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INTRODUCTION

1 INTRODUCTION

1.1 Influenza Virus

Influenza viruses belong to the family of Orthomyxoviridae and are further divided into
four different species A, B, C, and D, based on their antigenic and biological
properties (ICTV 2021). While influenza viruses A, B, and C are known to cause
pathologies in humans, no infection with influenza D virus has been detected so far
(Su et al. 2017). Influenza B and C viruses usually cause mild symptoms in humans,
making influenza A virus (IAV) the major threat to public health among all influenza
viruses (Taubenberger and Morens 2008). IAVs are further divided into different
subtypes based on the antigenicity of their surface proteins hemagglutinin (HA) and
neuraminidase (NA). So far, 18 different hemagglutinin- and eleven different
neuraminidase-subtypes have been characterized. While H17, H18, N10, and N11
are only found in bats and differ significantly in their structure and function (Tong et
al. 2012; Tong et al. 2013), viruses of H1-16 and N1-9 subtypes are found in wild
water fowl, which is the natural reservoir of IAV. Aside from this, IAV is a zoonotic
pathogen and can spread among many different hosts, including domestic poultry,
seals, dogs, horses, and humans (Mostafa et al. 2018). This broad host range and the
enormous diversity of IAV have led to many zoonotic spillovers and make it a major

candidate for future outbreaks and pandemics.

The designation of IAV includes type of the virus, the species of which the virus was
isolated (if other than human), the number and location of isolation, as well as the
subtype of the surface proteins HA and NA. The influenza virus
A/Seal/Massachusetts/1/80(H7N7) is thus the first isolate from 1980 of a seal IAV
in Massachusetts and has the subtype H7N7.

1.2 Influenza Virus Particle and Composition

The influenza virus particle typically has a spherical (80-120 nm in diameter) or
filamentous (several hundred nm in length) shape (Figure 1) (Noda 2011; Li et al.
2021a). It consists of a host-derived lipid bilayer, incorporating the two major surface
proteins hemagglutinin (HA) and neuraminidase (NA), and an ion channel
membrane protein 2 (M2). HA serves as the viral attachment protein by binding
terminal sialic acid (SA), linked to galactose of glycoproteins on the host cell

8



INTRODUCTION

membrane and can induce fusion of the viral and cellular membrane (Pabis et al.
2020). M2 is important for acidification of the inner of the virus particle once it has
reached the endosome during infection. NA cleaves terminal SA from the galactose
of the cellular glycoprotein, thereby playing an important role in the release of
progeny virus as well as inhibiting binding of virus particles to each other or mucins
in the host respiratory system (Palese et al. 1974; Liu et al. 1995). The inner of the
virus particle contains the viral ribonucleoprotein (RNPs) complexes. Each of the
eight single-stranded RNA segments with negative polarity is associated with the
nucleoprotein (NP), which is an important factor for transcription and replication of
the viral genome. The viral RNA-dependent RNA polymerase is a complex
consisting of polymerase basic protein 1 (PB1), polymerase basic protein 2 (PB2), and
polymerase acidic protein (PA). It is associated with the panhandle-structured end of
the RNA and mediates transcription and replication of the viral genome during the
replication cycle. The matrix protein 1 (M1) is the mediator between the lipid bilayer
and the RNPs by interacting with both of them. It further has important functions in
the assembly of newly generated virus (Palese and Shaw 2007). In this respect, the
viral proteins can be categorized in surface proteins that are found on the virus
particle (HA, NA, M2) and internal proteins in the inner of the virion (NP, M1, PB1,
PB2, PA).

HA

M2

PA
PB1

PB2 |rNP
VRNA

NP

M1
—NA

Figure 1: Schematic structure of an influenza A virus particle.

The surface proteins hemagglutinin (HA; red), neuraminidase (NA; dark green), and membrane
protein 2 (M2; light blue) are incorporated into the host cell membrane-derived lipid bilayer (gray).
Underneath the viral membrane, the membrane protein 1 (M1; dark blue) coats the inner of the viral
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particle and regulates the interaction with the eight ribonucleoprotein complexes (RNPs). The RNPs
consist of the viral RNA (VRNA,; black line), associated nucleoprotein (NP; light green), and the
polymerase complex, a heterotrimer of polymerase basic protein 1 (PB1), polymerase basic protein 2
(PB2), and polymerase acidic protein (PA) (grey tones), respectively. The eight segments of the viral
genome form a panhandle structure, important for viral replication and transcription and encode for
eight structural and at least two non-structural proteins. Adapted from (Horimoto and Kawaoka
2005).

1.3 Influenza Virus Replication Cycle

Initially, the virus particle attaches to the cell via the globular head domain of its HA
protein by binding the cellular receptor SA on the surface (Figure 2, upper left). After
attachment, the cells internalize the virus particles via clathrin-mediated endocytosis
(Rust et al. 2004; Roy et al. 2000) or clathrin-independent mechanisms (Sieczkarski
and Whittaker 2002). The subsequent acidification of the endosomal lumen results
in a conformational change of the HA protein, bringing the internal fusion peptide in
close proximity to the endosomal membrane of the host cell (Bullough et al. 1994).
The hydrophobic fusion peptide is inserted into the endosomal membrane, which
induces the fusion process with the virus particle. In parallel, the M2 protein serves
as an ion channel in the viral membrane (Pinto et al. 1992), allowing protons to enter
the particle and thereby weakening the interaction between M1 and NP (Bui et al.
1996). These two events enable the viral RNPs to enter the cytoplasm from where
they are transported into the nucleus via nuclear localization signals (NLS) located
in the NP (Figure 2 lower left). The panhandle-structure of the RNPs is warranted by
complementary 5’ and 3’ ends of the viral genome, which are identical in all segments
and serve as promoters for transcription of the RNA genome into viral mRNA.
During this, a mechanism called “cap-snatching” is used to ensure subsequent
translation by host ribosomes. The PB2 protein binds to the 5’-cap structure of
cellular mRNA and attaches it to the 3’-end of the viral genome. The intrinsic
nuclease activity of PB2 subsequently results in the cleavage of the cellular mRNA,
resulting in a free 3’-OH group, serving as a primer for viral mRNA production. The
polymerase complex can then produce the primary transcripts, which are
subsequently polyadenylated at their 3’ end. Some transcripts, including the M- and
NS-segments, can undergo splicing by the cellular spliceosome and the mature
mRNAs are transported to the cytoplasm, where translation via the cellular
machinery takes place (Figure 2 center). Membrane-associated proteins, like HA,
NA, and M2, are produced at the rough endoplasmic reticulum and transported to

the plasma membrane via the Golgi network, where they are glycosylated and form
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trimers (HA) or tetramers (NA). Viral proteins that are not membrane-associated
have a NLS and are therefore transported into the nucleus. The enrichment of soluble
NP affects the polymerase activity of PB1, PB2, and PA and results in a switch from
transcription to production of full-length anti-genomes. Associated with NP, PBI,
PB2, and PA, these anti-genomes serve as a template for replication and for the
production of new viral genomes (Dou et al. 2018). The new viral RNPs are then
transported into the cytoplasm and cluster at areas in close proximity to the
membrane, where HA, NA and M2 are accumulated. Via a specific sorting
mechanism (Fujii et al. 2003; Gog et al. 2007) it is ensured that the correct number
and 1dentity of segments are incorporated into the newly budding virions (Figure 2

upper right) (Moreira et al. 2016).
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Figure 2: Schematic illustration of the IAV replication cycle.

TAV attaches to the host cell via binding of HA to terminal sialic acids (illustrated in brown color) on
the cell membrane. The virus particle is then taken up into the endosome, where acidification leads to
HA-mediated fusion of the viral and the endosome membrane. After release of vRNPs into the
cytoplasm, import of vRNPs into the nucleus is mediated via nuclear localization signals (NLS) in
NP. Transcription, splicing, and replication takes place in the nucleus, from where the processed
mRNAs are exported into the cytoplasm and translated at free ribosomes (internal IAV proteins) or
at ribosomes associated with the endoplasmic reticulum (membrane-bound IAV proteins). Free viral
proteins are translocated back into the nucleus to support and regulate the replication of the viral
genome into copy RNAs (cCRNA) serving as a template for new viral genomes. Viral proteins and
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newly synthesized viral genomes bud at the plasma membrane of the infected host cell. Release of
progeny virus particles is supported by NA cleavage of terminal sialic acids, which would otherwise
result in clumping of progeny virus to the host cell membrane and other virus particles. Adapted from
(Sandbulte et al. 2015).

