficiency of delivering the transgene, while the immunogenicity is
reduced further, and safety is enhanced (Kwon and Schaffer 2008). They can deliver the
transgene to dividing and non-dividing cells in various tissues (Fisher et al. 1997; Gao et
al. 2002), depending on the cell tropism of the serotype (Wu et al. 2006).

Downsides include the broadly pre-existing immunity in the human population to multiple
serotypes (Erles et al. 1999; Cottard et al. 2004; Calcedo et al. 2009), their limited
packaging size (Dong et al. 1996; Wu et al. 2010) and the inefficiency of delivering the
transgene in high concentration only to specific cell populations (Kwon and Schaffer 2008).
Three AAV-vector based drugs have been approved for the purpose of gene therapy, one
targeting the LPL gene with an AAV1-based vector injected into the thigh muscle
(Glybera®), another one targeting the RPE65 gene with an AAV2-based vector injected into
the retina (Luxturna®) (Bennett et al. 2016) and Zolgensma® for spinal muscular atrophy,
underlining their safety. Unfortunately, due to the high cost of the treatment, Glybera® has
already been withdrawn from the market, five years after having been approved (Senior
2017).

While for the use in gene therapy the host immune response towards the vector and the
transgene is unwanted (Barnes et al. 2019; Lotfinia et al. 2019; Rabinowitz et al. 2019),
there needs to be an immune response against the transgene for the purpose of using the
vectors as vaccines (Nieto and Salvetti 2014). The capsid, however, should ideally not be
subjected to a neutralizing, pre-existing immune response and, for vaccines, should be

able to be delivered repeatedly, if needed as a booster dose (Nieto and Salvetti 2014).
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Especially, the response of Tc-cells, lysing cells expressing non-self antigen on MHC |
receptors, would be unfavourable, as this would attenuate transgene expression (Barnes
et al. 2019; Rabinowitz et al. 2019). Importantly, also in commonly used animal models,
neutralizing antibodies against AAV1, 2, 6 and 9 were found, even in mice purchased
directly from a commercial breeder (Rapti et al. 2012).

Successful efforts have been made to engineer the AAV-vector capsid to hinder the
immune response towards them (Lee et al. 2005; Maguire et al. 2012), to create variants
resistant to neutralization, while simultaneously improving targeted delivery to specific
tissues or cells (Hudry et al. 2016; Meliani et al. 2017), or to find alternative application

routes circumventing neutralization (Limberis and Wilson 2006; Gray et al. 2013).

2.5.1 AAV-vectors as vaccines

AAV-vectors have been evaluated for the use as vaccines against various viruses,
including IAV (Xin et al. 2001; Lin et al. 2009; Sipo et al. 2011; Fiddeke 2016; Demminger
et al. 2020), SARS-CoV (Du et al. 2006; Du et al. 2008b; Du et al. 2008c) and recently also
SARS-CoV2 (Zabaleta et al. 2021; Liao et al. 2022; Liu et al. 2022; Qin et al. 2022; Wu et
al. 2022; Zabaleta et al. 2022; Zhao et al. 2022; Tong et al. 2023).

2.5.1.1 AAV-vector vaccines against influenza A viruses

Xin et al. (2001) wanted to test the hypothesis that AAV-vectors could be used as effective
vaccine vehicles for HIV. To additionally evaluate the protective effect of AAV-vector
immunization against viral challenge, they used an AAV-vector carrying the HA gene of the
influenza A/PR/8/34 strain and subsequently infected the mice with homologous virus.
They could show a partial protection of 75% in immunized mice compared to only 5% in
non-immunized mice (Xin et al. 2001).

Lin et al. (2009) focused on designing a hybrid AAV from two rhesus macaque isolates, to
overcome the limitations of AAV-based vaccines, especially regarding neutralization by
pre-existing antibodies and CD8" T-cell responses. They used IAV NP as the vaccine
antigen and compared an AAV8 vector with their newly designed AAVrh32.33 vector. To
show the impact of neutralizing antibodies from human sera on the efficiency of the AAV-
vector vaccines, they additionally transferred human Ig to some groups. They could show
that immunization with IAV NP resulted in complete protection against challenge, but
neutralization by existing nAbs from human sera reduced protection in the mice immunized
with AAV8 NP. Neutralization was avoided in the AAVrh32.33 vector. They explained
protection through the NP with a sufficient T-cell response (Lin et al. 2009).

Sipo et al. (2011) used an AAV-vector with the AAV9 capsid and the AAV2 ITR carrying
either the HA, NP or M1 genes of influenza A/Mexico/4603/2009 (H1N1). They immunized
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mice with each vector individually as well as in a trivalent combination. They could show
that all mice immunized with HA and NP were protected against challenge with homologous
virus and virus-specific humoral and cellular immune parameters were induced. Partial
protection against heterologous virus was also seen in mice immunized with the trivalent
vaccine. The strongest T-cell response was developed against NP. Antibody responses
were strong against HA and NP, but neutralization was only strain specific (Sipo et al.
2011).

Fiddeke (2016) further examined an AAV9/2 (AAV9 cap and AAV2 rep) vaccine carrying
the NP gene of influenza A H1N1pdmO09 and influenza A/PR/8/34. She could show that
immunization with these vectors was able to protect mice from homologous challenge and
induced a strong T-cell response but could not protect mice from heterologous challenge
(Fiddeke 2016).

Demminger et al. (2020) used the existing AAV9/2 platform to evaluate broad protection
induced by AAV-vectors carrying HA, NP and cHA antigens of influenza A Cal/7/9
(H1N1)pdm virus. AAV-HA, -cHA and -NP, as well as WIV were shown to induce broadly
reactive antibodies in mice after intranasal application. The response to HA and cHA was
mainly directed against group 1 HAs, while NP and WIV induced antibodies reacting with
viruses from both HA groups, with the response to WIV resulting in lower titers than to
AAV-NP. Interestingly, the broadly reactive antibodies induced by AAV-vectors showed not
to be neutralizing but were rather able to activate FcyR responses. Furthermore, AAV-
vectored vaccines were able to protect mice from homologous and heterologous challenge
and to reduce disease severity in ferrets (Demminger et al. 2020).

The AAV9/2-vector which has been used in the studies of Sipo et al. (2011), Fiddeke (2016)
and Demminger et al. (2020) has proven to be advantageous for the application to the
respiratory tract. AAV9 targets alveolar epithelial cells and has shown a long continuous
expression of the transgene (Limberis and Wilson 2006; Bell et al. 2011; Fiddeke 2016).
Additionally, it has been shown that AAV9 is less subjected to neutralization by pre-existing
immunity and can be re-administered via the respiratory tract without loss of efficiency due
to neutralizing antibodies (Gao et al. 2004; Limberis and Wilson 2006; Boutin et al. 2010).
The abovementioned findings indicate that AAV-vectors, and more specifically AAV9/2
vectors, have a large potential for the use as broadly protective influenza vaccines.
However, the interplay of humoral and cellular responses towards different IAV subtypes,
as well as FcyR effector functions and the expansion of the immune response over both

HA-groups need to be further assessed.
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2.5.1.2 AAV-vector vaccines against SARS-CoV and SARS-CoV-2

Du et al. (2006) have described an AAV-vector encoding for the S-RBD of SARS-CoV.
They could show, that a single intramuscular injection was able to induce a virus-specific
antibody response, significantly higher compared to an inactivated vaccine, which reached
their highest level after 1-1.5 months and also showed neutralizing activity (Du et al. 2006).
They subsequently conducted a follow-up study evaluating a prime-boost scheme with an
RBD-rAAV prime and a boost with specific T-cell peptides. They found that this was able
to induce effective, cross- and long-term protective effects against infection (Du et al.
2008b). Additionally, they also studied intranasal application of their RBD-rAAV-vector,
which resulted in strong systemic and local mucosal immune response and a stronger T-
cell response as intramuscular application, even though the immune response induced by
the latter lasted longer (Du et al. 2008c).

Since the beginning of the SARS-CoV-2 pandemic, the AAV-vector platform was also
evaluated as a vaccine platform against the virus. So far, one vaccine has reached clinical
trials (AAV5-RBD, Biocad, Russia) and one is in pre-clinical evaluation (AAVCOVID,
Massachusetts Eye and Ear/Massachusetts General Hospital/AveXis (Zabaleta et al. 2021;
Zabaleta et al. 2022)) (WHO 2023a). Other candidate vaccines have also been described.
Most of them are based on the S-RBD (Liao et al. 2022; Liu et al. 2022; Qin et al. 2022;
Wu et al. 2022; Tong et al. 2023), one on the S1-domain of the spike protein (Zhao et al.
2022) and one on the whole spike protein (Zabaleta et al. 2021; Zabaleta et al. 2022).
The AAVCOVID project uses the abovementioned AAVrh32.33 vector (Lin et al. 2009)
carrying the whole, membrane-anchored spike protein of SARS-CoV-2 (Zabaleta et al.
2021). They could demonstrate a durable protection in non-human primates (NHP) after a
single intramuscular injection. A strong humoral and cellular immune response was
induced. Neutralization titers have shown to be stable in mice for six months and in NHP
for eleven months after administration. It also reduces viral load in the upper and lower
respiratory tract, suggesting that it can also reduce transmissibility (Zabaleta et al. 2021).
They further described that the vaccine can be readily adapted to novel variants (Zabaleta
et al. 2022). Another advantage of this platform is that the vaccine can be stored at room
temperature for up to one month and at least 12 weeks at 4°C without loss of efficiency
(Zabaleta et al. 2021; Zabaleta et al. 2022).

The other AAV-vector vaccines containing the S-RBD or S1 domain in different
formulations also described the successful induction of long-lasting immune responses
with neutralizing ability.

Overall AAV-vectored vaccines have a potential to be used as a vaccine against SARS-

CoV-2. The induction of a strong, protective, and durable immune response already after
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one injection seems advantageous. Also, they can be readily adapted to newly emerging
variants and other antigens can be incorporated. Whether they can be superior to other

vaccine platforms, will have to be proven in the future.

2.6 Mouse models in influenza A virus and vaccine research

Mice are a common and well-established model organism used in 1AV research. In this
context, there are advantages and disadvantages for their use, which influence the
transferability of results to humans.

Technical and organisational advantages of using mice in biomedical research are their
small size, low cost, easy husbandry, availability of transgenic strains and availability of
analytic reagents, the latter being especially relevant for immunological reagents (Bouvier
and Lowen 2010; Margine and Krammer 2014). Furthermore, with the use of inbred strains
the results are usually homogenous and reproducible (Roubidoux and Schultz-Cherry
2021).

In 1AV vaccine development, typically the first screenings of vaccine efficacy and safety
are conducted in the mouse model (Margine and Krammer 2014). The most commonly
used mouse strains for this purpose are the inbred strains C57BL/6 and BALB/c, and their
use has been well established over time (Bodewes et al. 2010; Bouvier and Lowen 2010;
Nguyen et al. 2021).

However, wild mice are not a natural host of influenza viruses (Haller 1981; Margine and
Krammer 2014), which is the most relevant drawback of the mouse model for IAV. This
natural resistance to seasonal IAV has been linked to the Mx1 protein, which is expressed
in wild mice (Staeheli et al. 1986; Grimm et al. 2007). Therefore, in research settings,
mouse adapted IAV, like the influenza virus A/Puerto Rico/8/1934 (H1N1) or X31 (H3N2),
are used (Bouvier and Lowen 2010; Margine and Krammer 2014), which can differ greatly
from the original strains. However, the highly pathogenic IAV strains, i.e. H5N1 or H7
strains, but also the pandemic H1N1 strains of 1918 and 2009, can cause disease in mice
without adaptation (Lu et al. 1999; Maines et al. 2009; Medina et al. 2010; Xu et al. 2013).
As a reason, differential binding preferences of sialic acid receptors between the different
IAV strains and the divergent expression patterns of these receptors in mouse and human
respiratory tract cells were described (lbricevic et al. 2006; Zhao and Pu 2022). The
infection with highly pathogenic strains has been found to cause a similar pathology in mice
compared to humans (Margine and Krammer 2014). Clinical signs of disease exhibited by
mice that can be monitored and act as an indicator for disease severity include loss of
bodyweight, ruffled fur, reduced activity or respiratory distress (Margine and Krammer

2014). However, some symptoms that are known from human disease, like nasal discharge,
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coughing and fever are not observed (Margine and Krammer 2014). On the contrary, mice
develop hypothermia after infection (Yang and Evans 1961; Carey et al. 2010).

As mentioned earlier, the HA-stalk has become an important target for IAV vaccine
development. One great advantage of mice in this context is that they have the ability to
mount cross-reactive and broadly neutralizing antibodies directed at the HA-stalk, which
can be boosted upon viral infection as it is seen in humans (Okuno et al. 1993; Krammer
et al. 2012; Tan et al. 2012).

It is known that the BALB/c and C57BL/6 differ in the properties of their immunological
reaction, which can influence the outcome of vaccine studies. One difference is that they
are known to emphasize different Th1/Th2-cell responses. While the response in BALB/c
mice is more skewed towards Th2-cells, Th1-cells dominate in C57BL/6 mice (Heinzel et
al. 1989; Hsieh et al. 1995; Mills et al. 2000; Watanabe et al. 2004). Furthermore, inbred
mouse strains only carry one haplotype determining which peptides can be presented on
their MHC molecules (Zinkernagel and Doherty 1997; Beck et al. 2000). The haplotype of
the BALB/c strain is H29 while the one of the C57BL/6 strain is H2® (Charles-River-
Laboratories 2023a). This can result in immunodominance of different antigens of the same
pathogen in the different mouse strains (Rawle et al. 1991; Busch and Pamer 1998;
Geginat et al. 2001). While this narrow haplotype can concentrate the immune response
on those specific antigens and make it stronger compared to outbred strains, this can also
limit the response, if the available antigen does not suit the present MHC receptors. Such
strain-dependent responses could, for example, be detected against an adenoviral vaccine
carrying HIV antigens, suggesting that vaccine studies best be carried out in different
mouse strains, to get the full picture of the immune response (Herath et al. 2016). Outbred
mice, like the NMRI strain, carry different sets of MHC genes and would potentially be able
to develop a broader, and more realistic immune response, even though they are still not
as genetically heterogenous as wild mice (Tuttle et al. 2018; Charles-River-Laboratories
2023b).

Furthermore, it has been found that the BALB/c and C57BL/6 mouse strains not only differ
in the properties of their immune response, but also more generally in their host response
to IAV infection, e.g. differences in the time course of their weight loss, due to different
gene activation patterns (Ding et al. 2008; Srivastava et al. 2009), which also needs to be
taken into account when carrying out vaccine efficacy studies, or comparing studies that
utilize different mouse strains.

Overall, the abovementioned benefits make the mouse model a valued initial model
organism for IAV vaccine research to evaluate vaccine efficacy and mediators of protection
(Margine and Krammer 2014; Roubidoux and Schultz-Cherry 2021). Due to the described

drawbacks, however, vaccine candidates need to be evaluated in other model organisms,
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like ferrets or non-human primates, to gain a more complete picture before entering human

clinical trials (Margine and Krammer 2014; Roubidoux and Schultz-Cherry 2021).

2.7 Research objectives and aim of study

Influenza A viruses and SARS-CoV-2 are zoonotic pathogens and continue to pose a
constant threat to public health. Vaccines are important preventive measures to mitigate

disease outcomes.

Current influenza vaccines are only 10-60% effective and require yearly reassessment and
updates (Krammer and Palese 2015; Paules et al. 2017; Paules et al. 2018). Novel
vaccination strategies explore alternative delivery platforms like viral vector vaccines
(Antrobus et al. 2012; Lillie et al. 2012; Altenburg et al. 2014) and new antigen design
approaches (Krammer and Palese 2013; Clemens et al. 2018; Eichelberger et al. 2018;
Wu and Wilson 2018; Leroux-Roels et al. 2023) with the aim of achieving a universal or
broadly protective vaccine (Paules et al. 2018).

This thesis aimed to evaluate a possible synergistic effect of a combined immunization with
AAV-vector vaccines delivering the influenza HA (H1) and NP of A/California/7/2009pdm
as vaccine antigens. While both antigens had shown promising, but differing effects after
individual immunization (Sipo et al. 2011; Fiddeke 2016; Demminger et al. 2020), a
synergistic effect on the induction of neutralizing and non-neutralizing, broadly reactive
antibodies, e.g. FcyR-activating responses, as well as protection against infection was
hypothesized. Additionally, different prime-boost schemes, including vaccination with WIV,
were evaluated to assess their influence on the induction of a broadly reactive immune
response and the activation of FcyR-mediated effector functions, as immunization with WIV
alone had shown not to induce such broad responses (Jegaskanda et al. 2013a). It was
hypothesized that the AAV-vector vaccine could act equal to a natural infection in priming
such broad responses, while WIV could only act as a booster of these. To broaden the
immune response to group 2 HAs, an AAV-vector vaccine carrying the HA of the H3N2
virus A/Aichi/2/68 was evaluated either individually, or in combination with the HA of
A/California/7/2009pdm (H1N1). The combination of the group 1 and 2 HAs was
hypothesized to induce neutralizing and non-neutralizing immune responses against 1AVs
of both groups, and thus, broaden the immune response.

Therefore, C57BL/6 mice were immunized with the abovementioned AAV-vectors. Those
were generally applied intranasally, because they had shown to be repeatedly
administrable via the respiratory tract without a loss due to pre-existing immunity against
the vector (Limberis and Wilson 2006), and could induce a strong systemic immune

response via this route (Demminger et al. 2020). Furthermore, application of the vaccine
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along the route of natural infection and the induction of mucosal immunity, to reduce or
prevent infection with respiratory pathogens, is also part of the development of next
generation vaccines (Morens et al. 2023). One immunization group received the AAV-
HA/NP vaccine via two, the intranasal and subcutaneous, routes simultaneously, to
evaluate a possible boosting effect between the two routes with potentially beneficial
outcomes. The WIV vaccine was only applied intramuscularly, to mimic the actual route of
application for this type of vaccine. In the sera, the humoral responses, such as neutralizing,
broadly reactive, and FcyR-activating antibodies were measured, in nasal washes and lung
samples the mucosal response was assessed and in the spleens of the mice, the cellular
immune responses were evaluated. Furthermore, mice were experimentally infected with
homologous, heterologous and heterosubtypic virus, to assess the protective efficiency of

the vaccine.

SARS-CoV-2 emerged in December 2019, during the time this thesis was conducted. No
vaccines or other pharmaceuticals were available, but research and vaccine development
progressed at an unprecedented speed.

In this thesis, an AAV-vector vaccine was designed with the receptor-binding domain of the
SARS-CoV-2 spike protein (AAV-S-RBD). It was hypothesized that this vaccine could
induce a strong neutralizing immune response, because a similar vaccine had shown
promising results, i.e. the induction of a strong systemic immune response after
intramuscular injection and of a mucosal immune response after intranasal application,
against SARS-CoV (Du et al. 2006; Du et al. 2008b; Du et al. 2008c).

The AAV-S-RBD vaccine was evaluated in vitro in mammalian cell culture models to verify
correct antigen expression and functionality of the vaccine before its immunological
properties were assessed in vivo. The in vivo analyses were initially performed in different
mouse models, to assess differences in the immune response and to identify a suitable
model for further analyses. As the pandemic progressed, the vector was adapted to the
emerging VOCs. Here, it was hypothesized that there were different levels of cross-
reactivity between different VOCs, which was therefore assessed additionally to the
immunogenicity of the vaccines. Due to results of the AAV-vector vaccine against IAV, it
was hypothesized that also non-neutralizing, broadly reactive responses could be induced
by this vaccine, which were additionally evaluated. Outcome measures to be observed for
the efficacy of the vaccine were overall antibody titers, neutralizing activity, mucosal
antibody development, FcyR-activating ability, and T-cell responses, as described for the

IAV experiment. Due to organisational reasons, no challenge study could be conducted.
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3 Material and Methods

3.1 Material

3.1.1 Mouse models

Mouse line Provider

C57BL/6N
NMRI Charles River, Sulzfeld, Germany
BALB/c

3.1.2 Celllines

Cell line Origin
HEK293T Human embryonic kidney cells
MDCKII Madin-Darby Canine Kidney cells
Vero E6 African green monkey kidney epithelial cells
BW 5147 (& derivates) Mouse thymus cells
HT1080+ACE2 Human fibrosarcoma cells (kindly provided by Paul Bieniasz, The

Rockefeller University, New York, USA)

3.1.3 Viruses

Virus Subtype Source Application

Influenza A viruses

NIBSC (ref.
39570): 1076
TCIDso/ml, NYMC
X-181
(hyH1N1sw); 5:3
A/California/7/2009pdm H1N1 reassortant: HA,
NA, PB1 of
Cal/7/9
(H1N1)pdm in the
background of
A/PR/8/34 (H1N1)
virus grown on
embryonated
chicken eggs and
purified by in vitro
ultracentrifugation, assays
source: National
reference center
(NRC) at RKI
NIBSC (ref.
A/Puerto Rico/8/1934 (PR8) H1N1  39560): 10°'
TCIDso/ml

mouse
infections

A/California/7/2009pdm H1N1

mouse
infections
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Virus Subtype Source Application
Influenza A viruses
virus grown on
embryonated chicken in vitro
A/Puerto Rico/8/1934 H1N1  eggs and purified by
, . assays
ultracentrifugation,
source: FG17 (RKI)
6:2 reassortant: HA
and NA of
A/Aichi/2/1968
(H3N2) in the mouse
AL AN background of infections
A/PR/8/34 (H1IN1);
NIBSC (ref. 39600):
1093 TCIDso/ml
virus grown on
embryonated chicken in vitro
X31 H3N2  eggs and purified by
, . assays
ultracentrifugation,
source: FG17 (RKI)
A/Widgeon/Denmark/66174/G18/2004 H2N3  source: FG17 (RKI) ;”S;’g;‘;
A/Turkey/Germany/22/96Amp.3693 HON2  source: FG17 (RKI) ;”S;";;‘;
AlTurkey/Grub/R43/98Amp3699 H6N5  source: FG17 (RKI) ;”S;’:;‘;
A/Gull/Maryland/707/1977 H13N6 source: FG17 (RKI) In vitro
assays
A/Mallard/Nordvorpommern/Wv9417/2004  H10N7  source: FG17 (RKI) ;”S;’:;Z
SARS-CoV-2
kindly provided by C.
BetaCoV/Munich/ChV984(2020) o s, S e
Virology, Charité
Berlin
B117 21652/2020 Alpha
NW-RKI-1-0029/2020 Beta o roch | PRNT
. . Mache an
ENA project PRJEB50616; sequence ID assays
IMSSC2-206-2021-00148 Delta J. Schulze, FG17,
RKI, Berlin
Germany/BE-RKI-I-353502/2021 BA.1 kihdly provided by A.
Germany/RKI-3066/2021 BA2 [Nitsche,ZBSd,
Robert Koch Institute,
SC2/Norway/20365/2022 BA.5 BA5  Berlin
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3.1.4 Plasmids

Material and Methods

Plasmids (not

constructed during Specification Source
this work)
pHelper Helper Plasmid expressing Adenovirus Agilent Technologies

p5E18-VD2/9

PAAV-HA

PAAV-NP

pAAV-GFP

pAAV.DD-H3

pAAV.DD-headless

E2A, E4 and VA genes

Helper plasmid expressing AAV2 rep and
AAV9 cap genes

pAAYV plasmid containing the HA of
Cal7/09 (H1N1)pdm, codon optimized for
mus musculus

pAAYV plasmid containing the NP of
Cal7/09 (H1N1)pdm, codon optimized for
mus musculus

pAAYV plasmid containing the Green
fluoreszent protein of Renilla reniformis,
humanized

pAAV.DD (pAAV modified by DD) plasmid
containing the HA of A/Aichi/2/1968
(H3N2), codon optimized for mus
musculus

pAAV plasmid containing a headless
contruct of the HA of Cal7/09 (H1N1)pdm,
codon optimized for mus musculus

(Santa Clara, USA)

Isaac Sipo (FG18,
RKI Berlin)

Daniel Demminger
(FG17, RKI Berlin)

Plasmids
(constructed during
this work)

Specification

Source

cDNA S-Protein

cDNA S-RBD Beta

cDNA S-RBD Delta

PAAV.DD-S-RBD (wt)

pAAV.DD-S-Protein

pAAV.DD-S-Protein
D614G

pAAV.DD-S-RBD
(B.1.1.7)

pAAV.DD-S-RBD
(B.1.351)

pUC57-Bsal-Free plasmid with Amp-
resistance containing the Wuhan-Hu1 S-
Protein sequence

pUC57-Bsal-Free plasmid with Amp-
resistance containing the S-RBD
sequence of the SARS-CoV-2 Beta VOC
pUC57-Bsal-Free plasmid with Amp-
resistance containing the S-RBD
sequence of the SARS-CoV-2 Delta VOC
pAAV.DD plasmid containing the receptor
binding domain (aa319-541) of the spike
protein of SARS-CoV-2, Wuhan-Hu1

pAAV.DD plasmid containing the Spike
protein of SARS-CoV-2, Wuhan-Hu1

pAAV.DD plasmid containing the Spike
protein of SARS-CoV-2, Wuhan-Hu1 with
the D614G mutation

pAAV.DD plasmid containing the receptor
binding domain (aa319-541) of the Spike
protein of SARS-CoV-2, B.1.1.7 (N501Y)
pAAV.DD plasmid containing the receptor
binding domain (aa319-541) of the Spike
protein of SARS-CoV-2, B.1.351 (K417N,
E484K, N501Y)

supplied by Biocat
(Heidelberg,
Germany)

Sandra Stelzer
(FG17, RKI)
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Plasmids

(constructed during

this work)

Specification Source

pAAV.DD-S-RBD

(B.1.617.2)

pAAV.DD plasmid containing the receptor
binding domain (aa319-541) of the Spike
protein of SARS-CoV-2, B.1.617.2
(L452R, T478K)

pAAV.DD plasmid containing the receptor
binding domain (aa319-541) of the Spike

Sandra Stelzer

ERErER protein of SARS-CoV-2, B.1.1.529.2 (FG17, RK)
(Ormioron, BA.2) (G339D, S371F, S373P, S375F, T376A,

» BA D405N, R408S, K417N, N440K, S477N.