The NA protein can cleave terminal neuraminic acid on the cellular and viral
membrane to prevent newly budding virus particles from clumping. To obtain
infectivity, the HA protein has to be cleaved, which enables the fusion protein to be
exposed upon acidification in the endosomal lumen during the subsequent infection
cycle. The cleavage is performed by proteases which can be located in the endosomal
membrane itself, on the surface of host cells or in extracellular matrix (Klenk et al.

1975; Lazarowitz and Choppin 1975; Dou et al. 2018).

1.4 Influenza Pathology

1.4.1 Seasonal Influenza

Currently circulating IAV strains of the subtypes HIN1 and H3N2, together with
influenza B virus (IBV) strains, result in annual epidemics in the human population
during cold seasons. Human infections with seasonal influenza viruses cause three to
five million cases of severe disease including 290.000 — 650.000 deaths worldwide per
year (WHO 2017). Infection leads to respiratory signs, like sore throat, runny nose,
and cough, but can also result in systemic symptoms including fever, headache,
muscle and joint pain, and severe malaise (Wright et al. 2007). In most cases, human
infection with seasonal TAV is self-limiting and clinical signs vanish after one to two
weeks. However, IAV infection can also lead to life-threatening disease of the lower
respiratory tract with primary, viral or secondary, bacterial pneumonia, and acute
respiratory distress syndrome (ARDS) (Kalil and Thomas 2019). People at higher
risk for these lethal outcomes are those with chronic medical or immunosuppressive
conditions, children, and the elderly. Given the high number of annual infections

during IAV seasons, this is a substantial burden for public health.

1.4.2 Avian and Pandemic Influenza

In addition to the seasonal influenza, IAVs can spillover from animals like avian
species or pigs to humans (Joseph et al. 2017; Kim et al. 2016). These subtypes
typically harbor different antigenic features and are usually poorly adapted to the
human host. However, since the human population does not possess immunity

against the IAVs, these viruses may spread very fast and lead to global pandemics if
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a sustainable human-to-human transmissibility was present. In contrast to seasonal
influenza virus, IAVs of direct avian origin replicate in the lung of infected patients
(see 1.5) and disease outcomes are far more devastating with death rates reaching up
to 60% for highly pathogenic H5N1 viruses. However, no efficient human-to-human

transmission of these avian viruses has been reported so far.

Nevertheless, adaptation of zoonotic IAV to the human host can lead to fast spread
of the virus in the population. In the past, four major pandemics have occurred (Table
1). Although it is difficult to recapitulate exact death rates for past pandemics, in
1918/1919, the Spanish flu led to the death of approximately 27 — 50 million people
worldwide (Johnson and Mueller 2002; Spreeuwenberg et al. 2018; Taubenberger
and Morens 2006). In this case, an avian influenza virus crossed the species-barrier
and adapted to the human host by antigenic drift (1.5), leading to human-to-human
transmissibility. The latter three pandemics were caused by a newly reassorted virus
containing either human and avian gene segments (Asian and Hong Kong flu)
(Jackson 2009; Belshe 2005) or human, avian, and swine influenza virus gene

segments (swine flu) (Guo et al. 2020).

Table 1: Past influenza A virus pandemics

Virus(Subtype) Year Deaths Lethality Source

Spanish flu 1918/1919 27 — 50 million 5-10% (Taubenberger

(HINT) and Morens
2006)

Asian flu 1957/1958 >1 million ~0.5% (Wright et al.

(H2N2) 2007)

Hong Kong flu 1968 approx. 1 million ~0.5% (CDC 2019a)

(H3N2)

Swine flu 2009 150,000 - 575,000 ~ 0.1 % (CDC 2019Db)

(HIN1)

1.5 Antigenic Shift and Drift

Since the influenza virus polymerase complex does not have any proofreading
activity, single-nucleotide polymorphisms (SNPs) occur during the replication of the
viral genome with a frequency of approximately one mutation per replication cycle

(~12.000 nucleotides) (Drake 1993). Upon selective pressure, for example when
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humoral immunity against influenza virus exists in the host, progeny virus containing
SNPs at the antibody-binding sites in HA or even NA can be positively selected (Both
et al. 1983). This mechanism, called antigenic drift (Figure 3 A), leads to the annual
emergence of new influenza serotypes and is the reason why the seasonal influenza
vaccine has to be updated every year (Carrat and Flahault 2007). Antigenic drift can
also occur, when an influenza virus spreads to a new host, for example from an avian
species to humans. In this case, mutants that support the efficient production of
progeny virus in the new host are positively selected (Klenk et al. 2011). In this
manner, avian influenza viruses can acquire the capability of human-to-human
transmission as described above. One major determinant of the IAV host range is the
binding specificity and affinity of the viral HA for distinct SA-host receptors. Avian
influenza viruses predominantly bind to a-2,3-linked SAs, found in the intestinal tract
of many aquatic birds, but they have a sub-optimal binding affinity to the a-2,6-linked
SAs in the human upper respiratory tract. This results in a species barrier for avian
influenza viruses between birds and humans. However, adaptation of avian IAVs
trough accumulation of mutations in the HA can lead to altered receptor specificity
and human-to-human transmission of IAVs of avian origin (Cox and Subbarao

2000).

Another mechanism, by which new types of influenza viruses can emerge, is the so-
called antigenic shift (Figure 3 B). It is based on the segmented nature of the viral
genome and can occur when a cell is co-infected by different influenza viruses. Here,
the RNPs of the different parental viruses mix during the assembly process and are
thereby reassorted into the budding progeny virus. The newly emerging virus is thus
a genetic mixture of the parental viruses. Although it is known that not all subtypes
of influenza viruses can reassort with each other, several influenza pandemics of the
past have proven that antigenic shift can indeed lead to novel virus reassortants,
especially, when the surface proteins originate from an animal host and the human
population does not have serological protection (Sandbulte et al. 2015). In the past,
many properties important for IAVs crossing the species barriers between different
hosts have been elucidated, in order to predict zoonotic and pandemic potential of
those viruses (Subbarao 2019). A major aspect of antigenic shift are intermediate
hosts of different IAV strains. The above mentioned different specificity of human
and avian IAV for a-2,6- and a-2,3-linked SA, respectively, builds a natural barrier

for spillover events between those species that is crossed only in rare cases where
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individuals had close contact to infected poultry. However, pigs do express both
forms of terminal SA in their respiratory system, making them susceptible for human
and avian viruses. In this respect, pigs are thought to act as a kind of “mixing vessel”
for TAVs of different hosts by harboring high probability of co-infection and
subsequent reassortment, as this was the case for the 2009 swine flu (Ma et al. 2008;
Cox and Subbarao 2000). Although many other aspects of inter-host transmission of
IAV have been observed, this aspect is a major concern regarding mixed animal

farming of poultry and pigs.

A Antigenic drift B Antigenic shift

Figure 3: Schematic illustration of antigenic drift and antigenic shift.

(A) Accumulation of point mutations in the viral proteins (here HA) leads to altered properties and/or
antigenicity, rendering immunity previously directed against the source virus inefficient against the
drifted virus. Furthermore, antigenic drift can play a major role in adapting to a new host of IAV after
crossing the species barrier from other IAV hosts to establish efficient viral replication and a human-
to-human transmissibility. (B) Antigenic shift occurs when two different IAVs infect the same host
cells and vVRNPs reassort during the assembly process of progeny virus. Antigenic shift can give rise
to novel IAVs, harboring fundamentally different properties in terms of transmission, pathogenicity,
host range, etc. Note that antigenically drifted viruses can subsequently also undergo antigenic drift.
Adapted from (Krammer et al. 2018).

1.6 Murine Influenza A Models

Murine animal models are the gold-standard to assess pathogenicity of IAV infection

and vaccine efficacy (Matsuoka et al. 2009). However, certain biological differences
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between the murine model and humans have to be considered when interpreting the
results. A major difference between mice and humans is the distribution of a-2,3- and
a-2,6-linked SA in the respiratory tract, and the susceptibility of the expressing cells
for IAV (Long et al. 2019). In mice, ciliated, a-2,3-linked SA-expressing airway and
type II alveolar epithelial cells are found to be infected in in vitro models (Ibricevic et
al. 2006), modelling a human infection with avian IAVs. After intranasal inoculation,
IAV replicates in the murine model in the nasopharyngeal passage and in the lung as
demonstrated by a luciferase expressing reporter IAV (Pan et al. 2013). In contrast
to humans, murine cells do not express a-2,6-linked SAs on the surface, explaining
the inability of many human IAV isolates to infect mice without further adaptation
(Ibricevic et al. 2006; Matsuoka et al. 2009). Therefore, in order to use murine models
for IAV experiments, either avian IAVs, to which mice are naturally susceptible, or
mouse-adapted IAVs of human isolates have to be used. Besides receptor specificity,
many other factors play important roles in the pathology and clinical outcome of TAV

infections in mice.

The most widely used mouse-adapted IAV originates from the virus HIN1 A/Puerto
Rico/8/34 (PR8) (Francis 1937). Initially, a human isolate of HIN1 IAV isolated in
Puerto Rico was used to infect ferrets (Smith et al. 1933) and was further propagated
in mice (Francis 1937). The original PR8 virus gave rise to many variants over the
following decades, which induce different levels of pathology and mortality in

different mouse strains (Blazejewska et al. 2011).

Another widely used mouse-adapted IAV strain originates from an IAV isolated from
seals (H7N7 A/Seal/Massachusetts/1/80), during a pandemic in these animals in
1979-1980 (Geraci et al. 1982). While the original isolate induced no pathology in a
great variety of experimentally infected animals, serial passage in chicken embryo
cells (CECs) led to the isolation of a chicken-adapted virus with high pathology in
these avian species (SC35) (Webster et al. 1981; Li et al. 1990). Although SC35 does
not result in high mortality in the murine model, serial passage of SC35 in mice gave
rise to host adaptations, ultimately leading to the a highly-virulent SC35 in mice
(SC35M) (Scheiblauer et al. 1995).
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1.7 Immune Responses

1.7.1 Cell-intrinsic Innate Immune Response

When foreign pathogens enter the body of the host, they are sensed by a variety of
receptors, called pattern recognition receptors (PRRs). These PRRs are either present
in the cytoplasm or membrane-anchored and bind pathogen-associated molecular
patterns (PAMPs). As a consequence, they activate signal transduction cascades
resulting in the expression of a plethora of different proteins to fight infection.
PAMPs are molecular structures that are part of a pathogen or generated during
replication, and the produced double stranded RNA (dsRNA)-intermediates, as well
as the panhandle-structured ends of IAV, are prominent ligands for different PRRs
(Murphy and Weaver 2018).

1.7.1.1 DsRNA-mediated Innate Immunity

Many different PPRs that sense dSRINA during IAV replication have been identified
in the past. This includes soluble proteins like retinoic acid inducible gene-I (RIG-I),
melanoma differentiation-associated protein 5 (MDA-5), protein kinase R (PKR),
NOD-, LRR-, and pyrin-domain containing 3 (NLRP3), 2’-5’-oligoadenylat-
sythetase (OAS), RNase L, as well as Z-DNA binding protein 1 (ZBP1).
Furthermore, the membrane-associated PRRs Toll-like receptors 3 and 7 (TLR3/7),
located in the endosome, are known to bind viral RNA (Murphy and Weaver 2018).
RIG-I binds double-stranded, 5’-triphosphorylated RNA and is expressed in the
cytoplasm, therefore providing sensing of intracellular viral RNAs. Activation of
RIG-I via binding to its ligand results in conformational change, exposing its caspase
activating and recruiting domain (CARD). The mitochondria antiviral-signaling
(MAVS; also, IFN-B promotor stimulator 1 (IPS-1)) protein is located at the
mitochondrial membrane and also possesses a CARD, that interacts with activated
RIG-I. Interaction leads to an activation of MAVS and starts a subsequent signaling
cascade, resulting in translocation of interferon-regulation factor (IRF) 3, IRF7 and
nuclear factor kappa-light-chain-enhancer of activated B cells (NFkB) into the
nucleus. While IRF3 and IRF7 mainly induce expression of type I interferons (IFN)
and other IFN-stimulated genes (ISGs), NFxB activation additionally leads to
production of pro-interleukin (IL)-1B, pro-IL-18 and other pro-inflammatory
cytokines. Besides type I IFN, type III IFN (IFN-A) is produced upon influenza A

17



INTRODUCTION

virus infection, predominantly by epithelial cells (Killip et al. 2015). For MDA-5,
different and redundant roles have been demonstrated when compared to RIG-I
signaling during viral infection. However, for IAV, prominent interferon-stimulated

genes (ISGs) are strictly dependent on RIG-I, which suggests a subordinate role for

MDA-5 during IAV-RNA sensing (Loo et al. 2008).
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Figure 4: Schematic illustration of dsRNA-mediated innate immune pathways

Soluble, as well as endosomal membrane-associated, PRRs sense dsRNA (green) generated during
the infection cycle of RNA viruses. TLR3 and TLR7 (upper left) sense dsSRNA which leads to the
signal transduction trough the adapter molecules TRIF and MyD88, respectively. RIG-I, and to a
lesser extent MDA-5 (center), bind dsRNA in the cytoplasm and co-localize with the MAVS protein
at the mitochondria. Both pathways activate IRF3/7 and NFkB which then re-locate into the nucleus
and drive the expression of type I IFNs and interferon-stimulated genes, including pro-inflammatory
cytokines and chemokines (right). On the other hand, dsRNA is bound by PKR und ultimately results
in the phosphorylation and thereby inhibition of e[F2a (lower left). As elF2a is a critical factor for
translation, this leads to a translation stop in the cell. OAS (lower left) binds dsRNA and produces 2’-
5’ o0ligoA, acting as a second messenger for RNase L. RNase L then dimerizes and digests cytoplasmic
RNA. In the presence of dsSRNA, the adapter molecule ASC bind to NLRP3 and MAVS, leading to
the assembling of the mitochondria-associated inflammasome (center). However, direct binding of
dsRNA by NLRP3 is under investigation (dotted line). Building of the inflammasome results in the
cleavage of pro-caspasel into its active form caspase 1 and a subsequent cleavage of pro-IL-1B and
pro-IL-18, two prominent pro-inflammatory cytokines (lower center). dSRNA in Z-conformation is
produced during die TAV replication cycle and can be sensed by ZBP1 (right). ZBP1 can drive
activation of the NLRP3-inflammasome as well as assembly of MLKL. MLKL then builds pores in
the plasma membrane and leads to necroptosis of the respective cell (lower right). The isoform p150
of ADARI can destabilize dsRNA structures by deamination of adenosine and therefore inhibit the
mentioned pathways, as imperfectly matched dsRNA strands cannot activate the respective PRRs.
Furthermore, ADARI1p110 in the nucleus is supposed to act on dsRNA structures and immune
activation pathways, but the exact impact remains elusive (indicated by *?"). Adapted from (Pfaller et
al. 2021; Herold et al. 2015; Zhang et al. 2020).

PKR is a cytosolic protein kinase that dimerizes upon binding of dsRNA to get

activated. It phosphorylates the eukaryotic translation initiation factor 2a (elF2a)
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thereby blocking translation of cellular, as well as viral, mRNA (Hovanessian 1989).
As efficient viral replication is strongly alleviated when PKR is active, IAV has
developed two major mechanisms to counteract this. Firstly, IAV recruits P58IPK, a
chaperone known to suppress PKR activity (Melville et al. 1999). Secondly, the viral
non-structural protein 1 (NS1) was shown to inhibit PKR, although different
mechanisms of action have been proposed, including a direct binding to PKR or a

binding and thereby shielding the viral dSRNA (Bergmann et al. 2000)

The third important PRR in the context of IAV dsRNA is the NLRP3-receptor,
which is also expressed in the cytoplasm. In contrast to TLRs and RIG-I, NLRP3
activation directly leads to the formation of a NLRP3-inflammasome. Activated
NLRP3 binds pro-caspase 1 via the adapter molecule ASC and leads to cleavage of
the active caspase 1. Caspase 1 itself can cleave and thereby activate pro-IL-1 and
pro-IL-18, which are expressed upon NFkB activation. The active cytokines IL-13

and IL-18 are subsequently released from the cell.

OAS senses dsRNA of cellular and viral origin in the cytoplasm, which triggers the
production of the second messenger 2’-5’-oligoadenylate. 2’-5’-oligoadenylate itself
binds to RNase L and activates its RNA-specific cleaving activity, which results in

translation stop through degradation of mRNAs and apoptosis (Siddiqui et al. 2015).