T478K, E484A, Q493R, Q498R, N501Y,
Y505H)

3.1.5 Primers
Primers Y
and Probes Sequence 5'->3 Source
AAV insert
sequencing CCACCAGACATAATAGCG
fw
AAV insert
sequencing
ref (=Sp6  ATTTAGGTGACACTATAG
promoter 3’
primer)
AAV gPCR
(CMV TGGAGTTCCGCGTTACATAACTTAC FG17, RKI
promoter)
fw
AAV gPCR
(CMV CTATTGGCGTTACTATGGGAACATAC
promoter)
rev
AAV Probe
(CMV FAM-CCTGGCTGACCGCCCAACGAC-BBQ
promoter)
fSV;SBD Wt CCCAAGCTTACCATGAGGGTGCAGCCCACA
rse' \?BD Wt S GCGGATCCGAAGTTCACGCACTTGTTCTT
S-RBD Sandra
N501Y QC  ACGGCTTCCAGCCTACATACGGCGTGGGCTACC Ste'zfr’
fwd supplied
S-RBD lI?llJrofins
N501Y QC GGTAGCCCACGCCGTATGTAGGCTGGAAGCCGT Gomomecs
rev
D614G QC GTGGCCGTGCTGTACCAGGGCGTGAACTGCACCGAGGTGC Cermany
fwd CT
D614G QC AGGCACCTCGGTGCAGTTCACGCCCTGGTACAGCACGGC

rev

CAC
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Primers 't

and Probes Sequence 5'->3 Source
Sandra
Stelzer,

S-RBD CCCAAGCTTACCATGCGGGTGCAGCCCACC supplied

BA.2 fwd by
Eurofins
Genomics
Germany

S-RBD

BA.2 rev CGCGGATCCGAAGTTGAAGTTCACGCATTT

3.1.6 Antibodies

Primary - o

antibodies Origin Application Source
ADK9 mouse’([gxgoc'ona' ELISA: 1:250  Progen (Heidelberg, Germany)
anti-FIuA virion Goat MNT: 1:1,000 Bio-Rad (Hercules, USA)
anti-V5-tag mouse, monoclonal WHB, IF: 1:250 Bio-Rad (Hercules, USA)
a.ntl._mouse_”_z rat, monoclonal ELISA: 1:500 BD Biosciences (Franklin
biotinylated Lakes. USA
anti-mouse-IL2 rat, monoclonal ELISA: 1 ug/ml axes, )
anti-R-actin mouse/monoclonal WB: 1:10,000 Sigma-Aldrich/Merck

(Darmstadt, Germany)

anti-ACE2 rabbit/polyclonal IF: 1:200 Abcam (Cambridge, UK)
ErREIREEN rabbit/polyclonal IF, WB: 1:500  Sino Biological (Beijing, China)
S-protein ’ C ’

Secondary

antibodies
anti-mouse . . Agilent Technologies (Santa
IgG-HRP rabbit WB: 1:20,000 Clara, USA)
anti-mouse 4.
IgG-AF488 donkey IF, FC: 1:1,000
anti-mouse 4.
IgG-AF594 Goat IF- 1:1,000 Thermo Fisher Scientific
anti-mouse o (Waltham, USA)
IgG-HRP goat ELISA: 1:1,000
anti-mouse- 4L
IgA-HRP goat ELISA: 1:1,000

Anti-mouse-CD4 APC-Vio® 770

(REA604)

Anti-mouse-CD3 PE-Vio® 770

(REAG41)

Anti-mouse-CD8b PerCP-Vio® 700

(REA793)

Anti-mouse-CD154 Vio® Bright B515

(REA785)

Anti-mouse-IFNy PE (REAG38)
Anti-mouse-TNFa APC (REA636)

Flow cytometry

Miltenyi Biotec (Bergisch
Gladbach, Germany)
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3.1.7 Bacteria

Bacteria Application

Source

E. coli (DH5a™) re-transformation
E. coli C2992H

E. coli XL1 blue

Cloning
Site-directed mutagenesis
(QuikChange)

Thermo Fisher Scientific (Waltham,

USA)
NEB (Ipswitch, USA)

Agilent Technologies (Santa Clara,

USA)

3.1.8 Enzymes

Enzymes

Source

FastDigest® BamHI
FastDigest® Hindlll
FastDigest® Smal
FastDigest® Kfll
FastDigest® Xhol
FastDigest® Mlul

FastDigest® Mrel

Pierce® Universal Nuclease for cell lysis (Benzonase)
250 U/ul

T4 DNA Ligase 5 U/ul

Phusion Green High-Fidelity DNA Polymerase

Platinum™ Taqg DNA Polymerase, DNA-free

Thermo Fisher Scientific
(Waltham, USA)

Trypsin-TPCK Merck (Darmstadt, Germany)
3.1.9 Kits
Kit Source

QIAamp MinElute Virus Spin Kit

QIAfilter Plasmid Maxi Kit

QIlAquick PCR Purification Kit

Invisorb® Spin DNA Extraction Kit

Invisorb® Spin Plasmid Mini Two

SuperSignal™ West Dura Extended Duration Substrate
Pierce® BCA protein assay kit

QuikChange mutagenesis Kit I
BigDye® Terminator 3.1 Kit

SARS-CoV-2 Surrogate Virus Neutralization Test (SVNT)

Qiagen (Hilden, Germany)

Stratec Molecular (Berlin,
Germany)

Thermo Fisher Scientific
(Waltham, USA)

Agilent Technologies (Santa
Clara, USA)
Applied Biosystems
(Darmstadt, Germany)
GenScript Biotech (New
Jersey, USA)
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Kit

Source

MACS Inside Stain Kit

Miltenyi Biotech (Bergisch
Gladbach, Germany)

3.1.10 Consumables and Equipment

Consumables

Source

Amicon® Ultra-15 centrifugal filter units, 100 kDa

Quick-Seal® (1 x 3.5 inch) ultracentrifugation tubes

Open-Top Thinwall Polypropylene Tube, 25 x
89mm

Plastic consumables (reaction tubes, well-plates,
cell culture dishes and flasks)

Deepwell Plate 96/1,000 ul, Wells klar
ELISA plates Nunc Maxisorb™

LightCycler® 480 Multiwell Plate 96, white

ibidi® Chamber slide with a removable 12 well
chamber

40 pm cell strainer
gentleMACS™ C tubes
gentleMACS™ M tubes

Syringes

Single-use injection cannulas

Amersham™ Protran® Premium Western blotting
nitrocellulose membranes

Filter paper

Embryonated chicken eggs

Merck (Darmstadt, Germany)
Beckman Coulter (Brea, USA)

Beckman Coulter (Brea, USA)

Sarstedt (Nimbrecht, Germany)
Carl Roth (Karlsruhe, Germany)
GE Healthcare (Chicago, USA)
TTP (Trasadingen, Switzerland)
Greiner Bio One (Kremsmiuinster,
Austria)
Brand (Wertheim, Germany)
Thermo Fisher Scientific (Waltham,
USA)

Eppendorf (Hamburg, Germany)

Thermo Fisher Scientific (Waltham,
USA)
Roche Life Science (Basel,
Switzerland)

Ibidi (Grafelfing, Germany)
BD Biosciences (NJ, USA)

Miltenyi Biotec (Bergisch Gladbach,
Germany)

B. Braun (Melsungen, Germany)

Whatman (Maidstone, UK)

Valo Biomedia (Osterholz-
Scharmbeck, Germany)

Equipment Source
Flow cytometer MACSQuant Analyzer 10 Miltenyi Biotec (Bergisch Gladbach,
Germany)

Optima™-L 100K ultracentrifuge with 70-Ti or
SWa32Ti rotors

Cell culture incubator
Agarose gel system Mini-Sub®
Mini-Protean® system
PowerPac™ 300W HC / Basic

Beckman Coulter (Brea, USA)
Binder (Tuttlingen, Germany)

BioRad (Hercules, USA)
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Equipment

Source

Trans-Blot® SD semi-dry Transfer cell
FLUOstar® Omega Plate Reader

Water bath DC10

Sterile work bench Herasafe™ KS12
NanoDrop™ 8000 UV/Vis Spectrophotometer
Micropipettes Research® plus

Thermomixer compact
5417R cooling centrifuge
Intas UV transilluminator system

Advanced Fluorscence and ECL Imager

LightCylcer® 480 Il instrument

Orbital shaker Certomat® H

Shaker Roto-Shake Genie®

Shaker Vortex Genie® 2

CKX41 inverse bright field microscope
Leica DM IL

Confocal laser scan microscope LSM 780
Zeiss Observer.D1

Centrifuge Sorvall LYNX 4000 superspeed

Heraeus™ Pico™ 17 microcentrifuge
Multifuge 1S-R (rotor: 75002000)
Microcentrifuge SD

gentleMACS™ Dissociator

BioRad (Hercules, USA)

BMG Labtech (Ortenberg, Germany)
Thermo Haake (Karlsruhe, Germany)
Thermo Fisher Scientific (Waltham,
USA)

Eppendorf (Hamburg, Germany)
Eppendorf (Hamburg, Germany)

Intas (Goéttingen, Germany)

Roche Life Science (Basel,
Switzerland)
Sartorius Stedim Biotech (Géttingen,
Germany)

Scientific Industries (Bohemia, USA)

Olympus (Tokio, Japan)
Leica (Wetzlar, Germany)

Zeiss (Oberkochen, Germany)

Sorvall/Thermo Fisher Scientific
(Bonn, Germany)

Heraeus/Thermo Fisher Scientific
(Bonn, Germany)

Carl Roth (Karlsruhe, Germany)

Miltenyi Biotec (Bergisch Gladbach,
Germany)

3.1.11 Buffers and Media

Buffers

Composition

Cell lysis buffer (RIPA)

Non-denaturing lysis buffer

10 mM Tris-HCI (pH 8)
150 mM NaCl
0.5 mM EDTA (pH 8)
0.1% SDS
1% Triton X-100
2 mM N83VO4
1 mM Pefablock®
20 mM Tris-HCI (pH 8)
137mM NaCl
1% Triton X-100
2mM EDTA
2 mM NazVOq
1 mM Pefablock®
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Buffers

Composition

ELISA coating buffer, 50 mM pH 9.6

PBS

D-PBS

PBS-MK
PBST

SDS-PAGE running buffer, 10x

SDS-PAGE sample buffer, 6x

Semidry blotting buffer

TBE buffer, 10x

TBST

MACS-PBS

71.4 mM NaHCO3
28.6 mM N82CO3
in ddH20
137 mM NaCl
2.7 mM KCI
80.9 mM NazHPO4
1.5 mM KH2PO4
in ddH.0
1 mM MgCl.
1 mM CaClz
in PBS
25 mM KCI
5 mM MgCl,
in PBS
0.05% (v/v) Tween-20
in PBS
250 mM Tris
1.92 M glycine
34 mM SDS
1.2 ml H20
9.8 ml 0.5 M Tris-HCI (pH 6.8)
1.7 g SDS
5 ml glycerol
0.5ml 0.5 mM EDTA (pH 8)
9 g/l Bromphenolblue
5% R-Mercaptoethanol
40 mM Tris
30 mM glycine
1.3 mM SDS
20% (v/v) ethanol
in ddH.0
0.89 M Tris
0.89 M boric acid
10 mM EDTA (pH 8.0)
in ddH.0
100 mM Tris-HCI (pH 8.0)
1.5 M NaCl
0.05% (v/v) Tween-20
in ddH.0
0.5% BSA
2mM EDTA
in PBS

Media

Composition

2xYT medium, pH 7.2

2x YT-agar

1.6% (w/v) tryptone
1.0% (w/v) yeast extract
171 mM NaCl
100 mg/l ampicillin
in ddH20
1.5% (w/v) bacto-agar
100 mg/l ampicillin
in 2xYT medium
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Media

Composition

complete DMEM/MEM

infection MEM

R10

Semi viscous overlay medium (Influenza)

Semi viscous overlay medium (SARS-CoV-2)

10% (v/v) FBS
2 mM L-glutamine
100 mg/l penicillin/streptomycin
1mM Na-Pyruvat (only Vero E6)
1x NEAA (only Vero E6)
in DMEM/MEM
0.2% (v/v) BSA
2 mM L-glutamine
100 mg/l penicillin/streptomycin
in MEM
10% (v/v) FBS (or mouse serum for
flow cytometry)
2 mM L-glutamine
100 mg/l penicillin/streptomycin
1 mM Na-pyruvat
50 uM R-mercaptoethanol
in RPMI
0.2% (w/v) BSA
0.05% (w/v) NaHCO3
0.01% (w/v) DEAE-dextran
2 mM L-glutamine
100 mg/l penicillin/streptomycin
1.25% (w/v) Avicel
1-2 ug/ml TPCK-treated trypsin
in MEM
0.05% (w/v) NaHCO3
0.01% (w/v) DEAE-dextran
2 mM L-glutamine
100 mg/I penicillin/streptomycin
1mM Na-Pyruvat
1x NEAA
1.25% (w/v) Avicel
in DMEM
2.0% (w/v) tryptone
5% (w/v) yeast extract

, 10 mM NaCl
SOC-medium 2 5 mM KCI
20 mM MgCls
in ddH.0O
Solutions Composition
Chicken red blood cells, 1% (v/v) in PBS

Coomassie de-staining solution

Coomassie fixation solution

Coomassie staining solution

10% (v/v) ethanol
5% (v/v) acetic acid
in ddH>O
30% (v/v) ethanol
10% (v/v) acetic acid
in ddH>0
20% Roti®-Blue 5x concentrate
20% (v/v) ethanol
in ddH>O
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Solutions Composition

10% (v/v) formaldehyde
10% (v/v) crystal violet stock solution,

Crystal violet solution, 1x

10x
in ddH20
20% (v/v) ethanol
Crystal violet stock solution, 10x 1% (w/v) crystal violet
in ddH20
DEAE-dextran, 1% in ddH.O
L-glutamine, 200 mM in ddH20
Glycerol, 1% (v/v)in PBS
H202, 3% (v/iv) in PBS
KlO4, 0.011 M (w/v) in PBS
Na-deoxycholat, 0.5% (v/v)in PBS
NaHCOs3, 5% in ddH.0
. . 2.58 g/l (w/v)
Polyethylenimine (PEI) solution in ddH,0
PFA, 4% in ddH.0
Phenol red, 0.5% (w/v)in PBS
25% sucrose
0.1 M NaCl
Sucrose-NTE, 25% 0.01 M Tris
1 mM EDTA (pH 8.0)
in ddH-0
H2S04, 1 M in ddH.0
TPCK-treated trypsin, 1 mg/ml in ddH20
3.1.12 Pharmaceuticals
Substance Source
Isoflurane, 1 mi/mi CP-Pharma Handels
Xylazin 20 mg/ml ad. us. vet. WDT
Ketamin 100 mg/ml ad. us. vet. (Ketabel) Bela-pharm
Isotonic NaCl-solution 0.9% B. Braun (Melsungen, Germany)
3.1.13 Chemicals
Chemicals & reagents Source
Influenza antigen A/California/7/09 (H1N1) NIBSC

(NYMC-X181), NIBSC code: 16/106 (WIV)
SARS-CoV-2 (2019-nCoV) Spike S1-His
Recombinant Protein

SARS-CoV-2 (2019-nCoV) Spike S1(K417N, Sino Biological (Beijing, China)
E484K, N501Y, D614G)-His Recombinant Protein
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Chemicals & reagents Source

SARS-CoV-2 Spike S1 (T19R, G142D, E156G,

157-158 deletion, L452R, T478K, D614G, P681R)

Protein (His Tag) Sino Biological (Beijing, China)
SARS-CoV-2 B.1.1.529 (Omicron) Spike S1

Protein (His Tag)

OptiPrep™ Density Gradient Medium (lodixanol)

lonomycin calcium salt from Streptomyces

conglobatus Sigma-Aldrich/Merck (Darmstadt,
Phorbol 12-myristate 13-acetate (PMA) Germany)

Trypan blue

Brefeldin A

Jackson ImmunoResearch

Streptavidin-HRP Laboratories (West Grove, USA)

Bacto-agar
Tryptone BD Biosciences (Franklin Lakes, USA)

Yeast extract

BIOZOL Diagnostica (Eching,
Germany)
Nippon Genetics Europe (Diren,
Germany)

Bovine serum albumin (BSA), 30%

Midori green advanced DNA stain

Polyethylenimine (PEI), molecular weight ca. 25 Polyscience (Hirschberg, Germany)

kDA

Chemicals & reagents Source

Sodium Dodecyl Sulfate (SDS) _ .

TEMED SERVA Electrophoresis (Heidelberg,
Germany)

Triton X-100

Avicel microcrystalline cellulose FMC (Philadelphia, USA)

Agarose NEEO Ultra Quality
Ammoniumpersulfat (APS)
Bovine albumin fraction V
Dithiothreitol (DTT)
Dimethylsulfoxid (DMSO)
Ethanol, = 99.9%
Formaldehyde, 37%

Carl Roth (Karlsruhe, Germany)
Glycerole
Glycine
H202, 30%
H.SO4, 2.5 M
Isopropanol
KIO4
L-Gluatmine
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Chemicals & reagents

Source

Methanol, 299.9%

MgCl;

Na.COs3

NaCl

Pefabloc® SC-protease-inhibitor
Paraformaldehyde (PFA)
Roti®-Blue 5x concentrate
Rotiphorese® Gel 30 (37.5:1)
Skimmed milk powder

TRIS

Tween-20

3-Mercaptoethanol

MACS® Comp Bead Kit, anti-REA

PepTivator® SARS-CoV-2 Prot. S1 (6nmol/pep)
PepTivator® SARS-CoV-2 Prot. S B.1.351

Mutation pool (6nmol/pep)

PepTivator® SARS-CoV-2 Prot. S B.1.1.7 Mutation

pool (6nmol/pep)

PepTivator® SARS-CoV-2 Prot. S B.1.617.2

Mutation pool (6nmol/pep)

PepTivator® Influenza A (H1N1) HA (6nmol/pep)
PepTivator® Influenza A (H1N1) NP (6nmol/pep)

MACS® Tissue Storage Solution
Viobility 405/452 Fixable Dye

1 Kb Plus DNA Ladder

6x DNA Loading Dye

DMEM

KH2PO4

Lipofectamine™2000

MEM

NazHPO4

OptiPro® SFM

PageRuler™ Prestained Protein Ladder, 10 to 180

kDa
PBS

Penicillin/Streptomycin, 10,000 U/ml

RPMI
Acetone
Ampicillin
CaCl

Carl Roth (Karlsruhe, Germany)

Miltenyi Biotec (Bergisch Gladbach,
Germany)

Thermo Fisher Scientific (Waltham,
USA)

Merck (Darmstadt, Germany)
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Chemicals & reagents

Source

Crystal Violet

DAPI

DEAE-dextran

EDTA

Fetal bovine serum (FBS)
KCI

NazVO4

Na-deoxycholat

NaHCOs3

Phenol red

Ponceau S
Sodiumpyruvate, 100 mM
Succrose

TPCK-treated trypsin

Mouse serum

Merck (Darmstadt, Germany)

VWR International (Darmstadt,
Germany)

3.1.14 Software

Software

Source

GraphPad Prism 9.1.0

Adobe Photoshop CS6 v.13 extended
Adobe lllustrator CS6

Endnote X7.8

Geneious Prime 2021.2.2

Zen 2.6 (blue/black)

Microsoft Office 2010/2013
PyMOL 2.5.4

Chemostar Professional

Intas GDS

FlowJo Software v10.4

Splice Rover
MACSQuantify™ Software
Reader Control Software
MARS Data Analysis Software

GraphPad Software
Adobe Systems

Thomson Reuters
Biomatters
Carl Zeiss Microscopy
Microsoft
Schrédinger

Intas Science Imaging Instruments

Tree Star (Ashland, USA)
http://bioit2.irc.ugent.be/rover/splicerover

Miltenyi Biotec (Bergisch Gladbach, Germany)

BMG Labtech
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3.2 Methods
3.2.1 Cloning of pAAV-vector plasmids

Vector plasmids were designed only for the SARS-CoV-2 vaccine because the respective
vector plasmids for the IAV vaccine were already available in the group.

For the evaluation of AAV-vectors carrying SARS-CoV-2 antigens as a possible vaccine
vector, the pAAV-vector plasmids carrying the full-length S-protein or the S-RBD (AAV-S-
RBD) were cloned. The AAV-vector system has already been available and established in
the laboratory. It could thus be utilized immediately to manufacture a vector targeting
SARS-CoV-2.

When the sequence of the first described SARS-CoV-2 virus was made available in
January 2020 (ref: Wuhan Hu-1), the cDNA of the spike protein was ordered through a
commercial supplier including codon optimization for mammalian gene expression. It was
equipped with the 5’ restriction site Hindlll and the 3’ restriction site BamHI to enable
cloning into the existing AAV-vector plasmid.

From this template, the S-RBD between aa319 and aa541 (Yan et al. 2020) was amplified
with the primers “S-RBD wt fwd” and “S-RBD wt rev” (see chapter 3.1.5) which included
the same restriction sites mentioned above, as well as a Kozac sequence.

Both cDNAs were then cloned into the pAAV-plasmid already available in the group using
the named restriction sites.

In the following sections 3.2.1.1 to 3.2.1.9 the methodology for this part is described.

3.2.1.1 Transformation of plasmids in chemically competent E. coli bacteria

To transform plasmid DNA into DH5a or C2992H E. coli bacteria, 50ul bacteria aliquots
were used per plasmid. The frozen aliquots were thawed carefully on ice and 1-2 pul of
plasmid DNA were added to the cells and mixed carefully. The mixture was incubated on
ice for 30 minutes. Following this, a heat shock was performed at 42°C for 45 seconds in
a heating block. Cells were then incubated on ice for two minutes. 500 ul of SOC medium
were added to the cells, which were then incubated at 37°C and centrifuged at 200 x g.
Finally, cells were plated on 2xYT agar plates containing the respective selective antibiotic.

After overnight incubation, single clones were picked.

3.2.1.2 Preparation of plasmid DNA from bacteria

For the isolation of plasmid DNA from bacterial cultures commercial kits were used. Large
amounts of plasmid DNA were prepared with the QIAfilter Plasmid Maxi Kit (maxi), small
amounts with the Invisorb® Spin Plasmid Mini Two Kit (mini). To prepare the bacterial

culture, bacteria carrying the desired plasmid were grown overnight on plates with 2xYT
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agar containing the specific antibiotic. The next day, individual colonies were picked from
the plates and added to 2 ml of 2xYT medium with the antibiotic and grown over the day,
if needed for maxi-cultures, or overnight when needed for mini cultures. For the maxi
cultures, 200 ml of 2xYT with the respective antibiotic were inoculated with the 2 ml culture
and grown overnight. The plasmid DNA was prepared following the manufacturer’s
instructions. The concentration of the plasmid DNA was measured with a NanoDrop 8000

UV-Vis Spectrophotometer using a volume of 2 ul and set to a final concentration of 1 pg/pl.

3.2.1.3 PCR

PCR was performed with the Phusion High Fidelity polymerase following the
manufacturer’s instructions. Annealing temperature and number of cycles can vary

depending on primer and template.

Component Yolume

PCR conditions
Template DNA 10 ng
5x Phusion HF buffer 10 pl Initial denaturing  98°C 30 sec
10 mM dNTPs 1l Denaturing 98°C 10 sec
10 puM forward primer 2.5 ul 35
H P ) H Annealing 62°C 20 sec
10 uM reverse primer 2.5yl cycles
DMSO 1.5l Elongation 72°C 15 sec
Phusion High Fidelity Polymerase 0.5 ul Final Elongation  72°C 5 min
ddH,0O Ad 50 pl

3.2.1.4 QuikChange PCR

To insert point mutations into plasmids, the QuikChange site-directed mutagenesis kit

according to the manufacturer’s instructions.

3.2.1.5 Enzymatic restriction of plasmids

For enzymatic restriction of plasmid DNA with FastDigest (Fermentas) enzymes, 2 ug of
plasmid DNA were used. 1 U of restriction endonuclease per yg of DNA was added,
following the manufacturer’s instructions. The respective buffer was added at a 1:10
dilution and nuclease-free water was added to a final volume of 20 ul. The mixture was
incubated at 37°C for 15 minutes. The final product was obtained by agarose gel

electrophoresis.

3.2.1.6 Agarose gel electrophoresis

Agarose gels of concentrations between 0.5 — 2% were prepared by dissolving agarose in
1xTBE buffer. Before solidification of the gel, Midori Green was added at 6 pl per 100 ml
to label the DNA. The gel was covered with 1x TBE buffer in the gel chamber. To load the
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DNA, it was mixed with 6x loading buffer. In addition to the samples, a DNA ladder was
added. A constant voltage of 100 V was applied for at least 30 minutes, until the DNA

fragments were separated. DNA was visualized with UV-light.

3.2.1.7 Gel extraction

Extraction of DNA fragments from agarose gels was performed by using the QIAEX Il Gel
Extraction Kit following the manufacturer’s instructions. DNA was eluted with nuclease-free
water and concentration was measured by using a NanoDrop 8000 UV-Vis

Spectrophotometer using a volume of 2 pl.

3.2.1.8 Ligation

Ligation was performed with the T4-Ligase following the manufacturer’s instructions,
usually leaving the ligation reaction overnight at 16°C. For cloning of the S-RBD a
vector:insert ratio of 1:3 was applied and for cloning of the full S-protein a 1:1 ratio was

needed.

3.2.1.9 Sequencing

Sequencing was performed at the RKI’s in-house sequencing laboratory. The sequencing
conditions are displayed below. The resulting sequences were analyzed using the

Geneious software.

Component Volume PCR conditions

Template DNA 50-100 ng Initial denaturing  96°C 2 min

5x ABI reaction buffer 2 ul Denaturing 96°C 10 sec

Sequencing Primer (10 uM) 0.5 ul _ 25
BigDye 3.1 Mix 0.5 l Annealing 45°C 5 sec oycles
ddH,0 ad 10 pl Elongation 60°C 4 sec

3.2.2 Verification of the pAAV-plasmids

Following the verification of the correct molecular composition of the pAAV -vectors, their
functionality was assessed in vitro by transfection into mammalian cells to verify that the
correct transgene is expressed in sufficient amounts with the following methods (sections
3.2.2.11t03.2.2.13).

3.2.2.1 General cell culture conditions

All cell culture work was carried out under sterile working conditions. Cells were maintained
in incubators at 5% CO2, 37°C and 95% (+/- 5%) humidity.
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3.2.2.2 Maintenance of permanent cell lines

Adherent cell lines were grown in their respective medium in cell culture flasks. When the
cells reached 90-95% confluency they were passaged to maintain their healthy growth
behaviour. All solutions were warmed up to 37°C before use. The old growth medium was
removed from the flask and cells were washed once with PBS carefully, without detaching
them from the surface. The PBS was removed and Trypsin-Versene solution was added to
the flask. After a cell line specific incubation time at 37°C, the trypsin was deactivated by
adding serum-containing fresh medium and the desired amount of cell-solution was

transferred to a new flask.

3.2.2.3 Transfection of cells

For the transfection of HEK293T-cells, Lipofectamin 2000® was used following the
manufacturer’s instructions with 2.5 ug DNA/ 1 x 10° cells. Cells were usually seeded the
day before the transfection on the desired surface, e.g., glass coverslips or ibidi® 12-well
slides. To prepare the surface for a strong attachment of the cells, it was coated with poly-
D-lysine. After transfection, cells were further incubated for 48 hours and further processed

for either immunofluorescence staining (3.2.2.4) or cell lysates (3.2.2.6).

3.2.2.4 Immunofluorescence staining

Cells were grown on glass coverslips or ibidi® 12-well slides and treated as desired. When
they were ready to be prepared, cell culture medium was removed, and cells were fixed
with 4% PFA for ten minutes. Afterwards they were washed three times with PBS and
subsequently permeabilized with 0.2% Triton-X-100 for 10 minutes. Again, cells were
carefully washed three times with PBS before unspecific binding sites were blocked with
10% FBS solution for one hour at 37°C. Following the blocking step, the primary antibody
or serum in 10% FBS was added in the respective dilution in a wet chamber, where the
coverslip is placed upside down on the antibody solution, and incubated for 90 minutes at
37°C. The coverslips were then washed three times with PBS and the corresponding
secondary dye-conjugated antibody was added in a dilution of 1:1,000 for one hour at 37°C.
Cells were washed again and incubated for a maximum of 10 minutes with DAPI solution

before being mounted on to microscope slides with Mowiol.

3.2.2.5 Microscopy

Pictures of immunofluorescence stainings were taken either with a Zeiss Axio Observer D1
inverted epifluorescence microscope or a Zeiss LSM 780 confocal laser scanning

microscope.
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3.2.2.6 Preparation of cell lysates

For the preparation of cell lysates, transfected or transduced cells were washed with ice
cold PBS and transferred to a tube. They were then centrifuged at 2,500 rcf for 2 minutes
at 4°C. The supernatant was removed, and lysis buffer was added and cells were incubated
on ice for 20 minutes. To remove cell debris, the lysates were centrifuged at 10,000 rcf at
4°C for 10 minutes. The supernatant was collected and used for SDS-PAGE (3.2.2.8),
Western Blot (3.2.2.9), or ELISA (3.2.2.11).

3.2.2.7 BCA Assay

Protein concentrations were determined in the 96-well plate format using the Pierce BCA
protein assay kit following the manufacturer’s instructions. Absorption was measured in a

plate reader at 562 nm.

3.2.2.8 SDS-PAGE

SDS-PAGE was used to separate proteins in the electric field within a porous
polyacrylamide-matrix by their molecular weight. Suitable gels were prepared with the in-
house system. Gels were cast between two glass plates, either spaced 0.75 mm (for
Coomassie staining, 3.2.2.10) or 1.5 mm (for Western Blots, 3.2.2.9) according to the table.
The stacking gel was layered on top of the separation gel and a comb was inserted. Gels
were run in a suitable gel chamber with running buffer. Before samples were added, they
were mixed with 6x sample buffer containing B-mercaptoethanol and boiled at 95°C for 5

minutes. A constant current of 25 mA/gel was applied to separate proteins.

Table 3: Composition of SDS-PAGE gels

Separation Gel  Stacking Gel

Component
(amounts for 2x 0.75 mm gels)
10% 12.5% 5%
30% acrylamide/0.8% bisacrylamide 3.3 ml 4.1 ml 0.83 ml
(37.5:1)
ddH,0O 4.0 ml 3.2ml 2.8 ml
1.5 M Tris-HCI pH 8.8 2.5ml 2.5ml -
0.5 M Tris-HCI pH 6.8 - - 1.25 ml
10% SDS 100 pl 100 pl 50 pl
10% APS 100 pl 100 pl 50 pl

TEMED 6 pl 6 ul 6 ul
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3.2.2.9 Western Blot

Western Blots were performed in a semi-dry system. Proteins were transferred from an
SDS-PAGE to a nitrocellulose membrane. The membrane was washed in water and added
onto the gel. On both sides, 3 layers of Whatman paper soaked in blotting buffer were
added. Blotting was performed at a constant current of 80 mA/gel for 60 to 90 minutes,
depending on the size of the main fragment. Correct transfer was verified with a Ponceau
S staining. The membranes were then blocked with 5% skimmed milk in TBST buffer for 1
hour at room temperature. The primary antibody was added in a suitable dilution in blocking
buffer overnight at 4°C. Subsequently, the membrane was washed three times for five
minutes with TBST before the HRP-conjugated secondary antibody was added in blocking
buffer. The membrane was now washed again, and SuperSignal™ West Dura Extended
Duration Substrate was added according to the manufacturer’s instructions. The resulting

chemiluminescence was detected with a ChemiDoc™ imager.