ZBP1 is located in the nucleus and binds via its Zo domain to RNA in Z-
conformation, a left-handed double helix, which was found to be produced during
IAV replication (Zhang et al. 2020). Upon binding, ZBP1 activates a signaling
cascade leading to disruption of the nuclear membrane and necroptosis via mixed
lineage kinase domain-like pseudokinase (MLKL) (Jiao et al. 2020). Importantly,
necroptosis is a major driver of immunopathology and knock-out of MLKL in the
mouse model resulted in decreased pathogenic neutrophil recruitment in the lung and
a beneficial outcome of IAV disease (Zhang et al. 2020). The Zo domains of ZBP1
1s structurally similar to that of adenosine deaminase acting on RNA 1 (ADARI1)
(Schwartz et al. 2001), and previous studies demonstrate that ADARI indeed can
bind Z-RNA (Placido et al. 2007), suggesting that editing or binding of IAV-derived
Z-RNA prevents ZBP1-induced necrosis.

TLR-3 and TLR-7 are expressed in the endosome and sense viral dsRNA and
ssRNA, respectively. Upon TLRs binding to their respective ligand, TLR-adapter

molecules TIR-domain-containing adapter-inducing interferon-f (TRIF) in case of
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TLR-3, or myeloid-differentiation primary response 88 (MyD88) in case of TLR7,
are phosphorylated. While TLR-3 is the predominant TLR in macrophages, taking
up infected cell debris, TLR-7 is important for the signaling cascade in plasmacytoid
dendritic cells (pDCs) (Iwasaki and Pillai 2014). Activation of these TLRs leads to a
signaling cascade ultimately resulting in the activation and translocation of

transcription IRF3 and IRF7 and NF«B.

1.7.1.2 Negative Regulation by Adenosine Deaminases Acting on RNA

ADARI is an enzyme catalyzing the deamination of adenosine (A) to inosine (I) in
dsRNA. Two isoforms of ADARI1 exist, namely an IFN-inducible 150 kDa isoform
(ADARI1p150), and a constitutively expressed 110 kDa isoform (ADARI1p110).
Since only ADAR1p150 possesses a nuclear export signal (Figure 5; NES; illustrated
in brown), it is mainly located in the cytoplasm, while ADAR1p110 is present in the
nucleus. Both isoforms contain an enzymatically active deaminase domain at the C-
terminus, as well as three consecutive dSRNA-binding domains. At the N-terminal
end, ADARI1p150 possesses one active Z-DNA/RNA binding domain (Za) and a
structurally homologous Z-DNA binding-like domain (Zf) without binding affinity
(illustrated in green). In contrast to this, ADAR1p110 does only contain the inactive
Zf3 domain (Samuel 2011a).

nucelic acid binding domains catalytic domain

Z-DNA dsRNA deaminase
NES Za 7B

R, R, Ry NLS
poartptso NI I I
pospiio NI I I I

Figure 5: Schematic depiction of the ADARI1 isoforms p150 and p110.

Both isoforms consist of a C-terminal enzymatic domain that catalyzes the deamination of adenosine
to inosine. Two kinds of nucleic acid binding regions can be distinguished for Z-DNARNA and A-
form dsRNA. While dsRNA binding domains consist of three repetitive domains (R;-Rm) in both
isoforms, ADAR1p150 possesses two (Za, ZB) and ADARI1 one (ZB) Z-DNA binding domains. The
bipartite nuclear localization signal (NLS; red) leads to the transport of both isoforms into the nucleus,
whereas only ADAR1p150 has a nuclear export signal (NES; brown) that results in accumulation of
ADARI1p150 in the cytoplasm.

When ADARI1 binds to dsSRNA and deaminates A to I, these dsSRINA structures are
disrupted, as no strong base-pairing occurs between I and the opposing uracil (U).
Imperfect dsSRNAs are not efficiently bound by PRRs like RIG-I or MDA-5, so that
activation of innate immune responses are impaired (Figure 4). The importance of

disrupting intrinsic dsRNA structures is demonstrated by the fact, that mice
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harboring a functional Adar gene knockout succumb during the embryonic stage, and
that additional knockout of the gene for MDA-5 (Ifihl) can largely rescue this
phenotype (Liddicoat et al. 2015). Also in humans, findings of enzymatic ADAR1
nactivity based on mutations in the Za domain of ADARI1p150 highlight the major
role in cellular homeostasis, as patients suffer from severe disease though intrinsic

inflammatory responses (Rice et al. 2012; Livingston et al. 2014).

In the context of viral infection, ADAR1 can be a proviral factor, as it has been shown
for many viruses (Pfaller et al. 2021). One striking example for this is measles virus.
It was demonstrated that ADAR1p150 edits, besides cellular dsSRNA, viral defective-
interfering RNA genomes. These are accidently generated via flawed genome
replication and possess the ability to form dsRNA structures (Pfaller et al. 2018).
Knock-out of ADARI results in increased innate immune activation, particularly
shown by phosphorylation of PKR and IRF3, and significantly impaired viral
growth. As re-introduction of ADARIp150 into knock-out cells restored this
phenotype, it can be concluded that ADARI1p150 has a proviral role by disrupting
dsRNA-intermediates generated during viral replication and that this disruption

lessens innate immune activation.

IAV is well-known to produce dsRNA during its replication cycle, and previous
experiments, published while this thesis was in process, have shown that
ADARI1pl50 is essential for effective viral replication by interfering with the
activation of innate immune responses through dsRNA disruption (Vogel et al.
2020). As IAV, unlike many other RNA viruses, replicates in the nucleus of infected
cells, ADAR1p110 may also have a great impact on replication. Indeed, it was shown
that sole reduction of the ADARIpl110 resulted in increased IAV replication,
suggesting an antiviral impact and thereby a contrary effect of the two isoforms. One
hypothesis is that ADARI1pl110 edits viral RNA in the nucleus and impairs viral
growth, whereas ADAR1p150 disrupts viral dSRNA in the cytoplasm and negatively

influences innate immunity. (Cao et al. 2018).

Taken together, ADARI reduces the outcome of multiple antiviral innate immune
response pathways, thereby enhancing viral replication. Consequently, ADAR1 may
serve as a promising therapeutic target to enhance early innate immunity by blocking
ADARI1 function. However, opposing functions of ADAR1p110 in the context of

influenza A virus highlight the necessity for a more detailed mechanistic
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understanding to exploit possible beneficial effects of potential drugs targeting

ADARI.

1.7.2 Adaptive Immune Response

In parallel to cell intrinsic immunity of the primarily infected epithelial cells,
activation and stimulation of leukocytes results in additional innate immune
responses and activation of specific adaptive immunity. The first cells to react to the
viral infection are tissue-resident macrophages, which can clear virus-infected cells
by phagocytosis and release many different cytokines, especially type I IFN, and
chemokines. Type I IFNs provide a pro-inflammatory environment and chemokines
lead to the influx of monocytes from the blood stream. In the before-mentioned pro-
inflammatory milieu, these further differentiate to monocyte-derived macrophages
and monocyte-derived dendritic cells (DCs). The former ones are a major driver of
tissue damage, as they are a source of TNF-qa, IL-1B, -6, -18, and type I IFN, all
known to play crucial roles in apoptosis and necrosis of epithelial cells and the decay
of its barrier function. DCs on the other hand primarily take up IAV virions or debris
of infected and dying epithelial cells and migrate to the draining lymph nodes, where
they present the foreign antigens to T- and B cells and thereby activate adaptive

immunity (Herold et al. 2015).

1.7.2.1 T cell Responses

Naive T cells reside in the lymph node and are activated when three different stimuli
are present. Firstly, this includes the presentation of peptide fragments from DCs.
Two different major histocompatibility complexes (MHCs) are used to present
antigens to lymphocytes (MHC-I and MHC-II), and which one is necessary depends
on the subtype of T cells to be activated. The MHC of DCs binds peptides of the
absorbed antigens and is subsequently transported to the plasma membrane, where
it can interact with the T cell receptor (TCR). A crucial requirement for the activation
1s the correct affinity between the loaded MHC and the TCR, which regulates the
activation of only “matching” T cells to the intruding pathogen (Smith-Garvin et al.
2009). In addition, a costimulatory signal from the DC has to be provided. In terms
of T cells, the surface marker B7 on DCs is upregulated during its activation in the

lung and interacts with CD28 on the T cell. Thirdly, cytokines released from the DC
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are important for the activation of the T cells and drive, for CD4" T cells, their

polarization (Murphy and Weaver 2018).

CD4" T cells, also called T helper cells (Ty), are important for the activation of
humoral immunity (1.7.2.2) by providing necessary signals to B cells. The TCR of
Ty cells interacts with MHC-II, which is also present on B cells and can thereby
stimulate those to expand and produce antibodies. They furthermore leave the lymph
node and home to the infected tissue, attracted by chemokines, to establish a cytokine
milieu based on their polarization (Tyl, T2, Ty9, Tyl7, and multi-/polyfunctional
T cells) (Thakur et al. 2012). Although cytotoxic activity of Ty cells have gained
increasing interest in the recent past, the current understanding of those cells mainly

focuses on the activation of other immune cells.

CDS8" T cells are known to confer cytotoxic effects, mainly the lysis of infected cells.
They carry a TCR on their surface that interacts with MHC-I, which is not only
expressed on the activating DCs, but also on almost every cell type. This makes them
capable of interacting with these cells by MHC-I-TCR interaction and is a
requirement to lyse different kinds of infected cells. Upon their activation in the
lymph node, they home into the infected tissue, screen the tissue for cells presenting
the respective peptides on MHC-I molecules and release cytotoxic mediators, like

granzyme B and perforin, upon binding (Martin and Badovinac 2018).

1.7.2.2 Humoral Responses

Plasma cells produce antibodies and are thereby the origin of humoral immunity.
They express the B cell receptor (BCR) complex on their surface, consisting of a
surface immunoglobulin (Ig), and two invariant proteins, called Iga and Igp,
important for signal transduction. The surface Ig corresponds to the soluble Ig of the
respective B cell, which is released after activation, concerning the specificity of its
recognition site. Igs consist of two light chains and two heavy chains, both containing
a variable and a constant part (Figure 6). During the maturation of the B cell, genes
for those chains re-arrange, a mechanism called somatic recombination, to form Igs
with individual specificity on each B cell clone. This ensures diversity of recognizable
antigens within one individual. For the light chain, the two gene segments V and J
build the variable region, while the C gene segment builds the constant region. For

the heavy chain, the variable region is generated by recombination of three different
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gene segments (V, J, and D) while the constant region consists of three C gene

segments (Figure 6; illustrated by different colors).

Fv region

Fab region

light chain

heavy chain

Fc region

Figure 6: Schematic illustration of IgG as an example for the antibody structure

The antibody molecule has a Y-shape and is built by a heavy chain (blue) and a light chain (green).
While the light chain consists of a variable (V) and a constant (CL) segment, the heavy chain contains
one variable (V) and three constant (Cy1-Cr3) segments of which Cu2 and Cu3 determine the IgG
subclass and properties of the Fc region. The Fv region is responsible for the binding of the antigen
and somatic recombination of V,(D),J gene segments during the maturation of the B cell results in the
composition of different antigen-binding sites in each B cell clone (D and J gene segments indicated
by red and yellow color). Black lines illustrate disulfide bonds.

It 1s important to note that each B cell contains many different alleles for the
respective regions and that random recombination of those results in different binding
domains on the Ig. In addition, when the gene segments are rearranged, several
nucleotides can be inserted or deleted at the junction site, further increasing
heterogeneity between B cell clones (junctional diversity). While the V,(D),J joining
determines the binding specificity of the antibody, the constant region defines the
isotype of the antibody. Five isotypes exist in humans, namely IgM, IgD, IgG, IgE,
and IgA and naive B cells express IgM and IgD as surface Igs. Upon activation
through antigen recognition, they switch to the expression of other isotypes, first as
membrane-associated Igs, and later as soluble Igs. Besides the interaction of the BCR
with an antigen, B cells need, in many cases, stimulatory signals by Ty cells.
Therefore, they express the MHC-II molecule. Importantly, the exact isotype to be
produced depends on multiple different factors, including the co-stimulus during
antigen-recognition and the provided cytokine milieu during activation by Ty cells.
IgG is the most abundant isotype and plays important roles for the protection against
IAV (Murphy and Weaver 2018).
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IgGs can fight TAV infection in many ways. The most prominent functions is
neutralization. Here, antibodies bind to the surface proteins of IAV, especially HA,
and block essential functions, for example receptor binding or conformational change
after uptake. Other mechanisms, like blocking the cleavage site of HA or inactivating
NA are under investigation. Notably, apart from HA and to some extent NA,
antibodies cannot neutralize the functions of other viral proteins, as these are not
accessible. However, non-neutralizing antibodies directed against internal proteins
have been described, and they can confer protection via their Fc part. Many immune
cells express specific Fc-receptors (FcR) on their surface and interaction of these with
an antibody bound to antigen can trigger effective immune responses. For example,
the Fc-gamma receptor (FcyR) interacts with IgG. However, as several different
FcyRs exist with different effector functions, the elicited immune response depends
on the exact type of receptor, the cell that expresses it, and the antibody subclass

bound (Krammer 2019).

Murine IgG antibodies can be differentiated into four different subclasses IgG1,
IgG2b, 1gG3, and IgG2a/c. In mice, IgG2a and IgG2c are strain-specific. For
example, the strain C57BL/6 expresses IgG2c, while BALB/c mice express IgG2a.
Although some similarities between human and murine IgG subclasses exist, it is of
great importance to stress the differences as experimental findings in mice cannot be
adopted to human without further consideration. In the current understanding of
human IgG subclass development, B cells sequentially switch from IgG3 to IgGl,
IgG2, and IgG4 (Collins and Jackson 2013). This model is based on the increasing
appearance and accumulation of hypermutations throughout the subclasses.
However, this phenomenon was not detected in mice (Collins et al. 2015). This
suggests that murine B cell do not sequentially switch from subclass to subclass, but
rather undergo a subtype-switch from IgA to any distinct IgG subclass directly, and
this depends on the cytokine environment to which the cells are exposed to during

education (Figure 7).

In contrast to humans, mice express all subclasses of IgG upon vaccination with
different antigens or bacterial/viral infection, while the proportion greatly varies.
Distinct cytokine profiles are considered to drive class-switching from IgM to the
respective IgG subclasses in B cell follicles of lymph nodes. Transforming-growth

factor- (TGF-B), interleukin-4 (IL-4), and interferon-y (IFNy) promote IgG2b, IgG1
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and IgGG2a/c expression, respectively (Figure 7) (Deenick et al. 1999; Snapper and
Mond 1993). Furthermore, IgG3 and IgG2b are referred to as early antibody
subclasses, as class-switching is independent of CD4" T helper cell activity, whereas

IgG1 and IgG2a/c require CD4" T cell engagement (Collins 2016).
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Figure 7: IgG subclass responses and their binding to FcyRs

Depending on the cytokine milieu during antibody-subtype switch, B cells produce different IgG
subclasses. They bind to the activating/inhibitory FcyRs and complement activating factor C1q with
different affinities (indicated by thickness of arrows). While IgG1 cannot be bound by C1q but FcyRIII
and —IV, the opposite is true for IgG3. Strikingly, IgG2a/c and b subclasses both bind to the FcyRIV
with high affinity, but differ in their ability to activate FcyRI, IIB, or —III. Based on the expression of
the different FcyRs on selected immune cells, different effector functions can be expected. NK cells
known to mediate antibody-dependent cell-mediated cytotoxicity (ADCC) are the only cells on which
the FcyRIII is expressed, making this subclass a potential mediator for ADCC. Monocytes,
macrophages, and neutrophils take up opsonized pathogens and infected cells thereby mediating
antibody-dependent cell-mediated phagocytosis (ADCP) but can also mediate ADCC. However, it
has to be taken into consideration that multiple studies suggest different, partly opposing, effector
functions of IgG subclasses and further research is needed to doubtlessly elucidate the exact
mechanisms conferred by each subclass. NK cell: natural killer cell; mono: monocyte; M®:
macrophage; DC: dendritic cell. Adapted from (Collins 2016; Bruhns and Jonsson 2015)

When binding to an antigen, IgG antibodies can mediate various effector functions,
and this depends on FcyR expression on the effector cells. These functions include
antibody-dependent cell-mediated cytotoxicity (ADCC), antibody-dependent cell-
mediated phagocytosis (ADCP), and complement activation (Krammer 2019). The
various IgG subclasses have different affinities for specific FcyRs and thereby

predominantly modulate certain immune cells expressing the specific FcyRs (Figure
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7). In mice, IgG1 is not able to facilitate activation of antibody-mediated complement
activation as it is not bound by the C1q complement factor but can efficiently bind
different FcyRs, especially of the inhibitory type FcyRIIb. IgG2a/c and IgG2b
particularly bind FcyRI, -III, and -IV resulting in ADCP and ADCC. In addition,
IgG2 subclasses also induce complement fixation on the surface of infected cells.
IgG3 on the other hand exclusively leads to complement activation through Clq
fixation but does not engage with any FcyRs. Taken together, the exact immune
stimulus during vaccination or infection greatly influences the generated subclass
profiles, which then in turn have major impacts on the effect of non-neutralizing
antibodies in fighting infection and disease. Understanding the shape of the IgG
subclass profile and the resulting FcyR effector and complement functions can
therefore help to build a reasonable basis for the rational design for long lasting,

universal influenza vaccines in the future.