3.2.2.10 Coomassie staining of SDS-PAGE gels

The SDS-PAGE acrylamide gels were incubated in Coomassie fixation solution for 30
minutes. This was followed by incubation step in Coomassie staining solution at room
temperature overnight. The next day, the staining solution was removed, and de-staining
solution was added at room temperature. Incubation was continued, until the clear parts of
the gel were unstained. The gel was washed in water and scanned or dried to conserve

the results.

3.2.2.11ELISA

96-well ELISA plates were coated with the respective antigen (4-8 pg/ml of purified
influenza virus, 1:500 dilution of empty AAV9 capsids, 1 ug/ml S1-protein) diluted in coating
buffer overnight at 4°C. The plates were washed three times with PBST and blocked with
5% BSA (S1-protein and IgA-ELISA) or with 5% skimmed milk (influenza, AAV). Blocking
buffer was removed and the primary antibody (e.g. serum) was added in serial dilution in
blocking buffer (50 pl/well) and incubated for 2 hours at 37°C. Plates were then washed
three times with PBST and a suitable HRP-conjugated secondary antibody was added in a
1:1,000 dilution in blocking buffer (50 ul/well). Plates were incubated for 1 hour at 37°C.
Finally, plates were washed again three times with PBST before 50 pl of ELISA substrate
solution were added per well. The reaction was stopped after colour development with 50

Ml H2SO4 per well and the absorption was measured at 450 nm.
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3.2.2.12 Flow Cytometry

For the quantification of signal in transfected or transduced cells, flow cytometry
measurement was performed. All centrifugation steps were carried out at 300 x g for 5
minutes. Cells were either transfected with the respective plasmid or transduced with AAV -
vectors and incubated for 48 — 72 hours. Cells were then harvested and a live/dead-staining
was performed following the manufacturer’s instructions. Here, the live/dead fixable dye
was added to the cells and incubated for 30 minutes in the dark. Cells were centrifuged
and resuspended in 4% PFA for fixation and incubated for 15 minutes. Cells were washed
again, followed by a permeabilization step with 0.2% Triton-X for 15 minutes.
Subsequently, cells were washed again and then blocked with 10% FBS for 1 hour at 37°C.
Following the blocking step, cells were incubated with the primary antibody for 2 hours at
37°C, followed by another washing step and then staining with the secondary antibody for
1 hour at 37°C. Before measurement, cells were washed again and resuspended in FACS-

PBS. Cells were gated for single cells, live cells, and finally, signal-positive cells.

3.2.2.13 ACE2-binding assay (flow cytometry)

Cell lysates were prepared of cells transfected with the pAAV-S-RBD plasmids of the
different VOCs. Cell lysis was performed with non-denaturing lysis buffer. Lysates were
cleaned with ultra-centrifugal filter units (MW 100,000 kDa) to remove the lysis buffer.
HT1080+ACE2 were used to bind to the proteins in the lysates. They were stained for dead
cells and fixed, blocked with 10% FBS for 1 hour and 1x10° cells/well were separated into
a 96-well U-bottom plate. Fixed HT1080+ACEZ2 cells and lysates were mixed and incubated
overnight at 4°C. The mixture was then stained for the V5-tag (mouse-anti-V5, 1:250) for
two hours at 37°C. They were washed three times and the secondary antibody with a
fluorophore was added at a 1:1,000 dilution. Cells were washed again and subsequently

measured with the MACSQuant flow cytometer.
3.2.3 Production of recombinant AAV-vectors

After the verification of the pAAV-vector plasmids, AAV-vectors were produced and their

quality was assessed (sections 3.2.3.1 to 3.2.3.3).

3.2.3.1 Production of recombinant AAV-Vectors

AAV-vector preparations were produced in HEK293T-cells. The protocol used here is
based on the lodixanol-based protocol by Strobel et al. (2015), as it had been implemented
in the group (Strobel et al. 2015). For a sufficient number of AAV-vector particles, usually
20 15-cm cell culture dishes of HEK293T-cells were seeded the day before transfection to

be confluent the next day. The three vector plasmids, p5SE18, pHelper and pAAV, were
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prepared for transfection in an equimolar ratio with PEI reagent. The plasmids were mixed
in 1 ml of serum-free DMEM per dish. PEI was added, the solution was mixed and
incubated for 15 minutes at room temperature. The transfection-solution was then added
to the dishes, 1 ml per dish n slow drops. The transfected cells were incubated for 72 hours
before cells were harvested. The cell culture medium was removed, and 10 ml PBS-MK
were added to each dish. Cells were detached and centrifuged for 10 minutes at 2,000 x
g. The supernatant was removed, and cells were resuspended in 5 ml PBS-MK. Cells were
lysed using 0.5% Sodium-Deoxycholat. 0.5 yl/ml Benzonase was added, and cells were
incubated at 37°C for 1 hour. The cell suspension was then centrifuged at 10,000 x g for
15 minutes to remove cell debris. The supernatant was transferred to a new tube and filled
up to 12 ml with PBS-MK. The lysate was then underlaid with a discontinuous lodixanol
gradient and ultracentrifuged at 300,000 rcf at 18°C for 2.5 hours. To obtain the 40%-phase
with the AAV-vectors, the tube was punctured with a needle and the phase was aspirated.
Finally, 25 ml of PBS-MK were added to the solution and the AAV-vector preparation was
concentrated using ultra-centrifugal filter units (MW 100,000 kDa) at 3,000 rcf down to 1-2

ml. The AAV-vector stocks were stored at -80°C.

3.2.3.2 Titration of AAV-vectors via qQPCR

The number of encapsidated viral genomes in intact AAV-vector particles was measured
via qPCR. To eliminate viral genomes that are not resistant to DNase treatment, and thus,
are not inside of intact particles, initially 10 pl of the AAV-vector preparation was treated
with 0.5 yl/ml Benzonase at 37°C for 1 hour. Viral DNA was then purified with the QlAamp
MinElute Virus Spin Kit according to the manufacturer’s instructions and eluted in 100 pl of
H.O. This results in a 10" dilution of the original preparation. For the qPCR, serial 10-fold
dilutions were prepared, and the 10 to 10 dilutions were analyzed. As a standard, the
dsDNA cassette containing the CMV-promoter, intron, and transgene, was prepared from
the corresponding pAAV plasmid DNA by digestion with the Smal restriction enzyme. After
cleanup, the concentration was set to 1ug/ml and ten-fold dilutions were prepared as well
and the 10 to 10°° dilutions were used in the gPCR.

The gPCR was carried out in white 96-well plates in a LightCycler®480 instrument.
Fluorescence was measured at the start of each annealing cycle and analyzed with the

setting “Abs Quant/2™ Derivative Max” using the integrated software.
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For the calculation of viral genomes, the absolute number of ssDNA molecules in the

1%10-9 )
MW ’

standard stock preparation (Npna) was calculated with the formula Npna = Na * (

Na is the Avogadro constant and MW is the molecular weight of the DNA fragment, which
was calculated by multiplication of the number of the individual DNA bases with their
specific molecular weights MW = (A, * 313.2) + (T, * 304.2) + (C, * 289.2) + (G, * 329.2).

Component Volume

10x PCR buffer 2 ul

50 mM MgCI2 2ul PCR conditions

10 mM dNTPs 1.6pl Initial denaturing  95°C 10 min

10 uM forward primer 06u Denaturing 95°C 15 sec ‘

10 pM reverse primer 0.6 pl ) } 40
10 pM Tagman-probe 0.2ul Annealing 60°C 20 sec | cycles
5U/ul Platinum®-Taq DNA polymerase  0.16 pl Elongation 72°C 10sec |

H>0 10.84 pl

Sample 2 ul

3.2.3.3 Quality control of AAV-vector preparations

Purity assessment via SDS-PAGE
10 pl of AAV-vector preparation were analyzed by separation in an SDS-PAGE (3.2.2.8)
and staining with Coomassie (3.2.2.10). Here, the three capsid proteins VP1, VP2 and VP3

can be visualized.

ADK9 ELISA
To assess the integrity of the AAV9-capsid, an ELISA was performed with the ADK9-

antibody, which only recognized intact capsids. 96-well ELISA plates were coated with 50
pl/well of twofold dilutions in coating buffer of the AAV-vector preparation at 4°C overnight.
The general procedure for ELISAs is described in 3.2.2.11. The ADK9-antibody was diluted
1:250 in blocking buffer. As a secondary antibody HRP-conjugated anti-mouse-IgA was
added in a 1:1,000 dilution.

Electron micrographs

Electron micrographs were performed at the RKI by Lars Mdller of the the Centre for
Biological Threats and Special Pathogens 4 (ZBS4): Advanced Light and Electron
Microscopy.

Transduction efficiency and transgene expression

Transgene expression was assessed in HEK293T-cells by adding 20-40 pl of AAV-vector
preparation to the cell culture medium in 24-well plates and incubating the cells for 72
hours. Cell culture medium was exchanged after 24 hours. The cells were then further

processed for different analyses. Either, the cells were used for immunofluorscence
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staining (3.2.2.4), or flow cytometry (3.2.2.12, 3.2.2.13), or cell lysates were prepared
(3.2.2.6) for SDS-PAGE (3.2.2.8), Western Blot (3.2.2.9), or ELISA (3.2.2.11).

3.2.4 Laboratory animal work

After the successful in vitro evaluation und quality control of the AAV-vector stocks, they
were further evaluated in vivo in the mouse model. For IAV, the immunizations phase was
followed by a viral challenge, while for SARS-CoV-2 only the immunogenicity of the AAV-
vectors was evaluated, without a subsequent infection. In the following, the setup of those
mouse experiments is described. If the conditions differ between the IAV and SARS-CoV-

2 experiments, this is indicated, otherwise the conditions are equal for both.

3.2.4.1 General conditions for the mouse experiments

All described experiments have been approved by the Landesamt fiir Gesundheit und
Soziales (LAGeSo) Berlin (reference numbers H 0129/18, G 0195/20, G 0167/21).

All mice were female, 6-8 weeks old and were purchased from Charles River Germany.
For the IAV experiments, C57BL/6N mice were used and for the SARS-CoV-2 experiments
NMRI, BALB/c and C57BL/6J, were used as indicated for the individual experiments.

Mice were kept in standardized type Il IVC cages under BSL-2 conditions. The housing
facilities of the RKI were previously approved by the LAGeSo. Before the start of the
experiments, animals had an adaptation phase of at least seven days and up to 14 days to

their new surroundings.

3.2.4.2 Immunizations

Immunizations with AAV-vectors were conducted either intranasally or subcutaneously.
Mice received a volume of 50 pl intranasally, applied through both nostrils. For
subcutaneous injection, 100 ul were injected into the skin at the flank. WIV was applied
intramuscularly, with 30 ul applied to the hind limb. For i.n. and i.m. immunizations, mice
were anesthetized with isoflurane. For animals receiving two subsequent i.m. or s.c.
injections, the respective opposite limb or side was used for the second injection. The
animals received an immunization dose of 10" viral genomes (vg) of AAV-vectors at each

time point, or 20 pg of WIV.
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3.2.4.3 IAV challenge

Mice were infected intranasally with 50 ul virus solution per mouse, applied via both nostrils
under isoflurane anaesthesia. They were monitored for clinical symptoms and weight loss
and were euthanized when they reached the defined humane end point (scoring in 3.2.4.4).
When the clinical scores started to rise, they were provided with glucose-containing water
and soft feed. Half of the mice were sacrificed on day 3 after infection for viral lung titers
and the animals that did not reach the humane end point were sacrificed at the end of the
experiment at day 14 after infection. Those timepoints are well established in influenza
research (Heaton et al. 2013; Demminger et al. 2020; Bliss et al. 2022).

Challenge virus TCID;,/mouse
A/California/7/09 (H1N1)pdm 7.94x108
A/Puerto Rico/8/34 (H1N1) 5.01x104
X31 (H3N2) 1.00x10°

Table 4: Lethal doses of IAV used for mouse infections

3.2.4.4 Scoring

During the experimental phase, mice were monitored daily according to the score sheets
for the experiment. For scoring, different score sheets were used for the immunization and
infection phases.

During the immunization phase a minimal burden was expected for the animals, while a
medium burden was expected for the immunized animals during the infection phase, and
a high burden for the control groups, requiring more intense monitoring. If animals reached
the defined end point, they were euthanized.

During the immunization phase, the scoring parameters were: 1) behavior after isoflurane
anesthesia, 2) anomalies around the site of application (i.n., s.c., i.m.), 3) anomalies around
the site of blood sampling (retrobulbar plexus or tail vein).

During the IAV challenge, the scoring parameters were: 1) body weight, 2) general
condition (fur coat, eyes, body openings, neurological symptoms), 3) spontaneous

behavior, 4) breathing, 5) anomalies at the site of infection (i.n.).
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3.2.4.5 Finalization

Uninfected mice were sacrificed through final bleeding via the vena cava after deep
ketamine/xylazine anesthesia (160 mg/kg ketamine and 16 mg/kg xylazine), to sample to
spleens for T-cell analysis, nasal washes and lungs.

Infected mice were sacrificed by cervical dislocation and lungs were collected.

3.2.4.6 Sampling and sample processing

Serum

Blood was collected from either the retrobulbar plexus or from the tail vein at all indicated
time points and at finalization. During the immunization period, small amounts of blood
(<10% of the total blood volume of the animal, according to the GV-SOLAS) were collected.
The blood was left at room temperature for at least 30 minutes to coagulate. The blood
samples were then centrifuged at 2500 rcf for 30 minutes to separate the serum, which

was then stored at -80°C until further processing.

Nasal washes

Nasal washes were collected from dead mice immediately after the final bleeding. The
nose was rinsed with 100 pl of PBS buffer from the tracheal side by inserting a long, thin
pipet tip into the trachea until it was in the correct position and collecting the PBS in a

plastic tube.

Lungs

Lungs of mice were collected in PBS, kept on ice and immediately processed to determine
viral titers of infected mice or IgA antibodies after immunization. First, lungs were weighed
and then transferred to gentleMACS™ M-tubes and diluted 1:10 according to their individual
weight. They were then processed with the gentleMACS™ Dissociator program
,Protein_01“. The tubes were centrifuged for 10 minutes at 4,000 x g and 4°C before the
supernatant was collected and centrifuged again at 10,000 x g and 4°C. The supernatants
were then used to assess viral lung titers via plaque assay (3.2.5.1) or IgA-antibodies via
ELISA (3.2.2.11, only from uninfected mice).

Spleens

Spleens were collected only from uninfected mice to measure T-cells. For this purpose, it
is crucial, that the cells remain viable after collection of the organ from the mouse. Spleens
were directly stored in MACS-PBS and processed as soon as possible or in MACS® Tissue

storage solution and processed within 24 hours.
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3.2.5 Methods for the immunological and virological evaluation of samples

3.2.5.1 Plaque Assay (Titration)

The plaque assay was carried out to assess the virus titer of a certain virus preparation or
viral lung titers of the infected animals.

For IAV, MDCK cells were used and for SARS-CoV-2, Vero E6 cells were used (for cell
culture conditions see 3.2.2.1 and 3.2.2.2). Cells needed to be confluent on the day of
infection.

The virus solution was prepared in a series of subsequent 1:10 dilutions. Pipet tips were
changed between each well. For IAV, the virus dilutions were prepared in D-PBS + 0.2%
BA and for SARS-CoV-2 OptiPro medium was used. Growth medium was aspirated from
the cells, and they were washed carefully two times with PBS. Virus dilutions were then
added to the cells. In 6-well plates 250 pl and in 12-well plates 100 pl of virus dilution were
added. Cells were incubated for 45 minutes at room temperature for IAV and for one hour
at 37°C for SARS-CoV-2. During that time, they were gently rocked every 10-15 minutes.
Subsequently, the virus suspension was taken off the cells and they were washed one to
two times with PBS, before the overlay-medium was added and incubated at 37°C for 48
hours for IAV. For SARS-CoV-2, optimal incubation times varied between strains (72 h for
SARS-CoV-2 wt, Alpha, Beta; 96 h for SARS-CoV-2 Delta, Omicron).

After the incubation period, cells were stained with crystal violet solution for one hour at

room temperature. Plates were air-dried and viral plaques were counted. Viral titers in

number of plaques * 1 ml

PFU/ml were calculated: PFU/ml =

dilution factor » volume used for infection [ml]

3.2.5.2 FcyR reporter cell assay

BW 5147 reporter cells, which stably express the extracellular domains of the murine
FcyRI, -IIB, -1l or —IV and the intracellular signaling module of the murine CD3-¢ chain,
were thawed approximately two weeks before the assay and expanded to the amount
needed. 96-well plates were coated with the test antigen (4-8 ug/ml of purified influenza
virus, 1 yg/ml S1-protein) and incubated overnight at 4°C. The plates were then washed
three times with PBS and blocked with 10% FBS for 1h at 37°C. Twofold dilutions of
inactivated serum were prepared in 10% FBS and added to the 96-well plated for 1h at
37°C. FcyR-cells were then harvested, counted and set to a concentration of 1x10”6
cells/ml in R10 medium. The antigen-coated plates were then washed with D-PBS, the
wash solution was completely removed and 200pl of cell suspension was added to each
well. The plates were incubated overnight in the regular cell culture incubator. ELISA-plates

were coated with 1 yg/ml anti-IL2 antibody in 50 pl of coating buffer/well overnight at 4°C.
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The following day, the ELISA plates were washed three times with PBST and blocked with
10% FBS. During that time, 100 ul of PFT were added to each well of the FcyR-cell-plates
and resuspended five times to lyse the cells. 150 pl of the lysed FcyR-cell-supernatant
were then added to the blocked ELISA plates and incubated for two hours at room
temperature. Subsequently, the plates were washed three times with PBST and 50 pl of
secondary anti-mouse-IL2-Biotin antibody in a 1:500 dilution in PFT were added for 1.5
hours at room temperature. The plates were then washed again three times with PBST
before Streptavidin-HRP was added in a concentration of 1:1,000 in PFT for 30 minutes at
room temperature. Finally, plates were washed again three times with PBST before 50 pl
of ELISA substrate solution were added per well. The reaction was stopped after color
development with 50 ul H.SO4 per well and the absorption was measured at 450 nm. FcyR-
activation was calculated by subtracting the background signal obtained from mock wells

and BW-cells without an FcyR from the reactive wells.
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Figure 16: FcyR reporter cell assay
Displayed here is a schematic representation of the protocol of the FcyR-assay as
described in section 3.2.5.2. Own illustration.

3.2.5.3 Intracellular cytokine staining of antigen-specific T-cells

They were transferred to gentleMACS™ C-tubes containing 3 ml of MACS-PBS and then
processed in the gentleMACS™ Dissociator with the programm ,m_spleen_01“.

Cell suspensions were then filtered through 40 pym nylon filters on 50 ml tubes. The filters
were washed with 5 ml MACS-PBS and cell suspensions were centrifuged at 300 x g for
10 minutes at room temperature. Supernatant was removed and cells were resuspended
in 500 ul of MACS-PBS. To count the cells 1:100 dilutions of each spleen were prepared

in a U-bottom 96-well plate. DAPI stain was added to an end concentration of 0.3 yM. The
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cells were counted with the MACSQuant flow cytometer. Cells were split to 1.5x10°
cells/well into a 96-well plate.

Next, cells were stimulated with the respective peptide pools. First, cells were washed with
MACS-PBS and centrifuged at 300 x g for 10 minutes at room temperature. They were then
resuspended in 150 pl/well of R10 medium (with mouse serum) containing the peptivator
mix corresponding to the manufacturer’s instructions. As a positive control, cells were
stimulated with PMA and lonomycin. Cells were incubated at 37°C for 2 hours before 1
pg/ml of brefeldin A was added to each well and they were further incubated for another 4
hours. Further on, they were stained. Initially, a live/dead staining was performed. Cells
were washed, then resuspended in 100 pl of Dye-solution (viobility fixable dye) in PBS and
incubated for 15 minutes in the dark at room temperature. Cells were washed again and
were then stained for surface antigens (CD3, CD4, CD8b, CD154) with 250 pl of antibody
solution per well and incubated for 10 minutes at 4°C. After another washing step, cells
were fixed with 250 ul of ,Inside Fix“-solution for 20 minutes at room temperature. Cells
were washed again and finally stained for intracellular cytokines. First, they were
permeabelized with 250 pl of ,InsidePerm“-solution, and then resuspended in 100 ul of
antibody-mix (TNFa, IFNy) and incubated for 10 minutes at room temperature. Cells were
washed again, resuspended in 200 yl MACS-PBS and measured on the MACSQuant flow
cytometer. The gating strategy is displayed in Figure 43.

Before measurement, compensation controls were prepared for each antibody. All
antibodies used here were REA-coupled. 100 pyl of MACSQuant running buffer were added
into a tube and 4 ul of each antibody, only one per tube, were added to it. One drop of
MACS Comp beads (anti-REA and blank) was added to each tube and incubated for 10

minutes in the dark. 1 ml of running buffer was added and the instrument was calibrated.

3.2.6 I1AV-specific immunological and virological methods

3.2.6.1 Production of Influenza A viruses from embryonated chicken eggs

7- or 10-day old embryonated chicken eggs were provided externally. Eggs were placed in
racks with the tip facing downwards and the position of the embryos were labeled on the
eggshell. The eggshell was disinfected and perforated at the indicated spot. Eggs were
inoculated with 50 pl (7d) or 100 pl (10d) of virus stock (1,000 pfu/egg) and incubated for
48h at 37°C. They were then cooled at 4°C overnight. To continue, eggs were disinfected
from the outside and opened at the top without perforating the eggshell membrane. The
allantoic fluid was recovered and centrifuged at 3500 x g for 10 minutes at 4°C.
Subsequently, an HA-assay was performed, and allantois was either directly aliquoted or

further cleaned up via ultracentrifugation. For this purpose, 5 ml of 25% sucrose solution
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in NTE buffer was added to appropriate tubes and 33 ml of allantoic fluid was added on
top. Tubes were centrifuged at 24,000 x g for 90 minutes at 4°C. The supernatant was
discarded, and pellets were dried as much as possible and were then recovered in 0.5 — 3

ml of PBS buffer. They were left overnight at 4°C and subsequently aliquoted.

3.2.6.2 HAI-Assay

To measure the extend of hemagglutination inhibition by the antibodies in the mouse sera,
the sera were inactivated by adding 0.5 volumes of 0.8 ug/ml TPCK-treated trypsin to 1
volume of serum followed by incubation at 56°C for 30 minutes. After samples were cooled
down to room temperature, 3 volumes of 0.011 M KIO4 were added, and samples were
incubated for 15 minutes at room temperature. Subsequently, 3 volumes of 1% glycerol
were added, and samples were incubated as before again. To prepare the starting dilution
of 1:20, 12.5 volumes of PBS were added. Samples were diluted twofold in V-bottom 96-
well plates with a final volume of 25 pl/well. 25 ul containing 4 HA-units of virus were added
to each well. As controls, two wells without added virus and two wells without serum were
prepared, where the missing part was replaced with PBS. The serum-virus mixture was
incubated at 37°C for 1 hour in order for the antibodies to react with the virus. Finally, 50
Ml of 1% chicken red blood cells were added to each well and the plate was further
incubated for 20 minutes at 4°C for the hemagglutination to take place. When tilting the
plate, the hemagglutination could be read and the final concentration at which it occurred
could be determined. The HAI titer was then calculated as the reciprocate of that dilution

at which hemagglutination was still inhibited.

3.2.6.3 Virus microneutralization assay for IAV (MN)

The assay was performed as previously established in the group on the basis of the
protocol described by He et al. (2015). By this assay, anti-HA neutralization effects in the
late replication cycle can be measured (He et al. 2015). For the assay, MDCK cells were
prepared in 96-well plates the day before. Sera were inactivated at 56°C for 30 minutes.
1:20 serum dilutions were prepared in MEM medium containing 0.2% BSA and 1 pg/ml
TPCK-treated trypsin. All further steps use the same medium. The diluted sera were
subsequently further diluted twofold. As controls, a cell-only control and virus-only control
were prepared. Initially, the serum was incubated with virus. To 25 pl of each serum-dilution
and the virus-only controls, 3.5 x 10* pfu of the respective IAV were added (starting serum
dilution = 1:40). To the cell-only control, plain medium was added. The mixture was
incubated at 37°C for one hour. Before 50 ul of the serum/virus-mixture was added to the
MDCK cells, those were washed once with D-PBS. They were incubated at 37°C for one

hour for the cells to be inoculated, then washed with D-PBS. Subsequently, another 50 pl
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of the identical serum dilution was added to the wells. Plates were incubated for 24 hours
at 37°C. The medium was then removed, and cells were fixed with 80% ice-cold acetone
for ten minutes, air-dried and blocked with 5% skimmed milk in PBST for 45 minutes at
37°C. To quench the endogenous peroxidase, 100 pl 3% H20, were added per well and
incubated for 30 minutes at room temperature. Cells were then washed with PBST and
incubated with 50 ul/well of primary antibody (goat anti-FIuA virion) in a 1:1,000 dilution in
blocking buffer for one to two hours at 37°C. The plates were washed three times with PBST
before HRP-conjugated secondary antibody was added in a 1:1,000 dilution in blocking buffer
for one hour at 37°C. Finally, plates were washed again three times with PBST before 50 pl
of ELISA substrate solution were added per well. The reaction was stopped after colour
development with 50 yl H.SO4 per well and the absorption was measured at 450 nm.

To calculate neutralization values, the following formula was used:

0D (well) — meanOD(cell ctrl wells)

MN (fold) =1 —
(fold) meanO0D (all wells of resp. dilution)

Resulting values above 1 were set to 1 and values below 0 were set to 0.

3.2.7 SARS-CoV-2-specific immunological and virological methods

3.2.7.1 Production of SARS-CoV-2 virus stocks

Vero EG6 cells were seeded in T75-cell culture flasks. The next day they were infected with
an MOI of 0.01 and incubated at 37°C for 48 hours. The cell culture medium was then
collected and residual cell debris was removed by centrifugation. The medium was finally
divided into aliquots and stored at -80°C for further applications. The titer of the stocks was

measured after one freeze-thaw cycle.

3.2.7.2 Neutralization Assay with the “SARS-CoV-2 Surrogate Virus Neutralization
Test (sVNT)” Kit

The assay was carried out following the manufacturer’s (GenScript) instructions in an
ELISA format. The assay utilizes an HRP-conjugated recombinant SARS-CoV-2 RBD
(HRP-RBD). ELISA plates were pre-coated with hACE2. The samples and controls were
incubated with the HRP-RBD and then added to the plate. Only those HRP-RBD molecules
can bind to the hACE2 that have not been complexed by antibodies in the sera. The
absorbance of the sample was inversely dependent on the titer of the neutralizing

antibodies.

3.2.7.3 Plaque-Reduction Neutralization Test (PRNT)

The PRNT was used for SARS-CoV-2 samples. Vero E6 cells were prepared in 24-well

plates to be confluent on the day of infection. Serum samples were inactivated for 30
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minutes at 56°C and diluted twofold, starting with 1:20 in OptiPro-medium. The virus stock
was set to 50 pfu/100 pl in OptiPro-medium. Virus and serum were mixed 1:1 and incubated
for 1 hour at 37°C. Culture medium was aspirated from the Vero E6 cells and 200 pl/well
of the virus/serum-mixture was added to the cells. As a control, virus was mixed with
OptiPro-medium and added to the cells. A control without virus was also prepared. The
cells were incubated for 1 hour at 37°C. During that time, they were gently rocked every
10-15 minutes. The virus/serum-mix was then aspirated from the cells and 500 ul of
overlay-medium was added to each well and cells were incubated for the suitable amount
of time. Finally, cells were stained with crystal violet solution for one hour at room
temperature. Plates were air-dried and viral plagues were counted. Plaque-reduction was
calculated in relation to the number of plaques in the virus control and the titer at which

50% reduction was achieved was assessed.