1.8 Influenza Virus Vaccines

Vaccines are the most effective way to prevent people from being infected with
influenza virus, and to reduce the potentially severe complications followed by
infection. To date, different types of influenza vaccines are commonly in use, for
example inactivated influenza vaccines (IIV), and live attenuated influenza vaccines
(LAIV). Since the development of the first approved influenza virus vaccine over 80
years ago (Plotkin 2014), it is still the major antiviral strategy against IAV. Currently,
IAV vaccines exist in a trivalent or quadrivalent form, containing a mixture of the
two IAV subtypes HIN1 and H3N2, and IBV lineages Yamagata and Victoria. As
seasonal influenza viruses undergo a permanent antigenic drift in the human
population (see section 1.5), a reformulated vaccine has to be produced annually to
match the antigenic properties. For this, the World Health Organization (WHO)
gathers data from the Global Influenza Surveillance and Response System (GISRS)
based on analyses of influenza samples in many different collaboration centers
(Global Influenza Surveillance and Response System (GISRS) 2021). With these
data, the WHO tries to predict the upcoming antigenicity of the next seasonal
influenza virus. However, since vaccine production takes several months, the
antigenic composition of the annual vaccine has to be determined in February, while
the influenza season usually starts during fall or winter of the respective year. This

may result in antigenic mismatches of the vaccine and the circulating virus. While
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the efficacy, measured as the protection in vaccinees under controlled conditions, is
generally very high, the effectiveness, measured as the extent to which infections can
be avoided in the field, varies (Fedson 1998). Overall, the vaccine effectiveness
between the different seasons is usually assessed in retrospect and assumed to reach
20 to 60% (Zimmerman et al. 2016; Jackson et al. 2017; Doyle et al. 2019).
Consequently, influenza virus vaccines only elicit partial protection against the
respective strains, reducing disease symptoms. However, as subliminal viral
replication under humoral selective pressure is still possible, circulating strains may
undergo antigenic-drift and further expand immunologic escape. Because of the
annual re-vaccination, leading to a low patient compliance and financial burden, the
risk of an antigenic mismatch through substantial antigenic drift and the missing
protection against potential upcoming pandemic influenza viruses, novel vaccine

approaches are urgently needed.

1.8.1 Inactivated Influenza Vaccines (IIV)

Most of the currently licensed vaccines are IIVs that are applied intramuscularly.
They are manufactured by reassorting an egg-adapted master strain virus, usually
HINT1 PRS, providing efficient growth to high viral titers, with WHO-determined
strains. For this, the same eggs are inoculated with a mixture of these viruses, giving
rise to many possible, different reassortant viruses. During the manufacturing
process, those viruses harboring gene segments encoding the virus-internal proteins
of HIN1 PRS8, providing efficient growth, and the HA/NA gene segments of the
circulating strain are isolated and used as a master seed virus, with which millions of
new eggs are infected (Gerdil 2003; Kilbourne et al. 1971). Alternatively to this egg-
based approach, as a reaction to existing allergic reactions towards traces of egg
proteins in the final product, new cell culture-based approaches have been developed
and were first approved in 2012 (FDA 2012). After harvesting the grown viruses, they
are inactivated by either formalin or B-propiolactone and purified via an ultra-
centrifugation step. Virus particles are disrupted by detergents, the HA content is
quantified by single-radial immune-diffusion assay, and standardized to 15 pg per
HA component (Gerdil 2003). Furthermore, for each vaccine production, clinical
trials for safety and immunogenicity have to be undertaken in order to provide
clinical data for the licensing procedure (Wood and Levandowski 2003). Since

production and testing are time-consuming processes, they have to be initiated early
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ahead of the start of the influenza season, and therefore do not allow rapid adaption

to newly emerging IAV strains.

Vaccination with IIVs induces the generation of hemagglutinin-binding antibodies,
which can neutralize HA activity and therefore inhibit infection. As the titer of these
antibodies correlates with the protection against antigenically similar strains,
hemagglutination inhibition (HAI) titers are measured to assess vaccine efficacy
(Potter and Oxford 1979; Couch et al. 2012). In parallel, as these vaccines contain all
viral proteins derived from the egg-grown virus, humoral and cellular immune
response directed against other components can be observed, especially targeting
NA. However, standardization protocols for IIV vaccine only contain quantification
of the HA content, but not NA or internal proteins. As the stability and integrity of
viral proteins highly depend on the exact mechanism used to inactivate and especially
to split the virus particles through detergent incubation, the containment and
conformation of other viral proteins substantially varies between individual vaccine
products. Although antibodies reactive against other viral proteins can be found in
some vaccinees, especially against NA, NP, and M1, the overall immune response
induced by IIVs is quite HA specific (Boer et al. 1990; Krammer 2019; Monto et al.
2015; Cox and Brokstad 1999). This is further illustrated by the fact that a vast
majority of IIV induced plasmablasts are HA specific (Chen et al. 2018). The
disadvantage of massively varying humoral immune response towards internal
proteins between licensed IIVs due to divergent inactivation procedures can be

circumvented by using live virus that contains naturally folded viral proteins.

1.8.2 Live Attenuated Influenza Vaccines (LAIV)

Live attenuated influenza vaccines contain replication competent virus and are
applied intranasally. They are currently licensed for people between 2 and 49 years
in the United States and 2 and 17 years in the European Union (EMA 2021; CDC
2021). As for IIV vaccines, they contain a reassortant virus, that only includes the
surface proteins HA and NA of the circulating target strain (Subbarao and Joseph
2007). However, besides the requirement for efficient high-titer growth during the
manufacturing process the intranasal application of replication-competent virus
makes it mandatory to maintain an attenuated phenotype. This is achieved by using
a master donor virus for recombination with WHO-determined strains. The master

donor virus is a cold-adapted and temperature-sensitive strain originating from the
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1solate A/Ann Arbor/6/60(H2N2) via serial passages at decreasing temperature
(Maassab 1967; Maassab et al. 1972; Kendal et al. 1982). The cold-adapted
phenotype results in attenuation in preclinical ferret experiments and clinical trials
(Maassab et al. 1982; Davenport et al. 1977; Murphy et al. 1979). Subsequent analysis
of the genetic background of attenuation revealed 24 mutations distributed in all of
the internal proteins of the ca A/Ann Arbor/6/60 virus (Cox et al. 1988). Molecular
characterization of the mutations revealed that the attenuated phenotype is
predominantly linked to those found in the M2 protein and the polymerase complex
proteins PA, PBIl, and PB2 (Cox et al. 1988). Importantly, phenotypic
characterization of this live-attenuated virus re-isolated from hundreds of vaccinated
humans revealed no reversion of mutations, confirming genetic stability of the

attenuated phenotype in vivo (Murphy et al. 1980; Wright et al. 1982).

The immune response after LAIV differs to IIV in many ways, as the vaccine is
administered intranasally and induces seroconversion in adults less frequently.
Consequently, HAI titers cannot be established as a correlate of protection and
vaccine efficacy is therefore measured on the basis of clinical trials. However,
compared to IIVs, mucosal immunity is a major component of LAIV induced
immunity and is known to play a critical role in protection against subsequent
infection (Krammer 2019). In contrast to adults, clinical studies in children
demonstrate that humoral immunity is more long-lived as after IIV vaccination and
in general broader against drifted strains (Johnson et al. 1985). LAIVs induce
moderate or weak HA- and NA-specific immune responses, respectively, while
antibody titers targeting internal proteins remain to be determined. On the other
hand, strong CD4" and CD8" T cell responses were found to be induced in children,
although not in adults, pointing to a protection supported by cellular immunity (He

et al. 20006).

1.8.3 Future Vaccine Development

Since currently licensed influenza vaccines have many drawbacks, like annual re-
formulation, a long production time, which makes it hard to react to spontaneous
changes in the antigenic-properties of circulating strains, and almost no protection
against pandemic influenza viruses, there is a huge interest for novel vaccines. In this

respect, future vaccines aim to induce a protection not only against the vaccine virus,
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but also against different strains (seterologous) and subtypes (heterosubtypic). The long-

term goal is to create a universal influenza A virus vaccine.