3.2.8 Statistics

All statistical analyses were conducted using the GraphPad Prism software.

For comparison of two unmatched groups, a non-paired, non-parametric Mann-Whitney-U
test was performed. Three or more unmatched groups were compared using a non-paired,
non-parametric Kruskal-Wallis test. When matched data were analysed, a paired, non-
parametric Friedman-test was conducted. Comparisons were performed as indicated.
ELISA data are presented as the area under the curve (AUC) of the measured OD 450nm Of
the serum dilution curve. Survival data was analyzed with a log rank Mantel-Cox test.

Correlations were calculated with a linear regression analysis.



74

4 Results

4.1 Influenza

In the following sections, the results regarding the immunological evaluation of the bivalent
AAV-HA/NP vaccine, evaluating possible synergistic effects of the vaccine antigens HA
and NP of A/California/7/2009pdm in mice are described (Figure 17, groups 1-6). Different
prime — boost schemes were assessed. Those included WIV immunizations to assess its
influence on the development of broadly reactive immune responses and the activation of
FcyR-mediated effector functions (Figure 17, groups 1-3). Furthermore, a single-shot
(prime-only) AAV-HA/NP immunization was conducted, to evaluate a possible self-boosting
effect of AAV-vectors. Additionally, another group of mice was simultaneous immunized
via two different routes (Figure 17, group 6), to assess possible effects.

To determine the effects of a group 2 HA from A/Aichi/2/68 on a broadly reactive immune
response, mice were immunized either with HA (H1) or H3 alone (Figure 17, groups 8 and

9), or in combination (Figure 17, group 7).

Pre-Immunization titer Boost- Infection Finalization
+ Immunization
Prime-Immunization

CS?BL/SN D1 D21 D42 3dpi 14 dpi
Immunization groups:
Day1 - Day 21
i | AAV-HA/NP - WIV
2 WIV = AAV/HA-NP AAV-vectors:
3 WIV - WIV 1x10" vg/mouse
4 AAV-HA/NP - AAV/HA-NP in.
5 AAV-HA/NP - -
6 AAV-HA/NP (i.n./s.c.) - : s.C. only group 6
7 AAV-HA/H3 - AAV-HA/H3
8 AAV-HA - AAV-HA WIV:
> s - asl o nl 20 pg/mouse i.m.
10 PBS - PBS
11 AAV-GFP - AAV-GFP

Figure 17: Immunization schedule for the evaluation of AAV-vector vaccines against
influenza A viruses

Ten C57BL/6N mice per group were immunized as outlined in the table. Blood was taken
at the indicated time points. 21 Days after the second immunization, mice were challenged
with either homologous, heterologous or heterosubtypic virus. Survival and weight loss
were monitored. At day three post infection, five mice per group were sacrificed for lung
viral titers. All surviving animals were sacrificed at day 14 post infection.
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For the evaluation of the immune response, serological parameters, i.e., IgG antibody
titers, FcyR-activating responses, HAI titers, MN titers, antibodies against the HA-stalk, as
well as IgA mucosal antibodies, protection against infection and T-cell responses were
assessed. In the following sections 4.1.1 - 4.1.4 and 4.1.10 - 4.1.11, the results for the
immunization groups 1-6 will be displayed and described separately from the results for

the groups 7-9 for clarity reasons, but the experiments were conducted at the same time.

411 AAV-HA/NP immunization results in a more broadly reactive antibody

response than can be achieved with WIV immunization alone

AAV-vectors were produced, and their quality was assessed following the established
protocols (Figure 18): full AAV-vector particles were counted via electron microscopy (EM,
carried out by Lars Mdller, ZBS4 unit of the RKI, Figure 18 A); an ADK9-ELISA was
performed to evaluate the integrity of the AAV-vector capsid (Figure 18 B); transgene
expression was assessed after transduction of HEK293T cells with AAV-vectors by

Western Blot analysis of cell lysates (Figure 18 C), and immunofluorescence staining of
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Figure 18: Quality control of AAV-vectors for influenza A virus antigens

(A) Electron micrographs of the AAV-HA preparation used to assess the proportion of full
particles and impurities. (B) ADK9-ELISA of the AAV-HA, AAV-NP, AAV-H3 and AAV-GFP
preparations (mean = SD of technical duplicates) (C) Western Blot analysis of HEK293T -
cell lysates transduced with the indicated AAV-vector preparations after 48h incubation
(D) Coomassie staining of AAV-preparations separated by SDS-PAGE; VP1, VP2 and VP3
proteins (AAV cap gene proteins) are labelled (E) IF staining of HEK293T-cells
transduced with AAV-vector preparations after 48h of incubation, V5-Tag was detected,
no staining in the AAV-GFP cells because of endogenous signal, blue=DAPI,
magnification as indicated (F) Quantification of V5-positive cells via flow cytometry (mean
1 SD of technical duplicates)
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transduced cells (Figure 18 E); the amount of successfully transduced cells was quantified
via flow cytometric analysis (Figure 18 F); purity of AAV-vector preparations was checked
via SDS-PAGE and subsequent Coomassie staining, where the VP1, VP2 and VP3
proteins (AAV cap gene proteins) could be visualized (Figure 18 D).

Mice were immunized either intranasally or subcutaneously (group 6) for AAV-vectors or
intramuscularly for WIV. The immunization schedule is outlined in Figure 17. Mice
immunized with AAV-GFP and PBS served as negative control groups. AAV-GFP
immunized mice were used to monitor the anti-AAV-vector immunity.

Blood was taken from the animals at the indicated time points before each immunization
and before the challenge. Total antibody titers in the serum were assessed via ELISA
against a panel of group 1 and 2 IAV (Figure 20).

Over time, the WIV-primed immunization groups mounted the strain-specific antibody
response the fastest, reaching levels close to the peak final titers already after the prime-
immunization, while the AAV-primed groups reached the same level of titers only after six
weeks (Figure 20 A). Here, it is notable that for the peak antibody level, a boost
immunization is not necessary, as also the prime-only AAV-group reached the same
antibody level after six weeks, showing an equal titer increase as the prime-boost AAV-
groups. Peak anti-AAV9 antibody titers were mounted in all AAV-immunized mice within
three weeks (Figure 20 B). The immunization groups primed with AAV-HA/NP had similarly
high titers against all included virus strains, namely Cal7/09pdm, PR8 (H1N1), X31 (H3N2),

* H3N2 (A/Aichi/2/1968)
Group 2
- H1ON7

- H2N3

“H13N6

- HON2
Group 1

- HBNS

* H1N1pdm (A/California/07/2009pdm)

H1N1 (A/Puerto Rico/8/1934)

1e-1

Figure 19: Phylogenetic tree of influenza A viruses used for serological analysis
The phylogenetic tree of the indicated influenza A subtypes was created using the
influenza virus database of NCBI (by Neighbor-Joining method, F84 distance). The
analysis was based on the full-length sequences of the hemagglutinin (HA) protein.
Allocation of the subtypes to the HA-groups 1 or 2 is indicated. A comparison of the HA
amino acid sequences of A/Cal/7/09pdm, PR8 and X31 is in the Appendix, Figure 45 and
of the nucleoprotein (NP) in Figure 46 (Bao et al. 2008; NCBI 2023)
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H2N3, H6N4, HIN2, H13N6, and H10N7 (Figure 19, Figure 20 C, F, G, H). The group
primed with WIV and boosted with AAV had lower titers compared to the AAV-primed
groups for most strains, but still mounted a broadly reactive response against all virus
strains (Figure 20 D). The response of the WIV-only group showed only a strain specific
reaction and low titers against all other strains (Figure 20 E).

More specifically, against homologous virus, all groups had similarly high titers. Against
the heterologous PRS8 virus, the difference between the groups was more pronounced. The
2x WIV group had the lowest titers (Figure 20 E), followed by the WIV-AAV-HA/NP group
(Figure 20 D). The AAV-HA/NP-prime/WIV-boost group had similar titers to the other AAV-
primed groups (Figure 20 C). A similar pattern could be observed for the heterosubtypic
X31 virus and for the other viruses analyzed. Overall, the 2x AAV-HA/NP group mounted
the highest titers against all tested viruses (Figure 20 F).



78 Results
(A) 5000 A/Cal/7/09pdm (®) 35000 AAV9
12500 @ AAV-HANP - WIV
20000
B WV - AAV-HANP
o 10000 %)
) A ZXWIV 2 1800
& 500 4 2AAVHANP 8
<
% 1XAAVHANP 3 10000
5000
“ W AAV-HANP inss.c”
2500 € PBS 5000
N © PAV-GFP
0 — 0 el - - - - - )
Pre 3 weeks 6 weeks Pre 3 weeks 6 weeks
(c) AAV-HANP — WIV (D) WIV — AAV-HA/NP (E) 2% WIV
Cal7/09 Cal7/09 Cal7/09
18 18 18
15 15 15
H10N7 H10N7 PR8 H10N7 PR8
12 12
9
(<]
3
X31 H2N3  X31 HZN3 X34 H2N3
H13NB H13N6 HBNS H13N6 HBNS
HI9NZ HONZ2 HIN2
(F) 2x AAV-HA/NP (G) 1% AAV-HA/NP (H) AAV-HA/NP in /s c.
Cal7/09 Cal7/o9 Cal7/09
18 18 18
15 15 15
H10N7 PR8
12
9
6
3
X31 H2N3  X31 0 H2N3 31 H2N3

H13N6 HBNS

HON2 HoN2 HON2

Figure 20: Immunization with AAV-HA/NP, but not WIV results in a broadly reactive
antibody response

Displayed here are the immunization groups 1-6 for the evaluation of different prime-
boost schemes and the combination of AAV-HA/NP with WIV. (A) ELISA titers of IgG
antibodies in pooled sera of the indicated immunization groups against the
A/Cal/7/09pdm virus at the indicated time points (antigen: purified virus; mean + SEM,
n=5 groups of pooled sera analyzed in technical duplicates). (B) ELISA titers of AAV9-
specific IgG antibodies in pooled sera at the indicated time points (antigen: empty AAV9
capsids; mean + SD, n=5 in technical duplicates). (C) - (H) ELISA titers of IgG antibodies
in pooled pre-challenge sera of the immunization groups indicated above each panel
against the stated group 1 and 2 |AVs (antigen: purified virus; ELISA titers expressed as
AUC (axis value displayed as 1/1,000); coloured area: specific IgG response; white area
in the middle: background reactivity of control groups). p<0.0001 for all immunization
groups against all antigens compared to control groups.
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In summary these results indicate that AAV-priming is more efficient in inducing a broadly
reactive immune response than WIV-priming. AAV-boosting after WIV-priming can broaden
the reactive antibody response compared to WIV-boosting. AAV-vectors seem to display a
self-boosting effect, as titers are equally high in the prime-only group compared to the
prime-boost groups. The boosting effect seems not to be inhibited by existing anti-AAV-

vector antibodies.

4.1.2 AAV-H3 is immunogenic in mice after intranasal application and induces virus

strain-specific antibodies

To enhance the repertoire of AAV-vectors against IAV antigens, the AAV-H3 vector with a
group 2 HA, for which the pAAV-vector-plasmid had been constructed in the group

previously, was analyzed regarding immunogenicity and breadth of antibody response.
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Figure 21: Immunization with AAV-HA and AAV-H3 results in a strain-specific
antibody response

(A) ELISA titers of IgG antibodies in pooled sera of the indicated immunization groups
against the A/Cal/7/09pdm virus at the indicated time points (mean + SEM, n=5 groups
of pooled sera). (B) ELISA titers of IgG antibodies in pooled sera of the indicated
immunization groups against the X31 virus at the indicated time points (mean + SEM,
n=5 groups of pooled sera, analyzed in technical duplicates). (C) ELISA titers of AAV9-
specific antibodies in pooled sera at the indicated time points (mean + SD, n=5 in
technical duplicates). (D) ELISA titers in pooled pre-challenge sera of the indicated
immunization groups against the stated group 1 and 2 IAVs (mean % SD of technical
replicates, n=2, compared to control groups). **** p<0.0001
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This was evaluated with the immunization groups 7-9 (Figure 17). Mice were immunized
intranasally, and a prime-boost scheme was applied in all groups. One group was
immunized with H1 of Cal7/09pdm, one with H3 of X31 and one with a combination of H1
and H3.

AAV-H3 immunization resulted in strain specific antibody responses against the parental
virus strain (). Antibody levels only rose slowly against the Cal/7/09pdm (Figure 21 A) and
X31 (Figure 21 B) viruses after the prime immunization, but continued to rise more steeply
after the booster dose, while anti-AAV9 also increased continuously (Figure 21 C),
indicating that there was no inhibition by those. No broadly reactive, but only strain specific

antibodies could be detected (Figure 21 D).

4.1.3 AAV-HA/NP immunization results in a different pattern of Fcy-receptor

activation compared to WIV-immunization

It had been shown that WIV-immunization could enhance existing, broadly reactive Fcy-
receptor-activating antibody titers, which were induced either by natural influenza infection
or vaccination with a live-attenuated vaccine, but was not able to induce such antibodies
de novo (Jegaskanda et al. 2013a). Demminger et al. (2020) showed that non-neutralizing
antibodies induced by AAV-immunization were able to induce Fcy-receptor activating
responses. To assess the FcyR-effector function and to compare the antibody responses
after AAV- or WIV-immunization, pooled pre-challenge sera were analyzed with the
abovementioned reporter assay. For this assay, antigens in the form of purified influenza
viruses were coated on ELISA plates and incubated with the pooled mouse sera of the
different immunization groups, before the reporter cells, which stably express the
extracellular domains of the murine FcyRI, -IIB, -1ll or —IV and the intracellular signaling
module of the murine CD3-¢ chain, were added. Upon activation, which is initiated by the
binding of the FcyR to an activating antibody, IL-2 is produced by the reporter cells, which
could then be quantified in an ELISA assay.

All immunization groups showed some level of FcyR-activation compared to the control
groups, but levels and patterns differed between the groups (Figure 22).

Against the homologous virus, activation of FcyRI was strongest in the group primed via
two different application routes (in/sc AAV-HA/NP), but also strong in all other groups
immunized with AAV-HA/NP only (Figure 22 A). Interestingly, the groups that have only
been primed with the AAV vaccine displayed the highest activating response for FcyRI. In
the AAV-HA/NP-prime and WIV-boost group, activation was lower than in the AAV-only
groups, but higher than in the WIV-primed groups. In both WIV-primed groups, the
activation was lowest. There was no difference between the WIV- or AAV-HA/NP-boost
(Figure 22 A, FcyRI).
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FcyR-responses activating FcyRIlb and FcyRIIl did not display the marked inter-group
differences detected for FcyRI. They were overall lower than the FcyRI response in the
AAV-primed groups and higher in the WIV-primed groups, so overall they were more equal.
Still, the prime-only AAV groups showed the largest level of activation.

For homologous virus, total IgG titers strongly correlated with the FcyRIllb (r?=0.8785,
p<0.0001) and FcyRIIl (r>=0.8477, p<0.0001) responses, but only moderately with FcyRI
(r>=0.4870, p=0.0026) (Figure 22 D). This is due to the fact, that the total peak IgG titers
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Figure 22: Immunization with AAV-HA/NP results in a different FcyR-activation
profile than WIV immunization

(A) — (C) Activation of murine FcyRI, -llb and -lll by IgG antibodies specific for
A/Cal/7/09pdm, PR8 or X31 in pooled pre-challenge sera of the indicated immunization
groups (mean = SD of technical replicates, n=2; * p<0.05, ** p<0.01, *** p<0.001,

**** p<0.0001, compared to control groups)

(D) Linear regression between total IgG ELISA titers and FcyR-assay titers for the
indicated virus strain.
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of the WIV-immunized groups were just as high as in the AAV-immunized groups but differ
from those significantly in the FcyRI response.

Against PR8, the response was highest for the FcyRI (Figure 22 B). Again, the activation
was stronger in the AAV-primed groups compared to the WIV-primed groups, which didn’t
display a significantly upregulated response. Out of the AAV-primed groups, activation was
lowest in the WIV-boosted group, similar to the response for homologous virus.

For FcyRlIb and FcyRIll, there was significant activation in all groups primed and/or
boosted with AAV-only, but not in the groups primed and/or boosted with WIV. The level of
activation was significantly lower than the activation level for FcyRI.

A strong correlation with total 1gG titers could only be observed for responses against FcyRI
(r?=0.7547, p<0.0001), while only medium correlation levels could be observed for FcyRlIIb
(r>=0.5795, p=0.0006) and FcyRIIl (r>=0.5426, p=0.0011) (Figure 22 D).

For X31, the FcyR response was very low for all receptor-subtypes. Most groups didn’t
show any activation (Figure 22 C). There was a low, but significant level of FcyRI activation
in the AAV prime/boost and AAV in/sc groups.

None of the groups showed activation of FcyRIV responses.

These results indicate that prime-immunization with AAV results in higher activation of
FcyRI for homologous and heterologous virus compared to WIV-priming. Furthermore, the
results display the limited capability of the WIV-vaccine to either prime or boost a FcyR-
activating response compared to the AAV-vectors. For heterosubtypic virus, activation is

not very prominent in all groups.

4.1.4 AAV-H3 induces virus strain-specific FcyR-responses

Immunization with AAV-HA and AAV-H3 overall resulted in strain-specific activation of
FcyR-activating responses (Figure 23). All FcyR-responses against X31 were elevated in
the groups immunized with AAV-HA/H3 and AAV-H3, while the response in the group
immunized with AAV-H3 was always stronger than in the AAV-HA/H3 group (Figure 23 A).
A strong correlation could be detected between total IgG titers against X31 and FcyRI
(r?=0.9075, p<0.0001), FcyRllb (r?=0.9354, p<0.0001) and FcyRIIl (r>=0.9482, p<0.0001)
titers (Figure 23 B). Of interest here is the result that after immunization with AAV-HA or
AAV-H3 alone, the FcyR-activating responses were stronger for FcyRIlb and -1ll and not -
I, as it was seen after immunization with AAV-HA/NP (Figure 22).

The FcyRIIb and FcyRIIl responses were highly elevated against Cal/7/09pdm in the group
immunized with AAV-HA/H3 (Figure 23 A). Here, the FcyR-assay titers strongly correlated
with the total IgG antibody titers (FcyRlIIb: r?=0.8527, p=0.0001; FcyRIll: r?=0.8456,
p=0.0002) (Figure 23 B).

Against PR3, there were no above background FcyR-activating responses.
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Figure 23: Immunization with AAV-HA and AAV-H3 results in strain-specific FcyR-
responses

(A) Activation of murine FcyRlI, -lIb and -lll by IgG antibodies specific for A/Cal/7/09pdm,
PR8 or X31 in pooled pre-challenge sera of the indicated immunization groups (mean

SD of technical replicates, n=2) (B) Linear regression between total IgG ELISA titers and
FcyR-assay titers for the indicated virus strain.

4.1.5 Neutralizing and hemagglutination inhibition titers display virus-strain
specificity after immunization with AAV-HA/NP and WIV

Hemagglutination inhibition (HAI) and neutralizing antibody titers (MNso) of the sera were
determined.

Test virus| Assay |AAV-HAINP - WV |WIV - AAV-HAMNP | 2x WIV |2x AAV-HAMNP [1x AAV-HA/NP|in+sc AAV-HA/NP | PBS |2x AAV-GFP
Call7i08 MNT50 3490 2952 2381 2215 2715 2909 =40 =40
HAI 320 320 320 160 640 640 =40 =40
PRS MNT50 <40 <40 <40 <40 =40 <40 <40 <40
HAI <40 <40 <40 <40 =40 <40 <40 <40
X31 MNT50 <40 <40 <40 <40 =40 <40 <40 <40
HAI <40 <40 <40 <40 =40 <40 <40 <40

Table 5: Hemagglutination inhibition and neutralizing titers are virus strain-specific
Displayed are mean HAI and MNs titers in pooled pre-challenge sera of the specified
immunization groups against the indicated virus strains (n=2 in technical duplicates).

HAI and MNs titers against the homologous Cal/7/09pdm virus could be detected in the
sera of all mice immunized with AAV-HA/NP and/or WIV (Table 5). HAI titers were highest
in the sera of the mice immunized once with AAV-HA/NP and AAV-HA/NP i.n./s.c., while
they were lowest in the group primed and boosted with AAV-HA/NP. MNs titers are high
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in all groups immunized with AAV-HA/NP and/or WIV. Inhibition in the group primed and
boosted with WIV was lower than in the groups immunized with AAV-HA/NP-WIV and WIV-
AAV-HA/NP. No HAI or MNs titers could be detected against PR8 or X31.

4.1.6 Neutralizing and hemagglutination inhibition titers display virus-strain
specificity after immunization with AAV-HA and AAV-H3

In the sera of the mice immunized with AAV-HA and AAV-HA/H3, HAI and MNs, titers
against Cal/7/09pdm could be detected (Table 6). In the AAV-HA/H3 group,
hemagglutination inhibiting and neutralizing antibodies were also present against X31. In
the group immunized with AAV-H3 alone, such titers could be determined only against X31,
which were higher than in the group immunized with AAV-HA/H3 (Table 6).

Overall, HAI and neutralizing antibodies appear to be strain specific against the HA head.
The broadly reactive antibodies detected (see above) seem not to display hemagglutination

inhibiting and neutralizing properties.

Test virus Assay 2x AAV-HA/H3| 2x AAV-HA | 2x AAV-H3 PBS 2x AAV-GFP
cal/7/09 MNT50 1840 2120 <40 <40 <40
HAI 320 80 <40 <40 <40
PRS MNT50 <40 <40 <40 <40 <40
HAI <40 <40 <40 <40 <40
X31 MNT50 1675 <40 2176 <40 <40
HAI 160 <40 640 <40 <40

Table 6: Hemagglutination inhibition and neutralizing titers are virus strain-specific
after AAV-HA and AAV-H3 immunization

Displayed are mean HAI and MNs titers in pooled pre-challenge sera of the specified
immunization groups against the indicated virus strains (n=2 in technical duplicates).

4.1.7 Induction of antibodies against the hemagglutinin stalk

To analyze if the broadly reactive antibodies were directed against the HA-stalk, those
were analyzed via flow cytometry.

Stalk antibodies were present in most groups against Cal/7/09pdm headless HA, but no
significance could be detected (Figure 24). Only the group immunized with AAV-HA/NP
vial the i.n. and s.c. route simultaneously did not seem to induce antibodies against the
HA-stalk (Figure 24).

4.1.8 Mucosal antibodies were induced in the respiratory tract after immunization
with AAV-HA/NP and AAV-H3 immunization

Another desirable property of the AAV-vector vaccines is the induction of a strong local
mucosal immune response because of the intranasal administration. To evaluate the

mucosal antibody response after immunization, nasal washes were performed, and lung
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BHA [INP [l headless HA

100+

% of positive cells

Immunization Group

Figure 24: Induction of antibodies towards the hemagglutinin stalk

Antibodies against the hemagglutinin (HA) stalk were measured via flow cytometry. For
that purpose, HEK293T-cells were transfected with either HA, NP or headless-HA of
Cal/7/09pdm and incubated with the pooled final sera of the immunization groups after
48h. The signal is displayed as the proportion of the signal towards full-HA in the
respective group (mean + SD, n=2 in technical duplicates)

homogenates prepared from uninfected mice at the end point of the immunization schedule
at six weeks. IgA titers were measured by ELISA.

The IgA titers in the lung homogenates and the nasal washes showed a high variance
between the individual mice, while the signal in the nasal washes was around 10x lower in
than in the lung homogenates.

Against homologous virus, IgA titers in the lung homogenates from the AAV-prime/WIV-
boost, the prime-boost AAV-HA/NP and the prime-only AAV-HA/NP vaccination-groups
were significantly elevated compared to the control groups (Figure 25 A). In the nasal
washes, those two groups were elevated as well, but they didn’t show significance. Only in
the i.n./s.c.-AAV-HA/NP group elevated titers could be detected (Figure 25 D).

Against PR8, the lung homogenates of the same immunization groups as for homologous
virus showed significantly elevated IgA levels (Figure 25 B), but there were no significant

IgA levels in the nasal washes (Figure 25 E).
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Interestingly, against X31, IgA levels in the lung homogenates of the AAV-HA/NP-
prime/WIV-boost, 2x AAV-HA/NP and 1x AAV-HA/NP groups were elevated, as they were
for the other virus strains, but additionally also in the AAV-H3 group (Figure 25 C). In the
nasal washes of the 2x AAV-HA/NP, 1x AAV-HA/NP and AAV-H3 groups, elevated titers
could be detected as well (Figure 25 F).

These results indicate that mucosal IgA antibodies are induced along the administration
route by intranasal application of the AAV-vector vaccines, and those have the potential to
be broadly reactive. Overall, because significant IgA levels were only found in the groups

primed with AAV, the boost seems to be less relevant.
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Figure 25: IgA antibodies were induced against homologous, heterologous and
heterosubtypic virus in the respiratory tract after AAV-HA/NP immunization, and
against X31 after AAV-H3 immunization

(A) — (C) ELISA titers of IgA antibodies in lung homogenates of the indicated immunization
groups against the specified virus-strain at the indicated time points (Box and whiskers
with 5.95 percentile, n=5). (D) — (F) ELISA titers of IgA antibodies in nasal washes of the
indicated immunization groups against the specified virus-strain at the indicated time points
(Box and whiskers with 5.95 percentile, n=5).

* p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001
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4.1.9 Induction of T-cell responses

87

Antigen-specific CD4* and CD8* T-cells were measured with intracellular cytokine staining.

The cells were isolated from the spleens of the immunized mice at day 42, three weeks

after the boost immunization.
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Figure 26: No CD4 and CD8 T-cell responses against influenza A antigens were

detected

Antigen-specific T-cells were measured with intracellular cytokine staining. Isolated spleen
cells were stimulated with peptide pools of Cal/7/09pdm (H1N1) HA or NP, stained and
measured with flow cytometry. Through the staining, CD4 and CD8 T-cells were separated.
For CD4 T-cells double positive cells for CD154 and IFNy were counted as positive cells
and for CD8 T-cells double positive cells for TNDa and IFNy. Single mouse spleens were
analysed (n=5) in technical duplicates. Bars show minimum to maximum with line at

median. Gating strategy in the Appendix, Figure 43
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In this analysis, the background signal of the control groups was rather strong and the
number of potential antigen-specific T-cells was low. No significantly elevated T-cell

responses could be detected here (Figure 26).

4.1.10 AAV-HA/NP prime-boost immunization protected mice against homologous,

heterologous and heterosubtypic challenge

To evaluate, to which extent the described humoral properties of the immune response
confer protection against infection, the immunized mice were infected three weeks after
the final immunization and monitored over the following 14 days. At three days post
infection, the peak of viral replication would usually be reached, so one half of the animals
were finalized at this time point to assess viral lung titers, while all surviving animals will
be finalized at day 14 post infection, when they are in the convalescent phase and no virus
should be left (Heaton et al. 2013).

TCIDso of the challenge virus stock for Cal/7/09pdm (NIBSC, ref. 39570) was given as 107°
TCIDso/ml and the lethal dose was given as 7.94 x 102 TCIDso/mouse. The final titer of the virus
dilution used for infection was assessed after infection by plaque assay, which resulted in 1.75
x 10* pfu/ml.

After infection with the lethal dose of Cal/7/09pdm, 100% of the mice in the immunized
groups — AAV-HA/NP — WIV, WIV — AAV-HA/NP, 2x WIV, 2x AAV-HA/NP, AAV-HA/NP
i.n./s.c. — survived, except for the group only immunized once with AAV-HA/NP intranasally
(Figure 27 A). In this group, 60% (3/5) survived. All animals in the PBS control group and
80% (4/5) of the AAV-GFP control group reached the humane end point at day seven (two
animals) or eight after infection. The one remaining animal of the AAV-GFP group survived
until the end of the infection period.

The mean maximum weight loss of all immunization groups did not differ significantly from
each other, however it is noteworthy that in the group immunized 2x with AAV-HA/NP, three
animals did not lose weight at all, while in the group immunized 2x with WIV, all animals
lost some weight initially (Figure 28 A). All immunized groups had a significantly reduced
mean maximum weight loss when compared to the control groups. The maximum weight
loss correlated with the total serum IgG titers measured via ELISA (r?=0.6038, p<0.0001).
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Figure 27: AAV-HA/NP prime-boost immunization protected mice from homologous,
heterologous and heterosubtypic challenge

(A) — (B) Challenge with homologous Cal/7/09pdm (7,94 x 10® TCIDso/mouse): (A) Kaplan-
Meier plot of survival rate (B) relative weight loss (C) — (D) Challenge with heterologous
PR8 (5.01 x 10* TCIDso/mouse): (C) Kaplan-Meier plot survival rate (D) relative weight loss
(E) — (F) Challenge with heterosubtypic X31 (1.00 x 10° TCIDso/mouse): (E) Kaplan-Meier
plot survival rate (F) relative weight loss

(A), (C), (E): Mantel-Cox test analysis, groups compared to control groups (B), (D), (F):
mean body weight of individual animals in one group relative to the pre-challenge body
weight + SD; * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001
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The clinical scores — body weight, general condition, spontaneous behavior, breathing, and
anomalies at the site of infection — rose until day three in most groups and then fell and
remained close to zero (Figure 29 A). The lowest score level was monitored in the group
immunized with 2x AAV-HA/NP. In the group immunized with i.n./s.c.-AAV, the mean score
remained high up until day eight before starting to fall. The score of the control groups rose
equally to the immunized groups until day four, but then continued to rise until the humane
endpoint was reached. The surviving animal from the AAV-GFP group did develop a score
until day eight, indicating that the infection started as it did in the other animals, but was
then cleared.

Lung viral titers three days post infection were significantly lower in all immunized groups
than in the control groups (Figure 28 B). In the groups immunized with AAV-HA/NP-
prime/WIV-boost and i.n./s.c.-AAV-HA/NP, the virus was already cleared in all animals. By
day 14, all surviving mice had cleared the virus. For the animals in the control groups which
reached the humane endpoint, the virus titer was one log-level lower than at day three.
To assess to influence of the broadly reactive antibodies on survival, the groups of
immunized mice were also challenged with a heterologous (PR8-H1N1) and a
heterosubtypic (X31-H3N2) virus.

The first infection with the heterologous PR8 did not cause symptomatic infection in the
mice (separate data in Appendix, Figure 47). Also, the control groups did not show
symptoms and all animals survived. Three days after infection, lung viral titers could be
detected in some animals, but those were on a very low level. There was no difference in
weight loss or clinical scores of the animals. This was most likely due to a faulty virus stock
aliquot. TCIDso of the stock (NIBSC, ref. 39560) was given as 10%' TCIDso/ml and the lethal
dose was given as 5.01 x 10* TCIDso/mouse. The final titer of the virus dilution used for
infection was assessed after infection by plaque assay, which resulted in 8 x 10" pfu/ml.
Thus, additional animals were used, which were taken from the amount of reserve animals,
as had been specified in the animal trial application. For the groups of immunized animals,
10% of all animals (21 animals) and for the control groups 20% of all animals (14 animals)
were available.

In the second experiment, mice developed severe symptoms very early on in the course of
infection (separate data in Appendix, Figure 48). The titer level of the virus solution used
for infection was now at 5 x 102 pfu/ml. 100% of the control animals succumbed to infection
by day four, so total survival was 50% (5/10) (Figure 27 C). In the groups immunized with
2x AAV-HA/NP survival was 87.5% (7/8) and in the groups immunized with 2x WIV and 1x
AAV-HA/NP 85.7% of the animals survived (6/7). In the groups WIV-prime/AAV-HA/NP-
boost and AAV-HA/NP-prime/WIV-boost there was 75% survival (6/8). In the groupi.n./s.c.-

AAY the infection was 100% lethal in the additional animals, so the total survival was 71.4%
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Figure 28: Viral challenge: Weight loss and lung virus titers
Challenge with homologous Cal/7/09pdm (A) maximum weight loss, (B) lung viral titers at
3 days post infection (black) or the respective end point of the animal (orange); Challenge
with heterologous PR8 (C) maximum weight loss, (D) lung viral titers at 3 days post
infection (black) or the respective end point of the animal (orange); Challenge with
heterosubtypic X31 (E) maximum weight loss, (F) lung viral titers at 3 days post infection
(black) or the respective end point of the animal (orange)
(A), (C), (E): symbols represent individual animals, bars: mean; (B), (D), (F): geometric
mean, symbols represent individual animals, black: 3 days post infection, orange:
individual end point or 14 days post infection; * p<0.05, ** p<0.01, *** p<0.001, ****

p<0.0001

Immunization groups:
1: AAV-HAINP—WIV
2: WIV—AAV-HA/NP
32 xWIV

4: 2 x AAV-HAINP
5.1 x AAV-HA/NP
6:i.n./s.c. AAV-HA/NP
7:2 x AAV-HAH3

8: 2 x AAV-HA

9: 2 x AAV-H3

10: PBS

11: AAV-GFP
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(5/7). The survival rates in the groups immunized with 2x AAV-HA/NP (p=0.0486) and WIV-
AAV-HA/NP (p=0.0486) were significant compared to the control groups.

The mean maximum weight loss did not show differences between the groups (Figure 28
C). The clinical scores of the additional animals in the group immunized with 2xWIV were
significantly reduced compared to the control groups (Figure 29 B).

Lung virus titers at day three after infection did not differ between the groups (Figure 28
D). By the end of the infection period, all surviving animals had cleared the virus (Figure
28 D).

A heterosubtypic infection with X31 was also performed. TCIDs of the challenge virus stock
(NIBSC, ref. 39600) was given as 10%2 TCIDso/ml and the lethal dose was given as 1.00 x 10°
TCIDso/mouse. The final titer of the virus dilution used for infection was assessed after infection
by plaque assay, which resulted in 1.2 x 10® pfu/ml.

The challenge resulted in very harsh effects on the animals, leading to 100% lethality in
the control groups by day three after infection (Figure 27 E). The immunization groups
AAV-HA/NP-prime/WIV-boost, 2x AAV-HA/NP and 1x AAV-HA/NP achieved 60% survival
(3/5), the group WIV-AAV-HA/NP 40% survival (2/5) and the group 2x WIV 20% survival
(1/5). Lethality was also 100% in the i.n./s.c.-AAV-HA/NP group. The survival rates of the
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Figure 29: Clinical scores differed from control groups after Cal/7/09pdm and X31,

but not after PR8 challenge in immunized mice

(A) Challenge with homologous Cal/7/09pdm: clinical score development; (B) Challenge
with heterologous PR8: clinical score development; (C) Challenge with heterosubtypic
X31: clinical score development

(A) — (C): mean of daily clinical scores of individual animals in the groups.

* p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001
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groups immunized with 2x AAV-HA/NP (p=0.0143) and 1x AAV-HA/NP (p=0.0143) were
significant compared to the control groups.

The mean maximum weight loss was high in all groups and didn’t differ significantly
between the immunized and control groups (Figure 28 E). The lowest mean maximum
weight loss was found in the groups immunized with AAV-HA/NP-WIV (11.06% * 8.87%)
and 2x AAV-HA/NP (11.29% £ 8.93%), but due to the high inter-animal variance, there was
no significance.

The clinical scores were significantly reduced in all immunization groups compared to the
control groups, except in the i.n./s.c.-AAV group, which also showed 100% lethality (Figure
29 C).

The lung viral titers three days after infection were about one log-level lower in the AAV-
HA/NP-prime/WIV-boost, 2x AAV-HA/NP and i.n./s.c.-AAV-HA/NP groups than in the other
immunization and control groups (Figure 28 F). The lung viral titers of the animals that
reached the humane end point were still at the same level as on day three, because most
animals reached their humane end point latest on day four after infection. All surviving

animals had cleared the virus by day 14.

4.1.11 AAV-H3 immunization protected mice from challenge with X31

As expected, after infection with Cal/7/09pdm, all animals of the groups immunized with
AAV-HA/H3 and AAV-HA survived (Figure 27 A). In the group immunized with AAV-H3 still
40% of the animals (2/5) survived, but this was not significant compared to the control
groups. The mean maximum weight loss of the AAV-HA and AAV-HA/H3 groups was
significantly lower than for the control groups, but also for the AAV-H3 group, which is at a
similar level as the control groups (Figure 28 A).

The same effect could be observed for the lung viral titers three days after infection (Figure
28 B). All surviving animals cleared the virus until the end of the infection period. Only one
of the animals in the AAV-H3 group still had an elevated viral lung titer at the humane end
point.

As mentioned above, in these groups additional animals also had been used for the PR8
infection, 10% of all animals in this part of the experiment (10 animals).

The total survival on the PR8 challenged group immunized with 2x AAV-HA was 85.7%
(6/7), 75% in the 2x AAV-H3 group (6/8) and in the group 2x AAV-HA/H3 71.4% (5/7)
(Figure 27 C), but all groups were not significant compared to the control groups.

The mean maximum weight loss did not show differences between the groups (Figure 28
C). The clinical scores did not differ significantly (Figure 29 B).

Lung virus titers at day three after infection did not differ between the groups (Figure 28

D). At the humane end point, animals of the immunization groups had significantly lower
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lung virus titers than the control groups. By the end of the infection period, all surviving
animals had cleared the virus.

After the X31 challenge (1.00 x 10° TCIDso/mouse), still 80% (4/5) protection was achieved
in the group immunized with AAV-H3 (Figure 27 E), which was significant compared to the
control groups (p=0.0143). The total antibody titer of the deceased animal of this group
was at the same level as the mean titer of this group, not specifically low, so that other
factors must have been involved which led to its high clinical score. The AAV-HA and AAV-
HA/H3 groups had a 40% (2/5) survival rate.

The mean maximum weight loss was lower in the immunized groups and significantly
reduced in the AAV-H3 group compared to the control groups (Figure 28 E). One animal
did not lose weight. The mean maximum weight loss correlated with the total IgG titer in
the serum (r?=0.5372, p<0.0001). Clinical scores were significantly lower in all groups
compared to the control groups (Figure 29 C).

The viral lung titers three days after infection in the AAV-HA/H3 and AAV-H3 groups were
significantly reduced compared to the control groups, while the AAV-HA group had an
equal titer level to the control groups (Figure 28 F). The one animal of the AAV-H3 group
which reached the humane end point, had already cleared the virus from the lungs. In the
AAV-HA/H3 group, only one animal still had a viral lung titer at the humane end point, while
in the AAV-HA group three animals still had measurable virus titers in the lungs. All

surviving animals cleared the virus from the lungs by day 14 after infection.

In summary, a high protective efficacy was achieved by AAV-HA/NP, AAV-HA, as well as
WIV immunization against infection with homologous virus (Cal/7/09pdm). Only the animals
immunized only once i.n. with AAV-HA/NP and the animals immunized only with AAV-H3
did not show significant protection after Cal/7/09pdm challenge, but only one mouse of the
latter group still had detectable virus in the lungs at finalization. Clinical scores and mean
maximum weight loss were lowest in the group primed and boosted with AAV-HA/NP.

In the groups challenged with heterologous PR8 virus after immunization, the group primed
and boosted with AAV-HA/NP and the one immunized with WIV — AAV-HA/NP had a
significantly higher survival rate compared to the control groups. No significant differences
could be detected for the other parameters, i.e. weight loss, clinical scores and lung virus
titers.

For the heterosubtypic challenge with the X31 virus, the groups primed and boosted with
AAV-HA/NP, only primed with AAV-HA/NP and immunized twice with AAV-H3 had
significantly elevated survival rates, with the highest rate of the three in the latter group.

Clinical scores were reduced in all groups, except for the AAV-HA/NP i.n./s.c. immunized
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group. However, there was no significance in viral lung titers or weight loss between all
groups.
The only immunization group that demonstrated significant survival rates throughout all

three challenges was the one primed and boosted with AAV-HA/NP.
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4.2 SARS-CoV-2

In the following sections the results of the design process and immunogenicity evaluation
of an AAV-vector vaccine carrying the S-RBD of SARS-CoV-2 are described. For this
purpose, pAAV plasmids were constructed with the full-length S-protein and the S-RBD.
The antigens were analyzed in vitro before conducting an initial immunogenicity evaluation
in different mouse strains. Along the progression of the SARS-CoV-2 pandemic, AAV-S-
RBD vectors were further constructed containing the S-RBDs of VOCs. Sera of immunized
mice were analyzed regarding cross-reactivity between VOCs. Furthermore, neutralizing

activity and FcyR-activating responses, as well as T-cell induction were analyzed.

4.2.1 Design and in vitro evaluation of AAV-S-RBD of SARS-CoV-2 wildtype and
VOCs

This project started when SARS-CoV-2 was first described and no vaccine against COVID-
19 was on the horizon.

Due to the successful results of AAV-vectors used as an influenza A virus vaccine, the
assumption was made that this vector system could also be successfully utilized as a
vaccine against SARS-CoV-2.

(A) AAV-S-RBD
5 3
ITH P Intron transgene V5 pA IR
Arg319 Phe541

| J
| T

S1 subunit S2 subunit

L )

Y
SARS-CoV-2 S-Protein

Figure 30: Design of the AAV-S-RBD vector

(A) Schematic representation of the AAV-S-RBD vector. The SARS-CoV-2 S-RBD between
the amino acids 319 to 541 is inserted as the transgene (own illustration). (B) surface
representation of the SARS-CoV-2 S-protein trimer, S-RBDs in brighter colors (PDB: 7DK3,
own illustration generated in PyMOL).
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The initial part of this project focuses on the design of a suitable AAV-vector. The main
immunogen of SARS-CoV-2 is the spike protein containing the receptor-binding domain
(S-RBD), which facilitates binding to the ACE2 receptor, making it the prime target of the
antiviral immmune response. Neutralizing antibodies directed against the S-RBD are able to
inhibit binding of the virus to the target cells and thus, suppress infection. The majority of
the vaccines manufactured against SARS-CoV-2 in response to the pandemic carry the
gene of the whole S-protein.

In a study conducted following the SARS-CoV outbreak in 2002-2004, it was shown that
an AAV-vector containing the S-RBD of SARS-CoV induced a potent neutralizing antibody
response in BALB/c mice after i.m. application. The initial response could be boosted to a
5-fold higher level with two subsequent immunizations. Also, the antibody level increased

until the end of the experiment after 5.5 months.

AAV-RBD wt

(B) 10] = AAV-RBD beta (C)
’ ~ ~ AAV-RBD delta
, 100 E S AAV-RBD BA2
g 80 8 i ~ AAV-GFP — /VPl
E s s Ee—
a 60 g05 \ ] 70 w-— $ ——\/P2
= ] — — ——
% 40 2 \\\\ - o _\VP3
2 20 SN wt GFP @ x@ o
o - = £ o oY
0.1 0.01 0.001 0.0001
AAV-S-RBD wt Dilution factor
AAV-8-RBD
100 —_— J— — — i
(D) (E) AAVIS-RBD wt AAV-5-RBD B.1.351 (F) ® ::;\’V
140 8 w
" < \/5 (SP) g
7 ucz 60 T T -
=
o 2 40 T 1
w E
% AAV-S-RBD B.1.617.2 8 20
- A P <= \/5 (S-RBD) +
ki £ & »\'5‘;\ h';"} va éQ 69‘}
o - = ey . . e= —= — 4mmActin &
SP alpha delta GFP
wt beta BA.2  mock
AAV-S-RBD

Figure 31: Quality control of the AAV-S-RBD vectors

(A) Electron micrographs of the AAV-S-RBD wt preparation were used to assess the
proportion of full particles and impurities, displayed here for the AAV-S-RBD wt vector.
(B) ADKO9-ELISA of the AAV-S-RBD variant preparations (mean + SD of technical
duplicates) (C) Coomassie staining of AAV-preparations separated by SDS-PAGE (D)
Western Blot analysis of HEK293T-cell lysates transduced with AAV-vector preparations
after 48h incubation (E) IF staining of HEK293T-cells transduced with AAV-vector
preparations after 48h of incubation, V5-Tag was detected, no staining in the AAV-GFP
cells, blue=DAPI, magnification as indicated (F) Quantification of V5-positive cells via flow
cytometry (mean = SD of technical duplicates)



98 Results

Here, the whole S-Protein of SARS-CoV-2 Wuhan-Hu1, as well as just the S-RBD (Arg319-
Phe541) were initially cloned into AAV-vector plasmids (pAAV) to assess their functionality
(Figure 30).

For both antigens, high transgene expression levels could be shown after transfection into
HEK293T-cells. To further assess the functionality of the expressed proteins, an ACE2-
binding assay was performed.

After successful verification of transgene expression, AAV-vectors were produced following
the established protocol. Quality assessment of the AAV-vector stocks was performed,
assessing the morphology, integrity, and purity via electron microscopy, an ADK9 ELISA
and SDS-PAGE (Figure 31). The genome counts were titrated by qPCR and the transgene
expression was verified by immunofluorescence staining and western blot analysis. The
AAV-S-RBD preparations were found to have a high transduction efficiency in vivo,
showing strong transgene expression in transduced cells. The plasmid containing the
complete S-protein could not be successfully packaged into the AAV-vector particle (data
not shown).

To overcome the limitation of the packaging size of AAV vectors at about 4.7 kb, the Dual-
AAYV approach was applied to be able to transduce the whole S-Protein (Ghosh et al. 2011;
Trapani et al. 2014; Tornabene and Trapani 2020). In this approach, the expression
cassette containing the Coding Sequence (CDS) is being split between two AAV-vector
particles, with the promotor integrated in the vector with the 5’-sequence and the V5-tag
and the pA-signal in the vector containing the 3’-sequence (Tornabene and Trapani 2020).

Via the process of concatemerization both sequences are re-combined when both AAV-
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Figure 32: The Dual-AAV-vector system for the SARS-CoV-2 S-Protein

(A) Two separate AAV-vectors are generated, AAV1 containing the 5’ and AAV2 the 3’ end
of the full sequence. The sequence is artificially split at the S1-S2-cleavage site and the
AP gene, as well as an SD and SA sequence are added. Via the process of
concatemerization, the complete protein will be expressed by the transduced cells. (B)
Western Blot analysis with lysates of cells either transduced with the Dual-AAV-vectors at
an MOI of 5 or transfected with the pAAV-SP plasmid or AAV-GFP as controls after 48h of
incubation. (C) IF of cells transduced with the Dual-AAV-vectors at an MOI of 5 after 48h
of incubation.
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vectors transduce the same cell, and the complete gene is acquired through splicing
(Tornabene and Trapani 2020). To optimize the recombination process, a highly
recombinant region of the human placental alkaline phosphatase (AP) gene was inserted
as a bridging sequence (Ghosh et al. 2011). For the splicing process, a Splicing Donor
(SD) and Splicing Acceptor (SA) sequence are required (Tornabene and Trapani 2020).
Here, the S-protein gene was artificially split at the cleavage site between the S1 and S2
subunits and cloned into the AAV-vector backbone, resulting in AAV-SP-1 (CMV-5CDS
(S1)-SD-AP) and AAV-SP-2 (AP-SA-3'CDS (S2)-V5-pA). A successful double-transduction
should then result in a co-localization of S1-signal and V5 signal. However, after
transduction, only few cells with the V5-signal could be detected after transduction with
both vectors in the highest concentrations. Due to the low success rate the approach was
not followed further and the project continued focusing on the development of the S-RBD
constructs, for which production of AAV-vectors was successful, with a plasmid size of 5.5
kb.

Over the duration of the project, as the pandemic progressed, new variants of SARS-CoV-
2 started to emerge. Along this process, the cDNA coding for the S-protein of the D614G
variant, as well as for the S-RBDs of the Alpha-, Beta-, Delta- and BA.2-variants were also
cloned into the AAV-vector plasmid.

After transfection of HEK293T-cells with the pAAV-S-RBD variant plasmids, equally high
expression of the transgene could be observed. The functionality of the expressed
transgenes was also assessed, by measuring the binding capacity to the ACE2-receptor
compared to full length S-protein (Figure 33). For the full-length S-protein, the wildtype-
and the D614G-variant were used. The D614G-variant has been found to have higher
affinity for ACE2 (Hou et al. 2020; Korber et al. 2020; Volz et al. 2021). Here, the full-length
D614G-variant S-protein showed the overall highest binding capacity to ACE2 (Figure 33
A). Binding is significantly enhanced compared to the wildtype S-protein. For the expressed
S-RBD variants, binding was verified, but was much lower than for the full-length S-protein.
There were no large differences in binding capacity between the different S-RBDs. The
reduced binding capacity in comparison to full-length constructs is most likely due to the

fact, that the S-RBD molecules do not trimerize when they are expressed individually.
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Figure 33: Receptor-binding domain variant proteins demonstrated binding to ACE2
in vitro

(A) ACEZ2 binding assay results: cell lysates were prepared of HEK293T cells transfected
with 2.5 ug DNA/1x10° cells of the pAAV plasmids coding for the indicated full-length S-
protein, full-length S-protein with the D614G mutation, or the S-RBD variant constructs.
Those lysates were incubated with HT1080+ACE2 cells for the S-protein or S-RBDs to
bind. The V5-tag was labelled, and the signal was measured via flow cytometry; the signal
was gated as the proportion of positive cells within live cells, bars: mean £ SD, n=2 in
technical duplicates (* p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001, compared to AAV-
GFP). (B) IF staining of HEK293T-cells transduced with indicated AAV-vectors after 48h,
staining for V5-Tag, AAV-GFP transduced cells were not stained (blue=DAPI).

4.2.2 AAV-S-RBD immunization results in different patterns of titer development in

different mouse strains

After the promising in vitro evaluation of the AAV-S-RBD vectors, the in vivo
immunogenicity was explored as well in a pilot experiment.

Initially, immunogenicity was compared in three different mouse strains — NMRI, BALB/c
and C57BL/6J, to assess differences in the immune response, as the strains differ in their
immunological properties (Figure 34).

For this initial evaluation, two mice were used per strain and per application route. They
were immunized six times, over a period of 6.5 months, with 10" viral genomes per dose.
Interestingly, the titer development differed greatly between the mouse strains.

Antibody titers were measured with the multiplex serological assay against the SARS-CoV-
2 S1-domain of the spike protein (carried out by the ZBS 3 unit of the RKI). The NMRI mice
developed the highest titers against the S1-domain of SARS-CoV-2 spike protein (Figure
34 A) But they also showed a high difference between the two animals receiving the
vaccine via the same application route. One animal of each pair had the highest titer, while
the other animal only developed a titer 1.8x (i.n.) or 2.8x (s.c.) lower. This trend was

consistent over the entire immunization period.
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Figure 34: Immunogenicity of the AAV-S-RBD vector varied in different mouse
strains

(A) Immunization schedule: Two mice of each specified strain were immunized repeatedly
with the AAV-S-RBD vector (10" vg/dose), and blood was taken at the indicated time
points. (B) Serum signals from immunized mice as results of the multiplex serological assay
from the 3 different mouse strains against SARS-CoV-2 S1 (assay carried out by the ZBS3
unit of the RKI). Displayed here are raw data from the analysis. Serum dilutions:
NMRI:1:1,000, BALB/c: 1:1,000, C57BL/6: 1:100, A1-A4 = animals 1-4 (C) ELISA titers of
AAV9-specific antibodies; serum dilutions 1:100,000

In contrast, the two BALB/c mice immunized subcutaneously both developed high titers,
while those were still 1.5x lower than the highest titers in the NMRI mice (Figure 34 A).
One of the intranasally immunized BALB/c mice developed titers 7x lower than the titers of
the BALB/c mice that were immunized subcutaneously, while the other one developed titers
only slightly above the pre-immunization titers.

The C57BL/6 developed the lowest titers (Figure 34 A). They only went slightly above the
pre-immunization titers, with the titers of the subcutaneously immunized animals being 5x
higher than the ones of the intranasally immunized animals.

Anti-AAV9-vector antibody titers developed in all mouse strains (Figure 34 B). While those
developed equally in all NMRI mice, the i.n. immunized BALB/c and C57BL/6 mice
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developed higher levels than the s.c. immunized animals. This result implies that in BALB/c
and C57BL/6 mice, neutralization of AAV-vectors occurs after s.c. application, but not after
i.n. application, as it was previously shown (Gao et al. 2004; Limberis and Wilson 2006;
Boutin et al. 2010; Demminger et al. 2020).

Neutralizing activity of the antibodies was measured 1) via SARS-CoV-2 Surrogate Virus
Neutralization Test (sVNT, by GenScript) and 2) via PRNT assay using live virus. The sVNT
assay was an ELISA assay based on the interaction of an HRP-conjugated recombinant
wildtype SARS-CoV-2 RBD (HRP-RBD) with hACE2. Sera were incubated with the HRP-
RBD and added to an ELISA plate coated with hACE2. The signal was determined by the
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Figure 35: Antibodies induced after immunization with the AAV-S-RBD wt vector
showed neutralizing activity against SARS-CoV-2

(A) Results of the SARS-CoV-2 Surrogate Virus Neutralization Test (sVNT) Kit (GenScript);
NMRI: all positive from day 12, BALB/c: s.c.: positive from day 12; i.n.: A2 positive from
day 19; A1 negative, C57BL/6: all negative. (B) PRNT-results; Pooled final sera were
added to the virus in 2-fold dilutions in technical duplicates (mean + SD). PRNTso values
were calculated via non-linear regression analysis. (C) Serum signals from immunized
mice as results of the multiplex serological assay from the 3 different mouse strains against
SARS-CoV S1. Displayed here are raw data from the analysis. Serum dilutions: 1:100.
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amount of HRP-RBD molecules bound to the hACE2 compared to a no-antibody control,
resulting in the neutralizing capacity of the sera. Here, sera of NMRI mice and s.c.
immunized BALB/c mice showed neutralizing activity from day 12 of the immunization
schedule onwards, while the sera of only one i.n. immunized BALB/c mouse demonstrated
neutralizing activity from day 19 onwards, and the sera of the other animal did not (Figure
35 A). In the PRNT assay, where live virus was incubated with the sera followed by a
plaque titration, the sera demonstrated neutralizing activity not only against the wildtype
strain, but also against the B.1.1.7 and B.1.351 variants (Figure 35 B).

NMRI and BALB/c mice also showed reactivity against the S1-domain of SARS-CoV in the
multiplex serological assay (carried out by the ZBS 3 unit of the RKI), but reactivity of the
NMRI mice was higher than of the BALB/c mice (Figure 35 C). This leads to the conclusion
that the domains leading to cross-reactivity between SARS-CoV-2 and SARS-CoV in the
S-RBD-domain of the spike protein are not immunodominant in the immune response
mounted in BALB/c mice, but they are in NMRI mice, which can react to a broader set of
antigens.

From these initial results it can be concluded, that the AAV-S-RBD vector possesses the
ability to induce a humoral immune response against the S-RBD of SARS-CoV-2. However,
C57BL/6 mice appear not to be a suitable model strain to analyse the immunization
properties of the vaccine. Furthermore, the presentation of titer development indicates that
not every individual animal reacts equally strong to the vaccine. In BALB/c mice,
subcutaneous application of the vaccine seems to be more promising than intranasal
application.

Overall, these results strongly suggest including different mouse strains in the evaluation
of the immune response towards a novel vaccine candidate, as well as utilize different
immunization routes in those strains, as the responses differ between strains and
immunization routes, so that results could potentially be skewed if these parameters are
not assessed.

To further explore the immunization properties of the vaccine, the immunogenicity
evaluation was continued in a representative group size of BALB/c mice, as this mouse
strain seemed to develop the most consistent antibody response and was also capable of
developing antibodies with neutralizing activity (Figure 36). The immunization schedule
was adjusted to a prime-boost-boost scheme, to represent a more realistic schedule. Also,
in the previous experiment the development of total IgG titers and neutralizing titers did not

show substantial changes after the second booster dose.
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Here, the titers of the individual groups did not differ from each other (Figure 36 A). There
was also no neutralizing activity detected (data not shown). When compared in an ELISA
measurement to the sera of the previous experiment, the titers compared to the level of
the C57BL/6 mice and the one BALB/c mouse which developed the lowest titer (data not
shown). Anti-AAV-vector antibodies developed quickly and resulted in high titers in all

groups (Figure 36 B). These results were unexpected, because the same AAV-S-RBD
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Figure 36: In vivo immunogenicity evaluation of varying immunization schemes with
the AAV-S-RBD wt vector in BALB/c mice did not result in antibody induction

(A) Immunization schedule: Groups of six mice were immunized following the schedule
outlined in the table. Blood was taken at the indicated time points. Mice immunized with
AAV-GFP served as control groups. (B) ELISA titers displayed as AUC against the SARS-
CoV-2 S1-domain, left: i.n. immunizations, right: s.c. immunizations (mean + SEM of
individual mice, n=6 in technical duplicates). (C) ELISA titers of AAV9-specific antibodies;
serum dilutions 1:10,000 (mean * SD of individual animals, n=6 in technical duplicates)
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preparation was used as in the previous experiment, which displayed a good in vitro quality

and efficiency, and the same methods were used to immunize the mice.