To achieve a broader protection, different approaches have been undertaken, which
can be categorized into two strategies. The first one is to induce humoral immunity
against conserved epitopes, especially the stem region of HA (HAy.n), NA, as being
less variable in its antigenicity than HA, or the ectodomain of M2 (M2e). The second
strategy is based on cellular immunity targeting highly conserved internal proteins
NP, M1, and polymerase complex proteins. These immune responses provide at least
partial protection and can therefore be a promising approach for heterosubtypic

vaccine candidates (Wei et al. 2020; Jazayeri and Poh 2019).
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Figure 8: Classification and structure of influenza A virus hemagglutinin

(A) Phylogenetic tree to classify IAV HAs. While H1, H2, H5, H6, H8, H9, H11, H12, H13, H16,
H17, H18 cluster together as group 1 (blue), H3, H4, H7, H10, H14, H15 build group 2 (green). (B)
HA protein structure of a monomer (left) and an assembled trimer (right). The HApeas domain (red)
attaches to the SA receptor on the host cell, is the prominent target of neutralizing antibodies and
shows a low homology between different strains. The HAg.m domain (orange) is more conserved and
show high amino acid similarity within the respective groups of HA. (C) Schematic representation of
the unfolded HA protein where die cysteine residues flanking the head domain (red) are indicated as
C52 and C277. The fusion peptide located in the stem region divides HA in the HA1 and HA?2 subunit.
Adapted from (Sauter et al. 1992; Hashem 2015).

HA . based vaccines target the stem region of HA and are being developed since

1983 (Graves et al. 1983). IAV HAs can be divided into two groups based on their
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phylogenetic similarity (Figure 8 A) and the stem regions within each group are
highly conserved (Sutton et al. 2017; Hashem 2015). The stem-region consists of the
N- and C-terminal domain of HA1 and the N-terminal domain of the HA2 subunit
and is defined by two cysteines (C52 and C277) creating a stabilizing disulfide bridge
(Figure 8 B, C) (Hai et al. 2012; Steel et al. 2010).

Influenza vaccination using currently licensed vaccines does not induce considerable
HA.n-directed antibodies, mainly because of the immunodominant head domain
and sterical hindrance (Moody et al. 2011; Margine et al. 2013; Corti et al. 2010).
However, finding HAg.-reactive antibodies in naturally infected individuals
indicates that humoral immune responses towards this antigen exist and may play a
significant role in protection (Wrammert et al. 2011; Pica et al. 2012). The presumed
mechanisms behind this is that people are sequentially infected with drifted influenza
A viruses that harbor an antigenically different HA;..s domain and a conserved
HA e, thereby boosting HA..,-directed responses (Krammer and Palese 2013). This
proposed mechanism is exploited in current vaccine development approaches by
using chimeric HAs. These consist of the same stem region and variable head
domains for consecutive vaccinations (Hai et al. 2012). Other approaches are using
“headless” constructs to avoid humoral responses reactive against the head domain
at all by substituting it with different forms of linkers, or by just expressing the
prominent alpha-helix of the HA, subunit known to harbor strong B-cell epitopes
(Steel et al. 2010; Wang et al. 2010). Humoral immune responses directed against
HAq.n can act in many ways, by either blocking conformational change during viral
entry or obstructing the cleavage site necessary for HA maturation (Ekiert et al. 2009;
Dreyfus et al. 2012). Furthermore, FcyR-effector functions like ADCC and
complement-driven cell lysis have been observed (Figure 9) (Terajima et al. 2011;

Jegaskanda et al. 2013).

Apart from HA.-based vaccine approaches, the M2 protein is an attractive target
for universal influenza vaccines. It is incorporated into the host cell-derived plasma
membrane and is highly conserved among different IAVs, making it another
promising target for broadly protecting vaccine candidates. It involves an
extracellular ectodomain of 23 amino acids in length (M2e) against which antibodies
in naturally infected humans and experimentally infected mice can be detected

(Zhong et al. 2014; Wolf et al. 2011). Since first protective effects were found in 1988
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conferred by a monoclonal M2-targeting antibody against influenza infection in mice
(Zebedee and Lamb 1988), many studies have been conducted to further understand
the mode of action and have found FcyR effector functions, by which those
antibodies can provide protection (Deng et al. 2015; Saelens 2019). These include
ADCC, complement-activation, and ADCP. Macrophages and dendritic cells play
important roles in M2-mediated ADCP (Figure 9) (Guilliams et al. 2014).
Additionally, M2-directed T cell responses can be elicited by experimental
vaccination in mice and were shown to have protective potential (Hashemi et al.

2012; Schotsaert et al. 2013).

The NP protein is the main antigen inducing cytotoxic T cell responses after
infection. Therefore, it is considered an attractive target for vaccine approaches
(Zheng et al. 2014; Grant et al. 2013). Experiments using vaccination with
recombinant NP following influenza A virus challenge in mice provided first
evidence that the induced immune responses can protect mice, and that this effect is
provided by T cell-mediated immunity (Wraith et al. 1987; Taylor and Askonas
1986). As cellular immunity relies on infected cells that can present T cell epitopes of
internal proteins via MHC-I presentation, vaccination with NP cannot avoid initial
infection, but contributes to the clearance of infected cells, thereby decreasing clinical
burden and accelerating recovery (Del Campo et al. 2019; Wang et al. 2014; Wang
et al. 2015). In addition, patients can have high levels of NP-specific antibodies after
IAV infection (Jegaskanda et al. 2017). Although experiments in mice confirmed at
least partial protective immunity via NP-directed antibodies, the exact proportion
and mechanisms are not fully understood (Carragher et al. 2008; LaMere et al. 2011).
Immunization with recombinant NP and a NP-M2e fusion peptide (NM2e) show
that the magnitude of humoral immune responses, as well the exact IgG subclass
profile may play an important role in conferring protection against IAV challenge in
mice (Wang et al. 2012; Wang et al. 2014). Antibody-forming plasma cells generating
anti-NP IgGs show a substantially extended existence in the bone-marrow when
compared to anti-HA generating plasma cells. (Sealy et al. 2003). This further weighs
on the potential benefits of humoral immune responses towards NP. However, other
studies failed to show protective capacity of NP-directed humoral responses
(Bodewes et al. 2013; Vanderven et al. 2016), and the underlying reason remains

unknown.
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M1 is another internal protein that has received a lot of attention because of its high
degree of conservation. Indeed, M 1-directed immune responses have some protective
potential (Xie et al. 2009). As seroconversion in experimentally infected individuals
appears in only a minor fraction (6%) of study participants, anti-M1 antibodies
probably play a negligible role during human IAV infections (Cretescu et al. 1978).
However, immunization with M1 can provide some protection against heterologous
IAV challenge in the murine model, suggesting a T cell based immunity (Sui et al.
2010; Moon et al. 2019). In heterologous vaccine approaches, M1 is frequently
combined with other IAV proteins, as it is expected to provide supporting cellular

immunity, but no autologous protection.
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Figure 9: Antibody responses elicited against different IAV antigens

TAV-directed antibodies can impede viral infection and replication in different ways. While HA-
specific antibodies can neutralize the virus by either blocking receptor binding or by fusion of viral and
host cell membrane, non-neutralizing antibodies can activate NK cell-mediated cell death of infected
cells. Furthermore, HA specific antibodies can hinder viral release and HA maturation by blocking
proteolytic cleavage of the pre-mature HA, into HA; and HA,. Also for NA, many different ways in
which humoral immune responses can interfere with viral replication are known. Antibodies can block
enzymatic activity of NA, thereby decreasing cleavage of mucins and effective release of progeny
virus. Additionally, non-neutralizing antibodies can induce complement-activated cell lysis. M2-
directed antibodies can block ion-influx during viral uptake and thereby release of viral RNPs into the
host cell. Furthermore, these antibodies can induce antibody-dependent cell-mediated phagocytosis
(ADCP). In contrast, NP has been found on the surface of infected cells and antibodies directed against
these NP-plaques were reported. However, exact mechanisms by which these antibodies contribute to
viral clearance remain elusive. Adapted from (Rajdo and Pérez 2018; Krammer 2019)

All these efforts have not yet resulted in a broadly protective universal IAV vaccine
that could protect from influenza disease by generating broadly reactive and long-

lasting humoral and T cell responses. To accomplish this, further research is needed
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in order to specifically characterize the capability of different antigens to induce
humoral and cellular immunity. While extensive research was performed to
characterize T cell mediated immunity towards internal proteins, further
investigation is needed in terms of humoral responses, as previous studies clearly
suggest a substantial role in conferring protective immunity. As demonstrated for
HA, NA, NP and M2-directed antibodies, non-neutralizing antibodies can have a

substantial impact on disease progression and outcome (Figure 9).