4.2.3 Immunogenicity of AAV-S-RBD with variant receptor-binding domains

As the NMRI mice previously developed the overall highest titers, the immunogenicity of
the variant AAV-S-RBD vectors was evaluated in this mouse strain. AAV-vectors
expressing the S-RBDs of the SARS-CoV-2 wt, Beta, Delta and BA.2 variants were used
(Figure 37). Mice were immunized twice, first subcutaneously and three weeks later
boosted intranasally with the same antigen. One group received a mix of all variant AAV -

S-RBD vectors. As controls, one group received AAV-GFP and another group PBS.
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Figure 37: Immunization with the AAV-S-RBD BA.2 vector resulted in strong antibody
titers against SARS-CoV-2 wt, Beta, Delta and BA.1 variants

(A) Immunization schedule: Groups of six NMRI mice were immunized according to the
table. Mice were primed s.c. and boosted i.n. Blood was taken at the indicated time points.
(B) ELISA titers of 1gG antibodies as AUC of the immunization groups as indicated below
the columns against the specified test antigens (on top of the graph) (bars: mean of n=6
individual animals + SD of technical duplicates) (C) ELISA titers as AUC of AAV9-specific
antibodies in pooled sera (mean + SD of technical duplicates)

(* p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001, compared to control groups)
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The sera were tested in ELISA analyses against the S1-domains of the wt, Beta, Delta and
B.1.1.529 (BA.1) strains. At the time the experiment was conducted, an appropriate test
antigen representing the BA.2 strain was not yet accessible, which is why the BA.1 test
antigen was used in the following evaluations, as they are evolutionary close. This antigen
contained the following shared mutations in the S-RBD: G339D, S373P, S375F, K417N,
N440K, S477N, T478K, E484A, Q493R, Q498R, N501Y. Furthermore, it contained the
following unique BA.1 mutations: S371L, G446S, G496S, Y505H.

The AAV-S-RBD of BA.2 showed the overall highest immunogenicity (Figure 37 A). The
antibody titers were significantly elevated against all antigens compared to the other
immunization groups. Only the group immunized with the Delta S-RBD showed equally
high levels to BA.2 immunization against the Delta S1-antigen. In that group, antibody titers
against the Delta-antigen were also significantly elevated compared to all other
immunization groups. Within all immunization groups, titers against the different antigens
did not differ significantly. Unexpectedly, the group immunized with the mix of all AAV-S-
RBD variant vectors did not develop antibody titers against any of the antigens. Anti-AAV9
vector antibody rose steeply within the first three weeks and remained on that high level

until the end of the experiment (Figure 37 B).

4.2.4 Mucosal antibody response to the AAV-S-RBD vaccine in lung homogenates

and nasal washes

The mucosal response of the NMRI mice against the variant AAV-S-RBD vectors was
measured via an ELISA assay in lung homogenates and nasal washes at day 42 of the
experiment when the experiment was finalized. The plates were coated with test antigen
and the material obtained after the nasal washes and the lung homogenates of the
individual mice were applied in twofold dilutions and detected with an HRP-coupled IgA
antibody. This did not result in strong signals. There was a strong background signal from
the control groups, which also differed between the two control groups (Figure 38). Only
the Beta-immunized group showed a significantly elevated signal compared to all other

groups in the nasal washes against the wildtype antigen (Figure 38 A).
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Figure 38: No mucosal antibody responses to immunization with the AAV-S-RBD
variant vaccines could be detected

(A) IgA ELISA titers displayed as AUC in the nasal washes of immunized mice at the end
of the immunization period, ELISA test-antigens were the S1-domains of the specified
virus strains (box plots with 5-95 percentile of n=6 individual mice in technical duplicates).
(B) IgA ELISA titers displayed as AUC in the lung homogenates of immunized mice at the
end of the immunization period, ELISA test-antigens were the S1-domains of the specified
virus strains (box plots with 5-95 percentile of n=6 individual mice in technical duplicates).
(* p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001, compared to control groups)

4.2.5 Immunization with AAV-S-RBD BA.2 results in broadly reactive FcyRI-

activating responses

An FcyR-assay was performed with the pooled final sera of the immunized NMRI mice
against the same antigens as the antibody ELISAs: the S1-domains of wt, Beta, Delta and
BA.1. Against IAV, AAV-vector immunization has shown to induce non-neutralizing
antibodies capable of activating broadly-reactive FcyR effector functions in previous
studies (Demminger et al. 2020). Such broadly reactive FcyR-activation after AAV-
immunization against IAV could also be shown in this thesis (Figure 22). Thus, the FcyR-
activation was also evaluated for the sera of the mice immunized with AAV-S-RBD variant
vectors in the NMRI mice to assess possible effector functions against the immunization
antigens and cross-variant effects.

For this purpose, ELISA plates were coated with the test antigens, which then were
incubated with the pooled final sera of the mice in the different immunization groups,
followed by incubation with the FcyR reporter cells, which produced IL-2 after activation.
The IL-2 signal was then measured in a subsequent ELISA.

The sera of the AAV-BA.2 group induced the strongest FcyR-activating response (Figure
39 B). Interestingly, this group did not develop FcyR-titers against the BA.1 S1-antigen.

However, FcyRI levels against the other antigens were significantly elevated, while the
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titers against wt and Delta were equally high and against Beta was still significant, but lower
than the former two. Also, FcyRIlb levels against the Delta variant and FcyRIIl levels
against the wt variant were slightly but significantly elevated in this group.

The group which had been immunized with AAV-S-RBD of Delta, even though there were
elevated IgG titers, did not induce an FcyR-response (Figure 39 D).

In the AAV-S-RBD Beta group, the FcyRIV against the wildtype antigen was elevated.
Overall, there was a strong correlation between total ELISA titers and FcyRI (r?=0.8779,
p<0.0001) and FcyRIIl (r?>=0.6963, p=0.0002) for the response against the wildtype virus.
The FcyRI responses also strongly correlated with the total IgG titers against the Beta
(r>=0.8261, p<0.0001), Delta (r>=0.7144, p=0.0001) antigen.

AAV-S-RBD wt AAV-S-RBD BA.2 AAV-5-RBD B.1.351
5150, wt  BA.351B.1617.2 BA1 5150wt B.1.351 E_;.Ig.637.2 BA.1 5150; wt  B.1.351B.1.617.2 BA
2
2 < 2
5100 £ 100] 5100
= = =
© 50{- S 50 T 50
E e £ il loians & 0ol aned nine Dl
& NN nwi oo Mallw < o Maldn Sume Hulls Bafls = UUAN AN Dil0a dlls
PRIV THRHENV TN T HbIEIV bV THbINY  THb IV 1 bV R IEV LRI THRHENY IV
FeyR FeyR FeyR
AAV-S-RBD B.1.617.2 AAV-S-RBD Mix
5150, wt B.1.351B.1.617.2 BA1 5150; wt  B1.351B.1617.2 BA1
2 5
< <
g 100 & 100}
§ 50 g 50
< H H <
(3] (&)
L
i Dge Nude lope € Mlin Dun i, Dais
PRI T HeIEV T HRHENV TR PRI THRHEN T HbIEN 1 bV
FeyR FeyR
AAV-GFP PBS
51507 wt  B1351B.1617.2 BA1 51507 wt  B1.351B.1617.2 BA1
2 2
< <
$100 3 100
= =
© ©
? @
@ 50 % 504
1 14
e i il | e lan Nine UNs D
© 0 O0nw B0 Holle = Wi ARDm NRs Halls
I b bl bV FHUbII  THUbIEN T HbIN 1 bV
FcyR FcyR

Figure 39: Immunization with the AAV-S-RBD BA.2 vector resulted in strong FcyRI-
activating responses against wt, Beta and Delta S1-domain, but not against BA.1
Activation of murine FcyRI, -llb, -Ill and -1V by IgG antibodies specific for the indicated test
antigens (within panels) in pooled pre-challenge sera of the indicated immunization groups
(above panels); mean + SD of technical replicates, n=2; * p<0.05, ** p<0.01, *** p<0.001,
**** p<0.0001, compared to control groups
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4.2.6 Neutralizing titers of variant AAV-S-RBDs

To assess neutralizing titers of the sera for immunized NMRI mice, a plaque reduction
neutralization test (PRNT) was performed. Only the group immunized with BA.2 showed
neutralizing activity (Figure 40). Interestingly, neutralization was only detectable against
BA.1, BA.2 and BA.5 strains. None of the other variant strains that were tested (wt, Alpha,

Beta, Delta) was neutralized.

100+ «BAS

= BA.2
+ BA.1

PRNTS0-

PRNTss BA.1 1530

% neutralization (plaque reduction)

PRNTs, BA.2 1212

PRNTs, BAS5 581

64 128 256 512 1024 2048 4096
serum dilution factor

Figure 40: Immunization with AAV-S-RBD BA.2 resulted in neutralizing titers against
SARS-CoV-2 Omicron BA.1, BA.2 and BA.5 variants, but not against others

Pooled sera were analyzed in technical duplicates against the indicated virus strains;
results are displayed as % of plaque reduction compared to the virus control (mean %
SEM). PRNTso values were calculated via linear regression analysis.

4.2.7 T-cell responses against SARS-CoV-2 wildtype and different variant receptor-

binding domains

Antigen-specific CD4* and CD8" T-cells were measured with intracellular cytokine staining
in the BALB/c mice immunized with the wt AAV-S-RBD vector (described in Figure 36) and
the NMRI mice immunized with the wt and variant AAV-S-RBD vectors (described in Figure
37).

Overall, the background signal of the control groups was rather strong in this analysis, and
the number of potential antigen-specific T-cells was low.

In the BALB/c experiment, no significant results could be obtained, but a tendency could
be observed for higher T-cell induction in the s.c. immunized groups (Figure 41 | + J).

In the NMRI experiment, which also evaluated the VOC S-RBDs, also no significant results

could be obtained, as the number of detected T-cells was very low (Figure 41 A-H).
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Figure 41: No antigen-specific T-cells were detected after immunization with the
AAV-S-RBD wt and variant vectors
Antigen-specific T-cells were measured with intracellular cytokine staining. Isolated spleen
cells were stimulated with peptide pools of SARS-CoV-2 S1 of the indicated VOCs, stained
and measured with flow cytometry. By staining, CD4 and CD8 T-cells were separated. For
CD4 T-cells double positive cells for CD154 and IFNy were counted as positive cells and
for CD8 T-cells double positive cells for TNDa and IFNy. Single mouse spleens were
analysed (n=6) in technical duplicates. Gating strategy in Figure 43.

(A) — (D): CD4* T-cells and (E) — (H) CD8" T-cells of NMRI mice immunized with AAV-S-
RBD VOCs, immunization groups are indicated below each panel and test antigens are
indicated above each panel. Box and whiskers are displayed with the 5-95 percentile.

(I) CD4* T-cells and (J) CD8" T-cells of BALB/c mice immunized with AAV-S-RBD wt.
Immunization groups are indicated below each panel. The test antigen was the SARS-CoV-
2 S1 domain of the wt virus. Bars show minimum to maximum with line at median.
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5 Discussion

Influenza A viruses and SARS-CoV-2 both continue to be a severe threat to public health.
Even though the Public Health Emergency of International Concern (PHEIC) has been
terminated for SARS-CoV-2 in May 2023, the virus continues to circulate worldwide in the
human population. The pandemic has led to a loss in life expectancy around the world
(Scholey et al. 2022) and continues to cause prolonged symptoms and new-onset
disabilities following recovery from acute infection (Kroonstrom et al. 2022; Lau et al. 2022;
Davis et al. 2023; WHO 2023d).

Both viruses pose a threat for the emergence of new pandemics as they are continuously
present and evolving at the human-animal interface.

Non-pharmaceutical interventions can help to mitigate the danger of infection throughout
the population, but in order to be effective, they need to be applied correctly and strictly
reinforced. This is challenging, especially over a long period of time. Therefore,
pharmaceutical interventions are needed, preferably focusing on the prophylaxis of
infection.

Currently, vaccination is one of the major tools to lower the impact of both viral infections.
For IAV, there has been a long history and experience with vaccines, but still there is no
universal vaccine. The current vaccines need to be reformulated and repeatedly
administered seasonally, due to the variable viral surface glycoprotein HA. Due to this
variability, there is always the chance of mismatch between the vaccine strain and the
circulating strain.

For SARS-CoV-2, a lot of research has been conducted since the start of the pandemic
and vaccines have been designed and produced in record time. The virus also continues
to evolve, and the emerging variants continue to evade immunity. A 4.93-fold lower
mutation rate has been estimated for SARS-CoV-2 compared to IAV in the human
population, while it has been found to be much lower in cell culture (23.9-fold), which could
be due to its wide spread, longer infection period, higher replication numbers and immune
pressure (Kawasaki et al. 2023). Vaccines were a valuable tool to decrease severe disease
and death, especially in the elderly, but they cannot fully prevent the long-term effects
infection can induce.

For both viruses, the goal for the development of vaccines is the reduction of severe
disease and long-term effects, protection against viral variants, durable protection over a
long time span, suitability for different age groups and reasonable production, storage and
handling conditions. Current analyses of SARS-CoV-2 vaccines mostly focus on the
induction of neutralizing antibodies and how well they hold up against disease triggered by

newly emerging variants.
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Both pathogens enter the body via the respiratory tract. Seasonal IAV mostly causes
respiratory disease, which can progress to severe courses including symptoms like
myocarditis or encephalitis and resulting in death, especially in the vulnerable members of
the population (WHO 2023b). SARS-CoV-2 is by now known to cause severe vascular (Xie
et al. 2022) and immunological pathology (Merad et al. 2022), resulting in an increased risk
for thrombosis, heart attacks and strokes, neurodegenerative diseases, and autoimmune
disorders like new-onset type-I diabetes (Chourasia et al. 2023).

The development of mucosal vaccines has been discussed and pushed forward for both
viruses, taking into account the infection route. With a potent mucosal immunity, consisting
of secretory IgA and tissue-resident T-cells, the infection could be stopped before it
establishes in the respiratory tract (Lavelle and Ward 2022).

Additionally, for both viruses FcyR-effector functions have been identified as an important
factor in the context of vaccine design for a broadly reactive immune response
(Jegaskanda 2018; Zhang et al. 2022).

To achieve the abovementioned goals for the development of vaccines, different delivery
platforms and immunogenic antigens are evaluated.

One of those alternative delivery platforms are viral vectors. Viral vectors mimic natural
infection and use the host cell machinery to produce the vaccine antigens. In this way, viral
vectors have an advantage over inactivated vaccines because they can trigger strong T-
and B-cell responses. Downsides are the difficult production process and pre-existing
immunity towards the viral vector.

The here utilized AAV-vectors have shown to be a safe and efficacious vector system to
be used as a vaccine against IAV, as well as SARS-CoV-2, while, due to organizational

reasons, only for IAV a challenge experiment could be conducted.

5.1 Influenza A

Against IAV, AAV-vectors have shown to be a promising vaccine vehicle to induce broadly
reactive immune responses by delivering certain viral antigens (Sipo et al. 2011; Fiddeke
2016; Demminger et al. 2020). The HA of A/California/7/2009pdm has been shown to induce
strain-specific neutralizing antibodies in the mouse model, but also non-neutralizing
antibodies against group 1 HAs that showed activation of FcyR-functions (Demminger et
al. 2020). The NP induced broadly reactive responses, covering group 1 and 2 IAVs
(Demminger et al. 2020). Those antibodies also induced FcyR-activation (Demminger et
al. 2020). The responses towards AAV-HA and AAV-NP were able to protect mice from
homologous and heterologous challenge (Demminger et al. 2020).

In this thesis, the combination of these antigens was thus evaluated for potential synergetic

effects. Also, different prime-boost schemes were evaluated including immunization with
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and comparison to a WIV-vaccine, to assess if the AAV-vector vaccine could induce a more
potent and broader immunity after the prime-immunization than WIV, and if, in this way, it
could have a similar priming-effect as a natural influenza infection. A single-shot
immunization scheme was also included in the analysis, as AAV-vectors have shown to
display a self-boosting effect and to circumvent the anti-vector immunity, this could be
beneficial for future applications. Furthermore, for the first time, the immunogenicity
parameters of an AAV-vector vaccine carrying the HA of the group 2 H3N2 virus
A/Aichi/2/68 were evaluated, and, in combination with the H1 HA, the potential expansion

of the immune response to also include groups 2 HAs was assessed.

5.1.1 Antigens, vectors, mouse model and application routes

The HA and NP antigens, as well as the WIV preparation used in this thesis are based on
the A/California/07/2009pdm (H1N1) (Cal/7/09pdm) virus, which caused the IAV pandemic
in 2009. It was included in the vaccine formulations up until the 2016/17 season (PEI 2023).
As the representative of the group 2 HAs, the H3 of the A/Aichi/2/68 (H3N2) virus was used,
which had been isolated during the 1968 IAV pandemic.

The H1N1-vectors had been constructed during work leading up to this thesis and had also
been evaluated in previous studies at the RKI (Sipo et al. 2011; Fiddeke 2016; Demminger
et al. 2020), however, the AAV-H3 vector had only been evaluated in vitro so far.

As described above, Demminger et al. (2020) demonstrated in C57BL/6 mice that
immunization with AAV-HA resulted in a group-specific antibody response, while AAV-NP
and WIV i.n. immunization induced antibodies directed against viruses of both HA-groups.
Immunization with WIV, however, resulted in lower titers than immunization with AAV-NP.
This effect of i.n. WIV immunization is consistent with previous findings (Dong et al. 2018;
Bhide et al. 2019). Comparison to the i.m. route showed that the latter resulted in strongly
elevated antibody titers against homologous virus, which, in contrast to i.n. immunization,
also recognized HA1 and NP and showed HAI* and MN"* activity (Demminger et al. 2020).
These differences strongly indicate that the immunization route is crucial for the outcome
of vaccination.

Thus, in this thesis WIV was applied intramuscularly, as this is the way in which inactivated
vaccines are usually applied and the differences in immunization outcomes between the
AAV-vector based vaccines and WIV can be demonstrated more realistically.

The AAV-vectored vaccines, on the other hand, showed a preferable outcome after i.n.
vaccination (Demminger 2019). Opposed to WIV immunization, mice vaccinated
intranasally with AAV-HA were protected against infection with heterologous virus, which
was thought to be due to the FcyR-activating antibodies, which the animals immunized with

WIV did not have. AAV-NP immunization was also able to protect mice against homologous
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and heterologous challenge, despite the lack of neutralizing antibodies. Those antibodies
also displayed the ability to activate FcyR-responses. Furthermore, NP has shown to
induce strong T-cell responses after i.m. immunization with AAV-vectors (Sipo et al. 2011;
Fiddeke 2016).

The intranasal route of administration resembles the way of natural infection by IAV, which
is also utilized for live-attenuated influenza vaccines. In this thesis, it was hypothesized
that vaccination with a vector vaccine could possibly mimic immunization with a LAIV,
which had shown to result in a priming effect for a broadly-reactive, FcyR-activating
immune response (Jegaskanda et al. 2013a; Sobhanie et al. 2016) and additionally could
induce mucosal immunity at the site of infection. Additionally, heterologous prime-boost
schemes with combinations of AAV and WIV immunizations were evaluated, as it has been
shown before that WIV was able to boost existing broadly-reactive FcyR-activating
responses after natural infection, but was not able to induce those (Jegaskanda et al.
2013a).

Furthermore, as has already been mentioned, the intranasal route is favourable as it has
been shown that AAV-vectors can be repeatedly administered via the respiratory tract
without loss of potency due to a pre-existing immune response to the AAV-vector capsid
(Limberis and Wilson 2006). Based on these findings, the intranasal route was chosen for
the administration of the AAV-vector based vaccines.

AAV-HA and AAV-NP both displayed a promising protective effect as monovalent vaccines.
In a trivalent formulation with AAV-HA, -NP and -M1, full protection was conferred after
homologous challenge, and partial protection against heterologous challenge after i.m.
administration, which had mostly been attributed to the HA and NP antigens (Sipo et al.
2011). Thus, the combination of the AAV-HA and -NP vaccines after intranasal
administration should be further evaluated for its immunogenic profile in this thesis.
Furthermore, as it has been shown that the immune response even to the conserved stem
of the HA is restricted to HAs of the same group (Krammer et al. 2013; Margine et al. 2013),
a group 2 HA could enhance the breadth of the immune response. For this purpose, the
immunization properties of the AAV-H3 vector have been evaluated here.

AAV-vectors are known to express the transgene over a long period of time, which could
lead to a continuous boosting effect after a single administration (Limberis and Wilson
2006; Bell et al. 2011; Fiddeke 2016). Therefore, it has also been assessed, if a single
administration is sufficient to induce a potent and protective immune response compared
to a prime-boost vaccination scheme.

The AAV-vector preparations used here were produced following the established protocol
and subsequently assessed for the described quality parameters (Figure 18). Expression

of the transgenes was evaluated in vitro before using them in the mouse studies.



Discussion 115

The in vivo analyses for the AAV-vector vaccine against IAV described in this thesis were
carried out in C57BL/6 mice, as the same mouse model was used in the analyses of
Demminger et al. (2020). As described in chapter 2.6, C57BL/6 mice are a well-established
mouse model in |AV vaccine research, and results obtained in this thesis would furthermore
be comparable to earlier studies with this vector system, which used the same mouse strain
(Sipo et al. 2011; Demminger et al. 2020). This mouse strain had already been successfully
immunized with the used AAV-vectors carrying the respective IAV antigens and displayed
a favourable vaccine efficacy and protection from infection after vaccination. However, for
future progression of the vaccine towards clinical use, evaluation of the vaccine in other
model organisms, e.g. ferrets, as outlined in chapter 2.6, would still be necessary to
assess, if the promising effects of vaccination would be replicable there. Demminger et al.
(2020) already initially evaluated the intranasal AAV-HA vaccine in ferrets and could show

a protective effect against viral challenge.
5.1.2 Immunogenic properties of AAV and WIV vaccination

5.1.2.1 Breadth of the immune response

In the here conducted mouse study on influenza vaccination, all AAV-HA/NP-primed
groups displayed a broadly reactive antibody response spanning over |IAVs of both HA
groups. In this study it could be reproduced that priming with WIV was not able to achieve
that, only displaying high titers against the homologous virus. Interestingly, an AAV-HA/NP
boost after WIV priming was able to broaden the response compared to the WIV-only
prime-boost regimen. However, titers did not reach the same levels of broadly reactive
antibodies compared to AAV priming. Animals receiving an AAV-HA/NP prime
immunization followed by a WIV boost showed comparable titers of broadly reactive
antibodies to the other AAV-prime groups, and thus, leaving it unclear, if the WIV boost
further contributes to immunity. Because of the narrow response of the WIV-only group,
WIV boosting most likely does not enhance the breadth of the response, but it also does
not hinder it.

The breadth of the response in the groups immunized with AAV-HA/NP seems to be mostly
attributed to the NP antigen, because immunization with AAV-HA alone, regardless of the
group, only led to antibody responses against the homologous virus (AAV-HA/NP in Figure
20 and AAV-HA in Figure 21). A broad response to different group 1 HAs after AAV-HA or
to different group 2 HAs after AAV-H3 immunization could not be observed in this study.
This leads to the conclusion that the HA-head is the main target of the immune response,
and there is no relevant induction of responses against conserved epitopes. Demminger et

al. (2020), however, had shown, that AAV-HA was able to induce a broadly reactive
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antibody response at least against some other viruses from the HA-group 1. The
circumstances under which the immune response could be directed to more conserved

areas of the HA-protein to ensure a broader immune response remains to be investigated.

5.1.2.2 Prime-Boost regimens

Different prime-boost regimens were applied to determine if a booster dose supports
sufficient immunization with AAV-vectors.

The AAV-vector vaccine here showed a self-boosting effect, as antibody titers continued
to steadily rise after only a prime immunization, finally reaching similar titer levels as the
AAV prime-boost groups after 6 weeks. The combination of different immunization routes
for the prime immunization also reached similar levels.

These results also confirm that anti-AAV-vector antibodies do not inhibit the boosting
effect, as anti-AAV antibody titers reached their peak already after three weeks, while anti-
influenza A antibodies continued to rise.

The group primed with WIV and boosted with AAV did not reach the same level of broadly
reactive antibodies as the other AAV-primed groups. However, all immunization groups
were finalized at the same timepoint, thus only three weeks after AAV immunization for this
group. As antibody levels in the other AAV groups only reached their peak levels after six,
not after three weeks, it would be interesting to investigate, if titer levels would reach the
same peak at six weeks after AAV immunization in this group as well.

Even though the i.m. WIV immunization reached high titer levels already after the prime
immunization, it became apparent that the characteristics of the induced antibodies,
regarding breadth and the ability to induce effector functions, were inferior to the antibodies
induced by AAV-HA/NP immunization, indicating that high titer levels alone are not a good

indicator for the overall strength of antibody properties.

5.1.2.3 AAV immunization has an increased capability to induce or boost FcyR-activating

responses compared to WIV immunization

The induction of Fc-receptor functions, such as ADCC, has long been neglected when
evaluating immunity to IAV. However, this has changed in recent years and ADCC has
been described as an important mediator of immunity and protection, especially for broadly
reactive antibodies (DiLillo et al. 2014; DiLillo et al. 2016; Jegaskanda 2018; Thulin and
Wang 2018).

FcyR-activating responses were analyzed in the final sera after the six-week immunization
period. Activating responses were detected against the murine FcyRlI, -llb and -lll, but not

against -IV.
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Most strikingly, the response towards the activating FcyRI displayed significant differences
between the AAV-HA/NP-primed and WIV-primed immunization groups with homologous
and heterologous virus. The WIV-primed groups both showed very low levels of activation,
while the AAV-HA/NP-only groups had high activation levels, not depending on the number
of immunizations. An AAV-HA/NP boost after WIV priming, unlike in the evaluation of the
breadth of the immune response, did not lead to an enhanced response compared to a
WIV boost. In the AAV-HA/NP-WIV group, the titers reached medium levels between the
WIV-only and AAV-HA/NP-only groups. It seems as if WIV immunization as either prime or
boost, hinders maturation of FcyRI responses. Interestingly, this effect was not seen in the
FcyRIlIb and -Ill responses, where medium activation was seen in all groups against
homologous virus. Against heterologous virus, however, only the groups not involving WIV
immunization displayed low activation of FcyRIIb and -lll responses. In the AAV-HA/NP
prime/boost and AAV-HA/NP i.n./s.c. groups levels low FcyRI-activation levels against
heterosubtypic virus were detected, but not in any other groups.

Overall, these results indicate that the AAV-HA and -NP vectors have the capability to
induce strong and broadly reactive FcyR-activating responses, even after only a single
dose. In comparison, WIV immunization does not have the capability to induce or boost
these responses. On the contrary, it seems that it even hinders the maturation of such
responses, when comparing the AAV-prime-only and the AAV-prime/WIV-boost groups, as
the AAV-prime-only group reaches higher activation levels for FcyRI. The possible reasons
for this effect remain to be investigated.

Thus, the report that WIV immunization was able to boost broadly reactive FcyR-activating
responses but could not induce them de novo (Jegaskanda et al. 2013a) could not be
reproduced in this study using the AAV-HA/NP vaccine.

In this study, the broadly reactive FcyR I-activating responses were most likely due to AAV-
NP immunization, which can be concluded from the lack of such responses in the AAV-HA-
only group.

Demminger at al., who focused on humoral responses towards subtype H1N1 viruses,
described broadly reactive FcyR-activating responses after AAV-HA (H1) immunization.
This was not observed in this study. There are no such responses in the groups immunized
with AAV-HA, AAV-H3 or the combination of the two against the PR8 virus. AAV-HA/H3
induced activation of FcyRIlb and -Ill against Cal/7/09pdm, but none of the monovalent
AAV-HA or AAV-H3 did. This could result from antibodies directed more against conserved
epitopes when immunizing with the two different HAs in combination. Interestingly, when
compared to the HA of Cal/7/09pdm, the H3 of A/Aichi/2/68 induced strong activation of
FcyRI, -l1lb and -1l against homologous virus when immunized in a monovalent formulation

as well as in the bivalent form. Those strain-specific responses reflect the results described
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above, indicating that no broadly reactive antibodies were induced by immunization with
AAV-HA or AAV-H3. The investigation of the epitopes involved and the mechanisms by
which the two HA-antigens act in the course of the immune response, to explain the
discrepancies between the responses against H1 and H3 would be an interesting asset for
the future of the vaccine.

The effect of immunization with an inactivated influenza vaccine on the induction and
expansion of antibodies inducing ADCC in humans has been assessed in several studies,
which found that there was a strong increase in ADCC antibodies after vaccination in all
age groups (Jegaskanda et al. 2016; Kristensen et al. 2016; de Vries et al. 2017,
Vanderven et al. 2017). This was not observed in the present study in mice. However, in
those studies the participants had all been naturally infected with IAV at least once in their
lifetime, most adults several times, which could have an influence on the generation of
such antibodies. On study mentioned that increased ADCC titers were already present as
soon as three days after vaccination, pointing towards a recruitment of memory B-cells
(Jegaskanda et al. 2016).

AAV immunization in naive individuals seems to be able to induce broadly reactive Fc
effector functions. However, the results differ from LAIV immunization regarding the effect
of a following immunization with an inactivated vaccine, as there is no expansion of Fc

effector functions, but rather the opposite.

5.1.2.4 CD4 and CD8 T-cell immunity

T-cells have been discussed as an important factor in protection against disease. To
assess the level of antigen-specific T-cells after vaccination, spleen cells of uninfected
mice were stimulated and analyzed via intracellular cytokine staining, which is a widely
used technique to detect cytokine producing cells via flow cytometry (Lovelace and
Maecker 2011; Gong et al. 2022). A commercial preparation kit and antibody panel were
used to distinguish activated CD4* and CD8"* T-cells. Spleen cells were stimulated with
commercial peptide pools of HA (H1) and NP of Cal/7/09pdm. Due to availability reasons,
no H3 could be used. This, unfortunately, did not result in high number of positive spleen
cells or significant results. The background of the two control groups was quite high, which
also hindered the analysis.

As antibody levels were high in all immunization groups immunized with homologous
antigen (H1, Cal/7/09pdm: AAV-HA/NP-WIV, WIV-AAV-HA/NP, 2x AAV-HA/NP, 2x WIV,
1x AAV-HA/NP, AAV-HA/NP i.n./s.c., 2x AAV-HA and 2x AAV-HA/H3), CD4* T-cells should
have been detected, as they stimulate B-cells to produce antibodies. Immunization with NP

is known to result in strong T-cell responses (Zheng et al. 2014; Clemens et al. 2018;
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Leroux-Roels et al. 2023), so it was expected to see elevated levels of T-cells in all groups,
where NP was incorporated in the vaccine.

For detection of antigen-specific T-cells, the here used method should be further refined to
be more sensitive. Also, additional methods could also be employed, like ELISpot assay,

ELISA or gPCR, to quantify cytokine production in immune cells.

5.1.2.5 Protection against infection

Overall, protection against lethal infection with homologous virus was equally strong in
most immunization groups — all mice in the groups immunized with AAV-HA/NP-WIV, WIV-
AAV-HA/NP, 2x AAV-HA/NP, 2x WIV, AAV-HA/NP i.n./s.c., 2x AAV-HA and 2x AAV-HA/H3
were protected, while 90% of the animals in the control groups (PBS and AAV-GFP)
succumbed to infection by day 8 dpi. These results demonstrate that the indicated
immunization schemes are able to induce a potent protective immune response against
homologous virus. All groups had a significantly lower mean maximum weight loss (not
group 9, 2x AAV-H3), lower clinical scores (not groups 6 and 9, AAV-HA/NP i.n./s.c. or 2x
AAV-H3) and lower lung viral titer at 3dpi (not group 9, 2x AAV-H3).

Unexpectedly, the group immunized once with AAV-HA/NP intranasally only showed 60%
survival, which was not significant compared to the control groups, even though total IgG,
neutralizing antibody titers and HAI titers reached equally high levels compared to the other
immunization groups, and mucosal and anti-HA-stalk antibodies could be detected. Also,
the harmful effect of infection was more pronounced in the animals only receiving the
vaccine at a single time point via two different immunization routes, which showed in the
elevated clinical scores, while here 100% protection could still be reached.

Even though ADCC is recognized as a desired feature of broadly reactive, non-neutralizing
antibodies induced by next-generation IAV vaccines (Jegaskanda 2018; Von Holle and
Moody 2019), it has also been described before that antibodies against specific epitopes
in the IAV HA which induce strong ADCC effects, led to a higher mortality level after viral
challenge in mice (Ye et al. 2017; Wang et al. 2018).

Such effects could have played a role in the here described study. After a single application
of the vaccine, mainly epitopes could have been targeted that induce FcyR-mediated
ADCC, indicated by the high levels of FcyR-activating antibodies shown above (Figure 22).
It can be hypothesized that a booster-vaccination introduces additional epitopes, while
without a booster, the response matures towards the epitopes targeted originally. When
applying the vaccine via different immunization routes at the same time, the number of
APCs picking up the antigen and presenting epitopes is larger as well than after application
via one route only, so this could also lead to a larger pool of different epitopes, leading to

a higher survival rate than in the intranasal-only 1x AAV-HA/NP group. These processes
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could finally have resulted in a less beneficial balance between the humoral and cellular
immune responses in the 1x AAV-HA/NP group and might have led to the higher mortality
and clinical score. The properties of FcyR-activating antibodies could further be evaluated
with in vitro ADCC assays, while the influence of such antibodies on protection and
mortality could be assessed in FcyR-knockout mice (Van den Hoecke et al. 2017; Fransen
et al. 2018).

In the group immunized with AAV-H3, survival after challenge with the Cal/7/09pdm strain
was only 40%. It was expected that immunization with a group 2 HA would not confer
complete protection against challenge with the H1N1-strain. Interestingly, two mice
survived, indicating that they must have mounted antibodies against more conserved
epitopes, which the other mice have not. In this group, however, no humoral or cellular
components of the immune response could be detected that would indicate the specific
parameters via which protection was conferred.

The second heterologous (PR8) and heterosubtypic (X31) infections both were quite harsh,
as lethal doses were aspired. The virus stocks used for infection were checked before set
to the desired amount, to achieve the lethal dose for each virus as outlined in Table 4
(3.2.4). Also, after infection, the titer of the inoculation stock was measured, and the titers
showed to be at the anticipated level. Only for the first infection with PR8, which didn’t
induce any pathology in the mice, the titer was too low, which could have been due to a
faulty aliquot of the viral stock used to prepare the inoculation solution. Still, it was
unexpected that even the control groups didn’t show any signs of disease, because mice
usually react quite strongly to PR8 infection, even with low titers — Gowda at al. describe a
significant decline in body weight of mice infected with 50 pfu (4% at 3 dpi to 17% at 6 dpi)
or 500 pfu (13% at 3 dpi to 25% at 6 dpi) and Fukushi et al. (2011) observed 50% mortality
at day six, and 100% mortality at day 9 after infection with a dose of 5 x MLDso (Fukushi et
al. 2011; Gowda et al. 2021). On the contrary, X31 usually only causes mild to moderate
disease even at higher infectious titers, so the early rise of clinical scores and the early
decline of body weight seen here was also unexpected — Askovich et al. (2013) infected
mice with 10° pfu of X31 and all mice survived at 16 dpi, with a mean maximum weight loss
of less than 20% at 7 dpi and Rutigliano infected mice with 10 EIDso and observed 100%
survival and clearance of the virus by day 8 post infection (Askovich et al. 2013; Rutigliano
et al. 2014).

In both, the heterologous and heterosubtypic infections, the group immunized with 2x AAV -
HA/NP showed significantly elevated survival rates compared to the control groups. Sera
from these animals also displayed high neutralizing and HAI titers, as well as high FcyR-
activating responses and anti-HA-stalk antibodies. Significantly elevated mucosal IgA

could also be detected in these animals. The groups immunized with 2x WIV did not
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achieve this. These results point to an advantage of AAV-HA/NP immunization in the
context of broad protection compared to repeated WIV immunization.

As expected, the highest survival rate in the X31 challenge was seen in the group
immunized with 2x AAV-H3, and also the group immunized with 2x AAV-HA/H3 showed a
significant increase in the survival rate compared to the control groups. Even though in
these groups only strain-specific antibodies were induced, those antibodies displayed
strong neutralizing and HAI titers as well as FcyR-activating responses. Also, mucosal IgA
was detected in the 2x AAV-H3 group. The combination of these responses most likely
resulted in the increased survival rate after this harsh challenge. Possible reasons for the
lethality in some animals of these two groups might be that individual animals failed to
induce a protective immune response after vaccination, even though antibody titers in the
deceased animal were equally high as in the surviving animals of the group (data not
shown). The animal could also have mounted an overshooting immune response, which
could have caused the high clinical scores. Such effects in individual animals can never be
completely ruled out. In the group immunized with the combination of HA and H3, some
animals might have had a more H1-focused immune response, leading to a lowered
protective efficacy.

Overall, the only group that was able to protect mice against challenge with all three viruses

at a significant level was the 2x AAV-HA/NP group.

5.1.2.6 Conclusion

The study conducted in this thesis demonstrates that AAV-HA/NP immunization is superior
to WIV immunization regarding the induction and expansion of a broadly reactive immune
response. WIV-immunization was not able to induce or boost broadly reactive responses.
On the contrary, it even seemed to hinder the maturation of FcyR-activating responses
after an AAV-HA/NP-boost.

The group immunized with 2x AAV-HA/NP demonstrated the best results in all assessed
parameters, most importantly protection against infection, where it was the only
immunization group which demonstrated elevated survival rates against all three challenge
viruses. The broad reactivity here seems to be mostly attributed to the NP, while the strain-
specific neutralization and HAI titers are due to the HA, which emphasizes the positive
synergic effects of these two antigens in this bivalent formulation.

A boost immunization would still be of importance, as it was found here that a single shot
could still reach equal antibody titers, but the quality of the response is inferior to the prime-
boost group.

It would be interesting to evaluate the effects of AAV-HA/-NP immunization in non-naive

individuals. This would represent real-world circumstances. The assessment of the effects
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of immunization after a longer period of time after vaccination and in different age groups
would also be of importance to further assess the potential for this vaccine as a next-
generation vaccine for influenza A viruses.

A more sensitive assessment of T-cells would also be of further importance for future
vaccine evaluations.

Overall, the AAV-HA/NP vaccine proves to be a promising candidate for further

development as a next-generation influenza vaccine.
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5.2 SARS-CoV-2

After the emergence of SARS-CoV in 2003, an AAV-vector vaccine was described carrying
the S-RBD of the virus, which demonstrated a strong systemic immune response after
intramuscular injection, which could be expanded by a local mucosal immune response
after intranasal application.

As the pandemic started during this thesis, there were no available vaccines, but there was
an urgent need for preventive measures. Thus, the AAV-vector system that had just been
successfully used for the immunization against IAV was evaluated for the use as a vaccine
against SARS-CoV-2.

Outcome measures to be observed for the efficiency of the vaccine were overall antibody
titers, neutralizing activity, mucosal antibody development, FcyR-activating ability, and T-
cell responses. Due to organisational reasons, challenge experiments with SARS-CoV-2

were not possible at the RKI.

5.2.1 Design and in vitro evaluation of an AAV-S-RBD vaccine

Initially, the full-length S-protein seemed to be the most favourable target for a vaccine
against SARS-CoV-2, as it facilitates receptor binding (Hofmann and Pohimann 2004;
Jackson et al. 2022) and has been described as a promising vaccine target for SARS-CoV
(Xiao and Dimitrov 2004; Du et al. 2008a; Du et al. 2009). However, also the S-RBD of
SARS-CoV alone was shown to induce a protective neutralizing antibody response, while
having a more desirable safety profile, as harmful immune or inflammatory responses
induced by full-length S-protein could be avoided (He and Jiang 2005; Jiang et al. 2005;
Jiang et al. 2012). Thus, AAV-vector plasmids were constructed containing either the
SARS-CoV-2 full-length S-protein or the S-RBD alone.

The functionality of the proteins expressed by the AAV-vector vaccine is essential for the
induction of the immune response towards the viral proteins. For that reason, protein
expression and their functionality were assessed in vitro.

It could be shown in this work that the constructed AAV-vector plasmids are successful in
reaching high levels of transgene expression in transfected cells and that the encoded
proteins show ACE2 binding properties, proving their correct functionality. The S-RBD
showed a reduced binding capacity compared to the full-length S-protein, probably
resulting from the stronger binding strength of the trimeric S-protein compared to
monomeric S-RBD (Basavarajappa et al. 2022).

During the subsequent production process of the AAV-vector particles, the plasmid
carrying the full-length S-protein could not be efficiently packaged into functional vector

particles. This was most likely due to the limited packaging capacity of the here used AAV-
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vectors. Their usual genome size is around 4.7 kb (Naso et al. 2017). The packaging
capabilities of AAV-vectors seem to be dependent on the serotype of the capsid used
(Allocca et al. 2008). AAV-vector capsids of the subtypes 2, 5 and 8 have shown to not
package anything above 5.2 kb, truncating all larger genomes at the 5’ end (Wu et al. 2010).
Additionally, with larger genomes, not only the packaging, but also the transgene
expression efficiency decreases (Dong et al. 1996; Wu et al. 2010). The combination of the
AAV2 ITR with the AAV9 vector capsid used here seems to be efficient in packaging and
delivering genomes of at least ~7 kb, as this is the size of the vector plasmids containing
the IAV constructs, for which it works nicely, as could be demonstrated by the successful
in vitro evaluation of AAV-vectors containing the HA or NP of IAV, e.g. high numbers of full
vector particles and high transgene expression after transduction (Figure 18), which was
followed by the induction of a strong immune response after in vivo application. The
genome containing the full-length S-protein of SARS-CoV-2, however, has a size of 8.7 kb
(S-protein cDNA 3.8 kb), which apparently could not be packaged. To circumvent the
known size problem existing for AAV-vectors, an approach had been described: the dual
AAV-vector method (Ghosh et al. 2011; Trapani et al. 2014; Tornabene and Trapani 2020).
This approach, where the expression cassette containing the Coding Sequence (CDS) is
being split between two AAV-vector particles, was applied to find a way to deliver the full-
length S-protein (4.2.1). In this thesis, the S-protein was artificially split at the S1-S2
cleavage site and the two segments were integrated into separate AAV-vector plasmids.
However, co-transduction of the two AAV-vectors only resulted in a very low transgene
expression efficiency in vitro with very high amounts of AAV-vectors needed, so this
approach was not followed further, as it would not have been practical for delivering a
vaccine.

The results presented here allow the conclusion that the constructed vector plasmids can
be used to efficiently express the transgenes, but only the pAAV-S-RBD, which is 5.5 kb in
size, can be used to produce effective AAV-vectors to be used as vaccines against SARS-
CoV-2.

As the pandemic progressed, the AAV-S-RBD was adapted to the different VOC S-RBDs.
For the full-length S-protein, the pAAV-vector plasmid was altered to express the D614G
mutation. For the pAAV-S-RBD plasmids, the Alpha, Beta, Delta and BA.2 VOC were
constructed. As it had been described before, the D614G mutation increases the number
of open-state conformations and thus, leads to enhanced binding to ACE2 (Yurkovetskiy
et al. 2020).

Enhanced binding compared to the wt spike protein could be observed in the here
conducted ACE2 binding evaluation (Figure 33 A) as well. The different S-RBD proteins

demonstrated binding compared to the GFP control, but the binding capacity was
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significantly lower than the binding capacity of the full-length S-protein. The S-RBD
constructs used here have not been modified and are expressed as monomers.
Trimerization and the optimization of the glycosylation profile of the S-RBD were found to
substantially enhance binding and improve immunization properties of the S-RBD
compared to the monomeric protein (Bouwman et al. 2021; Routhu et al. 2021;
Basavarajappa et al. 2022), so this could be an approach for optimization.

Different expression patterns and binding characteristics could also be due to the splicing
effects. Those had been studied, after people who received the AstraZeneca vaccine were
hospitalized with cerebral venous sinus thromboses (CVST) or, less frequent, with
Splanchnic Vein Thrombosis (SVT) (2.4.2.2).

When analyzing the splicing donor sites of the DNA constructs that were used in this thesis
with the Splice Rover online tool (Zuallaert et al. 2018; Kowarz et al. 2022), there are two
additional sites in the wt S-RBD after codon-optimization compared to the original
sequence (Table 7). The site that both sequences share also has a higher score in the
codon-optimized version. The splicing donor sites are also present in the Alpha and Beta
S-RBD constructs. In the Delta construct, the same sites are included with an additional
fourth site. In the BA.2 construct used here, those splicing sites were not included. There
is only one site with a low score. If the delivered DNA of this short construct is spliced
multiple times, also within the RBM, the function of the protein would be impaired, and the
immune response would not be able to recognize the correct antigen. Depending on the
splicing acceptor sites, the resulting product, in addition to lacking important regions, can
be in frame or out of frame. Such effects should not be disregarded when working with
DNA-vectors delivering the genome of RNA-viruses. Such splicing sites could have

resulted in a lower vaccine efficiency with the AAV-vaccines used in this thesis.

Splicing sites (position)
230 264 378 401
S-RBD wt (non-
codon- X
optimized)
S-RBD S-RBD wt X X X
construct S-RBD Alpha X X X
S-RBD Beta X X X
S-RBD Delta X X X X
S-RBD BA.2 X

Table 7: Splicing donor sites of the S-RBD constructs used in this thesis
Splicing sites of the given receptor-binding domain (S-RBD) constructs were
analyzed with the Splice Rover online tool (Zuallaert et al. 2018).
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5.2.2 Immunogenicity of the AAV-S-RBD vector vaccine

5.2.2.1 Comparison of different mouse strains

Initially, the immunogenicity of the AAV-S-RBD vaccine was assessed in three different
laboratory mouse strains. This was done, because the different strains are known to mount
different immune responses and recognize different immunogenic regions of the antigen,
depending on their haplotype, as described in chapter 2.6.

In the immunogenicity studies presented here, a strong strain-dependent effect could be
observed. Surprisingly, C57BL/6J mice developed the weakest overall antibody titers,
which only went slightly above the pre-immunization levels. As this mouse strain had
usually been successfully used in the previous studies for IAV vaccines based on AAV-
vectors, this result had not been expected. Those antibodies did also not display any
neutralizing activity. Thus, the C57BL/6 mouse strain was excluded from the further
analyses conducted to evaluate the AAV-S-RBD vaccine.

In the studies evaluating AAV-vectors as a vaccine against SARS-CoV by using the S-RBD,
BALB/c mice had been used (Du et al. 2006; Du et al. 2008b; Du et al. 2008c). In this initial
evaluation conducted here, BALB/c mice showed mixed results, dependent on the
application route of the vaccine. After s.c. immunization, both mice developed similarly high
antibody titers, also showing a potent neutralizing activity. However, after i.n. immunization,
only one animal developed medium antibody titers with a reduced, but still potent
neutralizing activity. One possible reason for the low titers in the one i.n. immunized animal
could be, that during the application, the animal swallowed more of the vaccine than
reached the respiratory tract.

The NMRI mice displayed the strongest neutralizing activity, which was equal in all animals
and was retained from day 12 onwards until the end of the experiment. The overall antibody
titer levels, however, displayed strong inter-animal differences. One animal of each pair
immunized either via the s.c. or the i.n. route, developed very high overall antibody titers,
while the respective other animal only developed medium titers.

When analyzing IgA levels in the lungs, surprisingly, in the NMRI mice the total systemic
IgG titers inversely correlated with those on an individual animal basis, hinting towards the
conclusion that the higher the systemic antibody response, the lower the mucosal IgA
response. In the BALB/c mice, this observation could not be made, as all animals had
elevated IgA levels comparable to the higher titers of the NMRI mice. Even though the
C57BL/6 mice did not develop a systemic IgG response, elevated IgA levels of equal
intensity could be detected in the two intranasally immunized mice, indicating that this
mouse strain is capable of reacting to the antigen, but only locally in the airway mucosa

without mounting a strong systemic response.
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The NMRI mice also developed FcyR-activating responses, mainly towards FcyRI, while
this did not develop in BALB/c mice. Again surprisingly, the sera of the C57BL/6 mice did
also show FcyR-activation for FcyRI, which was higher in the subcutaneously immunized
mice than for the intranasally immunized mice. This could imply that antibodies generated
by the C57BL/6 strain, even only present at low levels and non-neutralizing, could still
mobilize effector functions like FcyR-activating responses. Important to note is that NMRI
and BALB/c mice also developed antibodies that cross-reacted with the SARS-CoV S-RBD,
which is not surprising, as the S-RBDs of both viruses have shown to be 73% conserved
and indicate convergent evolution for improved ACE2 binding (Gralinski and Menachery
2020; Lan et al. 2020). The titer towards the SARS-CoV S1-domain in NMRI mice was
higher than in BALB/c mice and were one log-level lower than against the SARS-CoV-2 S-
RBD.

For all mouse strains, antibodies against the AAV9 vector-capsid were determined as well
as a control. In all strains, the i.n. application resulted in higher anti-AAV9 antibodies than
the s.c. immunization. However, it had been shown before that despite high levels of anti-
AAV antibodies, the vaccine can still be re-applied intranasally without a loss due to
neutralization of the vector (Gao et al. 2004; Limberis and Wilson 2006; Boutin et al. 2010).
As this was an initial pilot experiment, the sample size was kept low. There are only two
mice per group, so that no general conclusions could be drawn from this. Also, the
immunization pattern of one prime immunization and six boost immunizations over a time
span of 182 days is not realistic for the use as a vaccine but was only applied here for the
initial evaluation of the vector. Nonetheless, this experiment was necessary to determine
whether the AAV-S-RBD vector vaccine has the potential to induce an antigen-specific and
functional, i.e. neutralizing immune response.

It could be concluded that the inbred BALB/c strain and the outbred NMRI strain, but not
the C57BL/6 strain, were suitable models to further evaluate the immunogenicity of the
AAV-S-RBD vaccine. However, also with these strains, inter-animal differences and
differences depending on the route of administration still need to be taken into

consideration.

5.2.2.2 Immunogenicity of AAV-S-RBD with wt and variant S-RBDs

Overall, the immunogenicity evaluation of the here described AAV-vectors gave very mixed
results. To guarantee a good quality of the AAV-vector preparations, their quality was
always assessed by the parameters described in 4.2.1 and Figure 31, and they always
showed a high transduction efficiency in vitro. Additionally, the respective AAV-vector
preparation used for immunization was assessed in vitro for transduction efficiency in

HEK293T cells directly after application, which was always satisfactory.
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The first immunogenicity study was carried out in BALB/c mice solely with the wt AAV-S-
RBD vector. BALB/c mice were chosen because they had been successfully used in
previous studies evaluating an AAV-S-RBD vaccine for SARS-CoV, and they had shown
to develop an antigen-specific immune response in the initial experiment described above.
The goal of this study was to evaluate the differences in response depending on the
immunization route and to assess, if one or more booster immunization were necessary,
or if a single shot could be sufficient to induce a protective immune response.

This study, however, did not reveal an effective immune response. Low ELISA-based titers
toward the viral spike protein developed, but they were not significantly higher than the
titers of the AAV-GFP control groups. No neutralizing activity could be detected in the sera
of immunized mice. Consistently, the mice also did not develop FcyR-activating responses.
Interestingly, however, the animals vaccinated three times intranasally had significantly
elevated IgA levels in the lungs at the final timepoint compared to all other groups. This
could’ve been due to the fact, that three immunizations were necessary to develop a strong
mucosal immune response, or that the time span from the last immunization to the endpoint
of the experiment was shortest for this group, and IgA was still detectable, when in the
other groups, the local response to the vaccine had already faded. For the anti-AAV9 titers,
the same trend could be observed as in the initial study. The i.n. immunized mice
developed higher peak titers than the s.c. immunized mice. Antigen-specific T-cells were
also evaluated. They displayed a trend towards a stronger response in the s.c. immunized
animals, but the results were not significant. Reactive CD4+ T-cells should be present
when antigen-specific antibodies are produced, so these two factors would be related to
each other.

The subsequent immunogenicity study included the variant AAV-S-RBD vectors and was
carried out in NMRI mice, as they were identified as the second mouse strain that mounted
an antigen-specific immmune response towards the here used vaccine and overall displayed
the most effective response in terms of neutralization and FcyR-activating responses. A
combination of a s.c. prime and an i.n. boost immunization was applied, to initially avoid
the anti-AAV antibody response induced by i.n. immunization and to mount a strong T -cell
response.

The AAV-S-RBD variants investigated were the wt, Beta, Delta and BA.2 variants. The
Alpha variant was excluded, as the N501Y mutation is also present in the Beta and Omicron
variants. For availability reasons, the test antigens used in the ELISA assays were the S1-
domains of the wt, Beta, Delta and BA.1 variants, which is not ideal, as the BA.1 and BA.2
Omicron-variants do differ from each other in six amino acid positions in the S-RBD (Figure

42), but they are still evolutionary close. Another goal of this evaluation was to specify if
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immunization with these AAV-vectors was able to induce a cross-reactive antibody

response towards the other SARS-CoV-2 variants.
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Figure 42: Differences in the spike protein of the SARS-CoV-2 Omicron variants
BA.1, BA.2 and BA.5

Displayed are amino acid mutations in the SARS-CoV-2 spike protein of Omicron BA.1,
BA.2 and BA.5 variants. Source: Outbreak.info (Khare et al. 2021; Gangavarapu et al.
2023), image rights in chapter 14

Regarding cross-reactivity of the respective VOCs, it has been described that the Omicron
subvariants can escape immunity induced by earlier variants, because of the high number
of mutations in the S-protein (Iketani et al. 2022; McLean et al. 2022; Rossler et al. 2022).
Even though the different Omicron subvariants BA.1, BA.2 and BA.5 share many mutations
in their S-protein (Figure 42), they also exhibit different mutations, especially in the S-RBD
or NTD, resulting in subvariant-specific neutralization profiles (Bruel et al. 2022; Rossler et
al. 2022). It has been described that immunization with an BA.1-only mRNA vaccine
resulted in reduced neutralization against all previous variants, while neutralization against
BA.2 and BA.4/5 was slightly reduced, but still robust (Muik et al. 2022a). When using an
BA.4/5-only mRNA vaccine, neutralization activity was sharply reduced against earlier
VOCs and also reduced against BA.1, while it was similarly robust against BA.2 as the
BA.1-only immunization (Muik et al. 2022a).

In the here described evaluation, the AAV-vectors carrying the S-RBD of the Delta and the

BA.2 variant displayed a potent immunogenicity. The sera of the BA.2 immunized mice
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showed a strong reactivity against all tested S1-domains, while the mice immunized with
the S-RBD of the Delta variant developed antibodies against the wt, Beta and Delta
variants, but not against the BA.1 variant, which displays the evolutionary distance of Delta
to Omicron and is an indicator for immune escape. The other AAV-vectors failed to induce
a specific immune response, which is surprising, as all vectors demonstrated potent in vitro
transduction. Surprisingly, also the mice immunized with a mix of all variant AAV-vectors
did not develop any antibody titers, even though the mix also contained the BA.2 and Delta
S-RBDs, which alone induced strong immune responses.

The neutralizing activity in the BA.2 immunized group was strong against all Omicron
variants, but no neutralization could be detected against the earlier variants, even though
there were antibodies present, indicating that cross-reactive antibodies might be non-
neutralizing. The sera of the groups immunized with the Delta antigen did not have
neutralizing titers.

Interestingly, of those two groups that had developed a strong antibody response, only the
BA.2 immunized animals also developed FcyR-activating responses, while the group
immunized with Delta did not.

These results indicate that immunization with the BA.2 S-RBD could induce cross-reactive

antibodies. Those antibodies show neutralizing activity only against the other Omicron

Test antigen wt BA.1 Beta Delta BA.2|BA.5
P— . FcyR- IgG IgG FcyR- lgG FcyR-
Immunization Ig(gt}ge)zr FcyR|assay titer| titer PI;ET titer |FcyR|assay titer| titer |FcyR| assay P';I:T PE:T
group (AUC) |(AUC) (AUC) (AUC) |(AUC) titer (AUC)
126.21 62.76 129.61
I dekdkk I ks I dedededk
2750 Iib 216 1560 2684 [ b 22135 | 2901 [ b 2125
BA.2 s ens | 1530] 7., e 444 1212 | 581
Il 447 ] 2255 Il N
Y 15.065 Y 13.385 N 12.56
I 3464 I 28.12 I 31.465
llb 39.455 lIb 28.66 lib 26.7
Beta 4712 | 5585725 2683 | <40 | 3142 |- N 2331 2694 | 26.95 <40 | <40
Y . N 29585 Y 13.775
I 33.64 I 27.35 1714 I 38.49
llb 21815 Ib 23.695 lIb 20925
Delta mos 2504 | 2999 | <40 | 1046 00435 * T 2615 | <40 | <40
\" 21.38 \" 14 .46 \" 9.54

Table 8: IgG antibody titers, FcyR-activating titers, and PRNT5, titers of the AAV-S-
RBD immunizations

Displayed is an overview of significant immunization results in NMRI mice with wt and
variant AAV-S-RBD vectors against the different SARS-CoV-2 antigens. Mice were
immunized with AAV-S-RBD vectors with the wt, BA.2, Beta and Delta S-RBD, as well as
a mix of all variant S-RBDs. For each test antigen (S1-domain of wt, BA.1, Beta and Delta
variants), total IgG titers (AUC), FcyR-assay titers (AUC) and PRNTso are shown. For BA.2
and BA.5, only PRNTsg results are available. Significant results are highlighted in green.

* p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001
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lineages, but not against the other variants. However, against the other variants, an FcyR-
activating response is induced, which cannot be observed against the Omicron BA.1
antigen. An important aspect of further investigation would be to analyze, if these cross-
reactive, non-neutralizing antibodies could also exhibit a protective effect after infection
and if that effect would also hold up against upcoming variants.

However, in this last evaluation, no mucosal antibodies could be detected in either the
lungs or the nasal washes. Considering the previous experiments, more than one
intranasal booster dose might be necessary to induce a strong IgA response in the

respiratory tract.

5.2.2.3 Conclusion

The AAV-S-RBD vaccine designed and evaluated in this thesis initially demonstrated a
promising potential as a vaccine candidate against SARS-CoV-2. The further evaluations
resulted in rather mixed outcomes, indicating that optimization of the vaccine design might
be necessary to obtain more robust results. An interesting finding was the cross-reactivity
of the antibodies induced by the AAV-S-RBD BA.2 vaccine, and the induction of FcyR-
activating responses of non-neutralizing, cross-reactive antibodies, which could be
important for future vaccine design, especially against newly emerging variants.

For future evaluations, protection from infection after viral challenge should also be
assessed. For this purpose, more suitable animal models should be used, which could
mimic the clinical signs of human disease, like the Roborovski dwarf hamster (P.
roborovskii) (Trimpert et al. 2020; Gruber et al. 2022).

5.3 Perspective and Outlook

In this thesis the bivalent AAV-HA/NP vaccine against influenza A viruses has shown to be
a promising vaccine candidate, proving to be superior to vaccination with an inactivated
vaccine in all of the assessed parameters. Especially the induction of mucosal IgA and
FcyR-functions add important aspects as additional layers of protection, which is not
achieved by WIV immunization.

For the here evaluated AAV-S-RBD vaccine, results were not as intriguing, but an
interesting aspect observed here was the induction of cross-variant FcyR-activating
responses by antibodies that did not show neutralizing activity.

So far, the focus of vaccination mostly lies on the induction of neutralizing antibodies, but
effector functions with broadly reactive characteristics have come more into focus (Keeler
and Fox 2021; Richardson and Moore 2021; Zhang et al. 2022). For SARS-CoV-2, the two

most used mRNA vaccines have shown to result in distinct epitope recognition and effector
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functions, so antigen-design and epitope analysis should be a crucial aspect for future
vaccines.

AAV-vectors have shown to be able to induce such effector functions with the here
evaluated antigens. They seem to be able to deliver the antigens in such a way, that
different epitopes can be assessed, resulting in an immune response with a wide array of
humoral and cellular effector functions, which makes them a promising delivery tool for
vaccines.

However, also the downsides of cellular effector functions need to be assessed very
carefully to avoid severe side effects of vaccination. Thus, in addition to epitope mapping,
also the balance between beneficial and detrimental immune responses needs to be
evaluated.

For the two viruses that have been the subject of this thesis, new vaccination strategies
and vaccine technologies are intensely studied. For IAV, universal vaccine candidates are
being investigated and pushed forward to clinical trials, e.g. an nucleoprotein-based
universal IAV vaccine candidate, which has started a Phase 2a clinical trial just in June
2023 (Leroux-Roels et al. 2023). For SARS-CoV-2, many vaccine candidates are in pre-
clinical (199) or clinical development (183), registered in the WHO COVID-19 vaccine
tracker (WHO 2023a). One AAV-based vaccine of the Russian company Biocad is in Phase
1/2 clinical trial, while the other AAV-based vaccine (AAVCOVID), which had emerged early
on in the pandemic, has not progressed to clinical trials yet, despite very promising results
in pre-clinical NHP studies (Zabaleta et al. 2021; Zabaleta et al. 2022; WHO 2023a). Of all
registered vaccine candidates, 16 (9%) are intended for intranasal application. One of
those, for example, is the live-attenuated virus vaccine candidate sCPD9 by the Swiss
company RocketVax in cooperation with the Institute of Virology of the Freie Universitat
Berlin, which showed promising results in the hamster model (Adler et al. 2023).

Overall, it is crucial that future vaccines can be protective against the continuously
emerging variants without the need to constantly re-design and re-apply those. Both
viruses pose the threat of the emergence of future pandemic variants at the human-animal-
interface. Hence, vaccines should ideally also be able to protect the population from death,
severe disease, and long-term effects in the case such a new divergent pandemic virus

arises.
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6 Summary

AAV-vector based vaccines for pandemic viruses: Evaluation of broadly reactive

responses against influenza A viruses and SARS-CoV-2
Sandra Stelzer

Influenza A viruses and SARS-CoV-2 continue to pose a severe threat to public health.
Both are zoonotic pathogens, having arisen from the close human-animal interface.

For both viruses vaccines are available, however their continuous evolution leads to
immune escape so that the vaccines need to be continuously evaluated, updated and re-
administered.

For influenza viruses, immunity is mainly directed against the head of the viral surface
protein HA, which is continuously changing due to drift processes, resulting in strain-
specific responses.

For SARS-CoV-2, the spike glycoprotein on the surface, which facilitates receptor-binding
is the target of current vaccines.

For both viruses, the interest lies in the development of broadly reactive vaccines which
can protect against current and future variants.

A concept that has gained interest in the development of vaccines is the induction of non-
neutralizing antibodies that can activate cellular effector-functions, like ADCC. Another
important aspect is the induction of mucosal antibodies, in regard to the infection route of
both viruses. New delivery platforms have also been evaluated and gained momentum
during the SARS-CoV-2 pandemic, for example vector vaccines (e.g. Vakzevria®), or
mRNA-based vaccines (e.g. Comirnaty®). New vaccine candidates are also continuously
developed and evaluated, for example the nucleoprotein-based vaccine by Leroux-Roels
et al. (2023), which is currently in clinical trials.

The AAV-vectors used in this thesis have shown to be safe for the use in humans and have
already been successfully evaluated for the use as vaccine vectors. Intriguingly, they can
be repeatedly administered via the respiratory tract, following the natural infection route.
For IAV, this thesis aimed to assess a possible synergistic effect of an AAV-vector vaccine
combining the HA and NP antigens of the influenza virus A/California/7/2009pdm.
Furthermore, it was hypothesized that, opposed to WIV vaccination, the AAV-vaccine could
induce broadly reactive responses. Additionally, an AAV-vector vaccine carrying the HA of
the group 2 virus A/Aichi/2/68 (H3N2) was assessed regarding the hypothesis of the

induction of a broadened immune response in combination with the group 1 HA of
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A/California/7/2009pdm. Furthermore, the induction of a mucosal immune response along
the route of application in the respiratory tract was evaluated. To measure these responses,
humoral, i.e. neutralizing, broadly reactive, and FcyR-activating responses were evaluated
in the sera of immunized C57BL/6 mice, mucosal responses were assessed in nasal
washes and lung samples, and T-cells were measured in spleens. The protective efficiency
was assessed by an experimental challenge of mice with homologous, heterologous and
heterosubtypic virus.

Here, it was shown that a bivalent AAV-HA/NP vaccine was superior to WIV immunization.
In the serum of mice immunized with AAV-HA/NP, broadly reactive antibodies and FcyR-
activating responses could be detected, while in nasal washes and lung samples mucosal
antibodies were present. After a prime-boost i.n. application the vaccine was also capable
of protecting mice from viral challenge of homologous, heterologous and heterosubtypic
virus, which WIV did not. An AAV-vector vaccine containing a group 2 HA (H3) was
evaluated for the first time in vivo and proved to be successful in inducing strain-specific
antibodies and protecting against homologous challenge but did not induce broadly
reactive antibodies.

Another aim of this thesis was the design and evaluation of an AAV-vector vaccine against
SARS-CoV-2, because earlier studies evaluating a similar AAV-vector vaccine against
SARS-CoV showed promising results. In the course of this thesis, the vaccine was further
adapted to the emerging VOCs. In addition to the overall immunogenicity, the hypothesized
cross-reactivity and broadly reactive responses induced by the AAV-vaccines against the
wildtype virus and the different VOCs were evaluated. The AAV-S-RBD vaccine was
initially evaluated in mammalian cell culture models before the in vivo analyses were
conducted. Initially, different mouse strains were evaluated, and for subsequent analyses
BALB/c and NMRI mice were used. Sera, nasal washes, lung samples and spleens were
analysed as mentioned for the mice in the IAV experiment. No viral challenge was
conducted.

For this part, an induction of variant-specific antibodies by the designed AAV-S-RBD vector
could be shown, but it wasn’t robust. Interestingly, non-neutralizing antibodies induced by
the AAV-S-RBD BA.2 vector could be shown to induce FcyR-activating responses.
Overall, in this thesis AAV-vectors have been demonstrated to be promising vaccine
candidates for the induction of broadly reactive immune responses against influenza
viruses and SARS-CoV-2.
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7 Zusammenfassung

AAV-Vektor basierte Impfstoffe gegen pandemische Viren: Untersuchung von breit-

reaktiven Immunantworten gegen Influenza A Viren und SARS-CoV-2
Sandra Stelzer

Influenza-A-Viren und SARS-CoV-2 stellen weiterhin eine ernsthafte Bedrohung fir die
offentliche Gesundheit dar. Beides sind zoonotische Erreger, die durch enge Kontakte
zwischen Mensch und Tier entstanden sind. Fir beide Viren sind Impfstoffe verfligbar,
jedoch fuhrt ihre standige evolutive Weiterentwicklung zu Immunevasion, weshalb die
Impfstoffe kontinuierlich Gberprift und ggf. aktualisiert und erneut verabreicht werden
mussen. Bei Influenza-Viren richtet sich die Immunitat hauptsachlich gegen den
Kopfbereich des viralen Oberflachenproteins HA, das aufgrund von Drift-Prozessen
kontinuierlich verandert wird, was zu stamm-spezifischen Reaktionen flihrt. Bei SARS-
CoV-2 ist das Spike-Glykoprotein auf der Virion-Oberflache, welches die Rezeptorbindung
ermoglicht, das Ziel der aktuellen Impfstoffe.

Fur beide Viren besteht das Interesse an der Entwicklung von breit reaktiven Impfstoffen,
die vor aktuellen und zukinftigen Varianten schitzen kdnnen. Ein Konzept, das in der
Entwicklung von Impfstoffen Interesse gewonnen hat, ist die Induktion von nicht-
neutralisierenden Antikdrpern, die zellulare Effektorfunktionen wie ADCC aktivieren
kénnen. Ein weiterer wichtiger Aspekt ist die Induktion von Schleimhautantikdrpern in
Bezug auf den Infektionsweg beider Viren. Wahrend der SARS-CoV-2-Pandemie wurden
auch neue Impfstoffplattformen evaluiert und gewonnen an Bedeutung, wie z.B.
Vektorimpfstoffe (z.B. Vakzevria®) oder mRNA-basierte Impfstoffe (z.B. Comirnaty®). Auch
fur Influenzaviren werden kontinuierlich neue Impfstoffkandidaten entwickelt und
untersucht, wie z.B. der Nukleoprotein-basierte Impfstoff von Leroux-Roels et al. (2023),
welcher mittlerweile in der klinischen Entwicklung ist.

Die hier verwendeten AAV-Vektoren haben sich als sicher fur den Einsatz beim Menschen
erwiesen und wurden Dbereits erfolgreich als Impfstoffvektoren evaluiert.
Interessanterweise konnen sie Uber den Atemweg wiederholt verabreicht werden und
folgen so dem natirlichen Infektionsweg.

Fir IAV zielte diese Arbeit darauf ab, einen moglichen synergistischen Effekt eines AAV -
Vektor-Impfstoffs zu untersuchen, der die HA- und NP-Antigene des Influenza-Virus
A/California/7/2009pdm kombiniert. Dartiber hinaus wurde die Hypothese aufgestellt, dass
im Gegensatz zur WIV-Impfung der AAV-Impfstoff breit-reaktive Reaktionen hervorrufen

kénnte. Zusatzlich wurde ein AAV-Vektor-Impfstoffs, der das HA des Gruppe-2 Virus
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A/Aichi/2/68 (H3N2) tragt, im Hinblick auf die Hypothese der Induktion einer verbreiterten
Immunantwort in Kombination mit dem Gruppe-1-HA von A/California/7/2009pdm
untersucht. Auch wurde die Induktion von mukosaler Immunitdt entlang der
Applikationsroute im Respirationstrakt untersucht. Zur Messung der Immunparameter
wurden humorale, d.h. neutralisierende, breit-reaktive und FcyR-aktivierende Antikérper
im Serum immunisierter C57BL/6 Mause bestimmt, mukosale Reaktionen wurden in
Proben von nasaler Lavage und Lungen beurteilt, und T-Zellen wurden in Milzen gemessen.
Die schutzende Wirkung der Impfung wurde durch eine experimentelle Infektion der Mause
mit homologen, heterologen und heterosubtypischen Viren evaluiert.

Hier konnte gezeigt werden, dass ein bivalenter AAV-HA/NP-Impfstoff der WIV-Impfung
Uberlegen war. Er konnte breit reaktive Antikdrper, Schleimhautantikérper und FcyR-
aktivierende Reaktionen induzieren. Nach einer i.n.-Anwendung im Prime-Boost-Schema
war er auch in der Lage, Mause vor viralen Infektionen durch homologe, heterologe und
heterosubtypische Viren zu schiitzen, was mit WIV nicht der Fall war. Ein
AAV-Vektor-Impfstoff mit einem Gruppe-2-HA (H3) wurde erstmals in vivo evaluiert und
erwies sich als erfolgreich bei der Induktion von stamm-spezifischen Antikdrpern und dem
Schutz vor homologer Infektion, induzierte jedoch keine breit reaktiven Antikorper.

Ein weiteres Ziel dieser Arbeit war das Design und die immunologische Untersuchung
eines AAV-Vektor-Impfstoffes gegen SARS-CoV-2, da friihere Studien, die einen ahnlichen
AAV-Vektor-Impfstoff gegen SARS-CoV untersuchten, vielversprechende Ergebnisse
zeigten. Im Verlauf dieser Arbeit wurde der Impfstoff weiter an die aufkommenden VOCs
angepasst. Neben der Immunogenitat wurden auch die hypothetische Kreuzreaktivitat und
die breit-reaktiven Reaktionen, die durch die AAV-Impfstoffe gegen das Wildtyp-Virus und
die verschiedenen VOCs hervorgerufen wurden, analysiert. Der AAV-S-RBD-Impfstoff
wurde zundchst in Zellkulturmodellen an Saugetierzellen evaluiert, bevor die in vivo-
Analysen durchgefuhrt wurden. Zunachst wurden verschiedene Mausstamme evaluiert,
und fur anschliefende Analysen wurden BALB/c- und NMRI-Mause verwendet. Seren,
Proben von nasaler Lavage und Lungen, sowie Milzen der Mause wurden wie im IAV-
Experiment analysiert. Es wurde keine experimentellen Infektionen durchgefihrt.

In diesem Teil konnte gezeigt werden, dass der entwickelte AAV-S-RBD Impfstoff stamm-
spezifische Antikdrper induziert. Interessanterweise konnte auch nachgewiesen werden,
dass nicht-neutralisierende Antikdrper, die durch den AAV-S-RBD-BA.2-Vektor induziert
wurden, FcyR-aktivierende Reaktionen hervorrufen. Insgesamt haben sich AAV-Vektoren
in dieser Arbeit als vielversprechende Impfstoffkandidaten fir die Induktion breit reaktiver

Immunantworten gegen Influenza-Viren und SARS-CoV-2 erwiesen.
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Figure 43: Gating strategy for intracellular cytokine staining for CD4 and CD8 T-cells
For the intracellular cytokine staining, labelled splenocytes were gated as follows: first, the
lymphocyte population was gated, then single cells and live cells. Live cells were gated for
surface markers CD3, and the population was then separated into CD4* and CD8" cells.
CD4 cells were analyzed for activation markers CD154 and IFNy and CD8 cells for TNFa

and IFNy
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Figure 44: Fractions of CD4* and CD8* cells of CD3" cells in miced immunized with
influenza A antigens

Displayed are the fractions of CD4" or CD8* cells of CD3* cells in the mice immunized with
influenza A antigens.
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Positions from 1 till &0

Consensus sequence MKAILIVLLYAFAAALGQDLPGNDNDADTLCIGYHANNSTDTVDTVLEKNVTVTHSVNLL
CAR24269 A/Aichi/2/1968 (H3N2) “METI.A.S.T.CL. . .uueuuernn STA...L.H..VPNGTL.K.ITDDQIE..NATE.V
ACP41953 A/California/07/2009(HIN1) ... .. V....T..T.-—-—-==-=-—-—-—-- e i it i s et n s s s maa s s ma s s s nma e
BAKB&308 A/Puerto Rico/8/1934(HIN1l) .. .N.L...C.L...-—-—-—-—————— e

Positions from 61 till 120

Consensus sequence EDSENGKLCKNPHRILDGIAPLHLGKCNIAGWLLGNPECDPLFPAESWSYIVETPKSDNG
CRA2426% A/Richi/2/156&8 (H3N2) OS5.ST.. ..D.H..-V.QN.T.DLF..RS.AFSN
ACP41953 A/california/07/2009(HIN1) . .E. ... ... LR.V.L L. ......E85.8T.S.. .5. ..
86308 A/Puertoc Rico/8/1934(HIN1)......... . . e e - N.E..
Positions from 121 till 180
Consensus sequence ICYPGDFIDYEELREQLSSVSSFERFEIFPKESSWPNHDQNKGVTAACKHAGASSFYKNL
CARA24269 A/BRichi/2/1968 (H3N2) -...Y.VP..AS..-——_.L.A.S5GTL.FITEGFT.TGVT..-.GSN...RGPG.G.FSR.

ACP41953 A/California/07/200%(HIN1) T
BREB6308 A/Puerto Rico/8/1934(HINL) . o o o o o i i it e i e e e e e e e e e e e e e e e e e e e

Positions from 181 till 240

Consensus sequence IWLTKKGGSYPKLKKSYINDKGKEVLVLWGIHHPSTSAEQQSLYQNADAYVFVGTSRYNK
CAR24269 A/Aichi/2/1968 (H3N2) N....S5.8T..V.NVTMP.NDNFDK.Y¥I........N¢..T...VQ.5GR.T.S.R.SQQC
ACP41953 A/california/07/2005(HIN1) .. .V...N..... = Do e e m e e 5...5.
BAEB6308 A/Puerto Rico/8/1934(HIN1)L...E.E....... N..V.K....veeuuuv....PN.E...N....EN...S.V..N..R

Positions from 241 till 300

Consensus sequence KFIPEIAERPKVRDQACGCRMNYYWTLVKPGDKIIFEANGNLIAPRYAFAMERGAGSGIIIS
CRA24269 A/Richi/2/1%68 (H3N2) TI..N.GS..W..GLSS.ISI. c WVLVINS. . ouu .. GY.E.-.TGK.S.MR.
ACP41953 A/california/07/2009(HIN1) . .E....T....... Eoeie i e E.uuoo-T. . T VV . ieenenno. ).
BAES6308 A/Puerto Rico/8/1934(HINL) R . T . s v i v v v v m e s s vmme e T M....LS..F..... T.

Positions from 301 till 360

Consensus sequence DAPIHDCNTECQTPKGAINNSLPFQNIHPITIGACPKYVKSAKLRLATGLRNIPSIQSRG
CARR24269 A/ARichi/2/19%68 (H3N2) ....DT.IS..I..N.S.P.DE....VNE..Y........ OQNT.K....M_._V.EE.T..
ACP41953 A/California/07/2005(HIN1) .T.V..... T e e e oo s e T o e e e e e e e e e e e e e e
BREB86308 A/Puertc Rico/8/1934(HIN1)N.SM.E...K....L....S8...Y.....V...E..... Boviews MV et ot nee eeennas

Positions from 361 till 420

Consensus sequence LFGAIAGFIEGGWTGMIDGWYGYHHONEQGSGYAADLKSTONAIDEITNKVNRVIEKMNE
CEA2426% A/Aichi/2/1968 (H3N2) ... ... N..E........ FR...SE.T.Q........ A...Q.NG.L...... T..
ACP41953 A/California/07/200G(HINL) . . . . o i v v v v v v me a s Vo e e e it s s a s s st e e s e S.innnn T
BARR6308 A/Puerto Rico/8/1934(HINL) . . . . o o i i i e e e e e e e e e e e e e e e e e e e e Q... ... NG...... Tovenn. I

Positions from 421 till 480
Consensus sequence QFTAVGKEFNELEKRIENLNKKVDDGFLDIWTYNAELLVLLENERTLDFHDSNVKNLYEK
CRA24269 A/Richi/2/1568 (H3N2) K.HQIE...S.V.G..QD.E.¥.,E.TEI.L.S.... ... A...QH.I.LT..EMNEK.F..
ACP41953 A/california/07/2009(HINL) - . .. ... ... 2 ¥ o e e e e e e e
86308 A/Puerto Rico/8/1934(HIN1) . ... ...... )

Positions from 481 till 540
Consensus sequence VRSOLKNNAKEIGNGCFEFYHKCDNACMESVRNGTYDYPKYSEEAKLNREEIDGVKLESG
CAR2426% A/BAichi/2/1968 (H3N2Z) T.R..RE..E.M..... Kl.....ou. I..IT...... HDV.RD..LN..FQ.EK..E.EK..
ACP41953 A/California/07/200S(HINL) . . . . . .. . i i it it i e e e e o T..... Ko e e e e e e e e e e e e e e T
86308 A/Puerto Rico/8/1934(HIN1) . K. . ¢ vt i i v it e e e e e e maee e E oottt e mma e S EV.'eeen.on M

Positions from 541 till 581

Consensus sequence GIYQILAIYSTVASSLVLVVSLGAISFWMCSNGSLQCRICI
CARA24269 A/Aichi/2/1968 (H3N2) YEDW..W.SFAISCF.LC..L..F.-M.AE.QR.NIR.N...
ACP41953 A/California/07/200%(HIN1) R
BAEBG308 A/Puerto Rico/8/1934(HINL1) . . . . o oo i i i v o it e on

Figure 45: Hemagglutinin amino acid sequences of influenza A viruses H1N1
Cal/7/09pdm and PR8 and H3N2 Aichi/2/1968

Amino acid sequence comparison of the hemagglutinin (HA) protein of the H1N1 influenza
A viruses (IAV) Cal/7/09pdm and PR8 and the H3N2 IAV Aichi/2/1968 from the influenza
virus database by NCBI (Bao et al. 2008; NCBI 2023).
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from 1 £ill 60

Consensus sequence MASQGTKRSYEQMETDGERQNATEIRASVGKMIGGIGRFYIQMCTELKLSDYEGRLIQNS
B/RAchi/2/1968 (H3N2) o e e i e e e e e e e e e e e e e e e e e e e e e e e 0
A/California/08/2009(HIN1) . . . . ... ... ... .. e o Deveunn.

B/Puerto RICO/B/1934 (HINL) & . i v i v i i e e e e e s m e mm e s s s mmmae s mesms e e s sesesessnsesmese e

from 61 till 120

Consensus sequence LTIERMVLSAFDERRNKYLEEHPSAGKDPKKTGGPIYRRVDGKWMRELILYDKEEIRRIW
A/Richi/2/1968 (H3N2)
a/California/08/2009 (HIN1) I
A/Puerto Rico/8/1934 (HINL) . . . i i i i i e i e e e e e e e e s s s s mmmesne e emee e

from 121 till 180

Consensus sequence ROANNGDDATAGLTHMMIWHSNLNDATYQRTRALVRTGMDPRMCSLMQGSTLPRRSGAAG
B/Bichi/2/1968 (H3N2) e e i e e e e e e e e e e e e e )
A/California/08/2009 (HIN1) . ... .. E. ... T o o e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e

E/Puerto RICO/EB/ 1934 (HINL) & i i i i i i i i it i e e e et e e e m s et mmm e e m e s me e as e e e e s e eeeeesesaaas

from 181 till 240
Consensus sequence AAVKGVGTMVMELIRMIKRGINDRNFWRGENGREKTRIAYERMCNILKGKFQTAAQRAMMD
A/Richi/2/1968 (H3N2)

&/California/08/200% (HIN1)
A/Puerto Rico/8/1934 (HIN1)

from 241 till 300

Consensus sequence QVRESENPGNAEIEDLIFLARSALILRGSVAHKSCLPACVYGPAVASGYDFEREGYSLVG
B/BACHI/Z2/1968 (HIN2) e e oeoe e e e e e e e e e e e
&/california/08/2008% (HIN1) .
L/Puerto Rico/8/1934(HIN1) . ... ... .....

from 301 till 360
Consensus Sequence
A/Richi/2/1968 (H3NZ)
A/California/08/2009% (HIN1)
A/Puerto Rico/8/1934 (HIN1) . . ..

from 361 till 420

Consensus sequence RGVQIASNENMETMESSTLELRSRYWATRTRSGGNTNQQRASAGQISVQPTFSVQRNLPF
A/Richi/2/1968 (H3NZ2) . ... ... F
L/California/08/2009 (HIN1) . .. . ..
A/Puerto Rico/B/1934 [(HINL) . . . o i i i i e i i i e e e e e e e e e e e e e e e e e e e e e e e e e e e T,

from 421 till 480

Consensus sequence DRATIMAAFNGNTEGRTSDMRTEI IRMMESAKPEDLSFQGRGVFELSDEKAANPIVPSFD
A/Aichi/2/1968 (H3N2) EPL ... Tt e et e ennn s - 3. Ruwvnnmnns
A/California/08/2009(HIN1)E . . .V....S5. . N....0c0c.... L 1
A/Puerto Rico/8/1934 (HINL) . . T . o o o i i i i i i i e e e e e e e e e e e e = 1 =

from 481 till 498

Consensus sequence MSNEGSYFFGDNAEEYDN
A/Richi/2/1968 (H3N2) & @it ittt it i e e e s
L/California/08/2009(HINL) . . . . @ i v it i v v e e e s

A/Puerto Rico/8/1934 (HIN1) . . . . ..o .t nn

46: Nucleoprotein amino acid sequences of influenza A viruses H1N1

Cal/7/09pdm and PR8 and H3N2 Aichi/2/1968

Amino acid sequence comparison of the nucleoprotein (NP) protein of the H1N1 influenza
A viruses (IAV) Cal/7/09pdm and PR8 and the H3N2 IAV Aichi/2/1968 from the influenza
virus database by NCBI (Bao et al. 2008; NCBI 2023).
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Figure 47: Data on first PR8 challenge

Data on PR8 challenges were summarized in Figure 27, Figure 28, and Figure 29.
Displayed here are the separate data of the first PR8 challenge with 8*10" pfu/mouse

(A) Kaplan-Meier plot (B) relative weight loss (C) clinical score development (D) lung viral
titers at 3 days post infection (black) or the respective end point of the animal (orange) (E)
maximum weight loss

(A): Mantel-Cox test analysis, groups compared to control groups; (B): mean body weight
of individual animals in one group relative to the pre-challenge body weight + SD; (E):
symbols represent individual animals, bars: mean; (D): geometric mean, symbols
represent individual animals, black: 3 days post infection, orange: individual end point or
14 days post infection; (C): mean of daily clinical scores of individual animals in the groups.
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Figure 48: Data on second PR8 challenge
Data on PR8 challenges were summarized in Figure 27, Figure 28, and Figure 29.
Displayed here are the separate data of the first PR8 challenge with 5*102 pfu/mouse

(A) Kaplan-Meier plot (B) relative weight loss (C) clinical score development (D) lung viral
titers at 3 days post infection (black) or the respective end point of the animal (orange) (E)
maximum weight loss
(A): Mantel-Cox test analysis, groups compared to control groups; (B): mean body weight
of individual animals in one group relative to the pre-challenge body weight + SD; (E):
symbols represent individual animals, bars: mean; (D): geometric mean, symbols
represent individual animals, black: 3 days post infection, orange: individual end point or
14 days post infection; (C): mean of daily clinical scores of individual animals in the groups.
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