1.8.4 Vesicular-stomatitis Virus-based Vaccines

Vesicular-stomatitis virus (VSV) belongs to the family of Rhabdoviridae. The viral
particles are bullet-shaped and measure approximately 200 nm in length and 70 nm

in width (Cureton et al. 2010).

- Z Z ()

Figure 10: Schematic illustration of a vesicular-stomatitis virus (VSV) particle.

Viral particles are bullet-shaped and measure approximately 200 x 70 nm. They consist of a host-
derived lipid bilayer in which the viral receptor, VSV glycoprotein (G), is embedded in. The inner
surface is coated by the matrix protein (M), which is attached to the viral ribonucleoprotein complex
(VRNP), consisting of the single-stranded RNA genome, the large polymerase (L) and the
phosphoprotein (P). Adapted from (Dricu 2012).

VSV carries a single-stranded RNA genome with negative polarity. It has a simple
genomic structure consisting of approximately 11,000 nucleotides. The five viral
genes are present in the order 3’-nucleoprotein (IN)-phosphoprotein (P)- matrix
protein (M)-glycoprotein (G)- large polymerase (L)-5’. Its genomic and structural
composition make it a well-suited candidate as a viral vector (Munis et al. 2020). VSV
is an animal pathogen, usually infecting cattle, horses, or pigs, but can also rarely
lead to flu-like illness in humans. Since human cases of VSV infection are very

uncommon, no considerable sero-prevalence is found in the human population
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(Brody et al. 1967). The VSV G protein is the only surface protein and mediates
attachment and entry into the host cell (Fields et al. 2015). VSV can infect a great
variety of cells via attachment to the low density lipoprotein (LDL)-receptor family

(Finkelshtein et al. 2013), which is expressed on a many tissues 7z vivo.

VSV was first rescued from cDNA in 1995 (Lawson et al. 1995), laying the
foundation for subsequent manipulation and usage of VSV as a viral vector by reverse
genetics. Initial experiments using a VSV-vector expressing full length IAV HA
demonstrated the proof-of-concept to exploit VSV as a vaccine platform by providing
full protection against subsequent homologous challenge. However, these
experiments also revealed severe pathogenicity of VSV replication in mice, making
further attenuation of VSV necessary (Roberts et al. 1998). Cytotoxicity and
pathogenicity of VSV predominantly depend on a functional viral glycoprotein (VSV-
G). Therefore, different approaches were performed, like deleting parts of VSV-G, or
even replacing it. These vectors still proved to be effective in protecting mice from a
lethal TAV challenge, while not showing any pathogenicity in the animals (Roberts
et al. 1998; Roberts et al. 1999). If the transgene cannot complement VSV G, deletion
of VSV G from the viral genome results in single-round replicons (VSVAG) with a
beneficial safety profile (Zimmer 2010). Although they are not able the efficiently
replicate, they are capable of inducing humoral as well as cellular immune responses
and have been suggested as a vaccine platform for example for SARS-CoV (Kapadia
et al. 2008). These experiments paved the way for further optimization of VSV as a
vaccine platform and resulted in the development of the first approved Ebola vaccine
in 2019 (Ervebo) (Marzi et al. 2015; Banadyga and Marzi 2017). Furthermore,
different approaches using replication competent, or single-round replicons as a
vaccination strategy against influenza virus were examined. For example, it was
demonstrated that recombinant VSV encoding IAV NP can induce strong influenza-
specific CD8 T cell responses and protect mice from severe pathology (Barefoot et al.
2009). Other approaches examined protective efficacy against humoral targets,
mainly HA, and found that immunization with VSV vectors expressing full-length,
or chimeric HAs provide efficient protection against infection and disease (Halbherr
et al. 2013; Furuyama et al. 2020; Ryder et al. 2015). Taken together, the VSV
platform, especially VSVAG, is a favorable approach for the development of
universal influenza vaccines. Furthermore, as strong cellular and humoral immune

responses can be elicited via VSV vector immunization, it is also a promising tool for
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the detailed characterization of immune responses targeting individual antigens of

IAV and other pathogens.
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1.9 Aims

This study aims to provide further insights into innate and adaptive immune
responses against IAV infections. The primary focus is to investigate, which immune
responses can elicit protection against IAV independent of the virus subtype. For this,

two different projects were investigated.

In the first project, the adaptive immune responses directed against individual
antigens of the licensed LAIV Fluenz® Tetra were characterized using the VSV
replicon system as a viral vaccine vector platform in a mouse model of IAV infection.
The goal was to investigate the magnitude and shape of immune responses directed
against internal, highly-conserved antigens, in order to understand, how these
immune responses contribute to protection against the two different subtypes PR8
and rfSC35M. A major focus was the characterization of humoral immune responses
induced by the different vectors. For this, we determined IgG subclass profiles
induced by the different vaccine vectors and correlated these with the effectiveness to
protect against heterologous IAV infection. In addition, to understand how
protection can be achieved, we investigated FcyR effector functions mediated by
certain subclasses. Finally, we investigated whether partially protective humoral
responses against individual antigens can exert synergistic effects when combined,

and thus have a greater potential of protection.

In a second project, the role of ADARI on the replication of IAV was investigated.
ADARI1 is known as a negative regulator of dsRNA-mediated innate immune
responses and its proviral activity has been demonstrated for a variety of other
viruses. Since antiviral innate immune responses are not pathogen-specific,
enhancing them by targeting ADAR1 may be a strategy to develop broadly acting
antiviral therapies. However, a detailed understanding of this mechanism, especially
in case of IAV infection, is still missing. This project therefore aimed to address
whether ADARI has a proviral activity for IAV, whether this activity was equally
observed for two different IAV subtypes, and what the underlying mechanism of the

proviral activity may be.
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2 OWN CONTRIBUTION

The present PhD thesis consists of two individual projects. If not stated otherwise, I
planned, performed, and analyzed the described experiments and the respective data
with the help of my supervisor Dr. Christian K. Pfaller. In parallel, I repeatedly
presented the progress of my projects to Prof. Dr. Eva Friebertshduser, Prof. Dr.
Veronika von Messling, and Dr. Ralf Wagner, discussed the obtained data and
planned further experiments. A detailed description of my own contribution is listed

below.

2.1 Humoral Immune Responses Against Internal Influenza A
Virus Antigens Correlate With Protection Against
Heterologous Challenge

For cloning the NP, M1, and M2 genes I used the Fluenz® Tetra Vaccine virus and
previously published primer pairs, both kindly provided by Prof. Dr. Veronika von
Messling. The generation of the H3,.., constructs and the subsequent cloning of the
VSV expression plasmids were performed under supervision of PD Dr. Gert Zimmer
at the Institute of Virology and Immunology (Mittelhdusern, Switzerland). For time
constrains, generation of VSV replicons was performed by PD Dr. Gert Zimmer and
rescued replicons were provided for further experiments. VSV*AG and VSV*AG(HA
PR8) were available from previous studies of Dr. Lisa Walz. I produced new replicon
stocks and purification was performed under supervision by Dr. Bevan Sawatsky.
Titration of VSV replicons, as well as characterization via immunoblot analysis,
single-round character confirmation, and immunofluorescence analysis was
conducted by me, with technical assistance of Sylvia Panitz for microscopy. Animal
experiments were planned together with Dr. Bevan Sawatsky and experimental help
was provided by Dr. Bevan Sawatsky, Yvonne Krebs, Dr. Svetlana Rezincuic,
Marcel Rommel, and Franziska Schenk for LDs, titration, immunization, and
infection. The rfSC35M virus was provided by Dr. Hannah Seidiri and Prof. Dr. Eva
Friebertshduser. Viral stock production in embryonated chicken eggs was supervised
by Dr. Hannah Seidiri. Total antibody titration, neutralizing antibody titration, IgG
subtype titration, IFNy ELISpot and IL-4 ELISA were planned and executed by me
with help during initial troubleshooting from Dr. Bevan Sawatsky. FcyR effector

assays were performed by me with technical assistance from Dr. Nina Hein-Fuchs
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for the usage and setup of the luminometer. A manuscript containing the obtained

data is currently in preparation.

Wittwer K, Zimmer G, Sawatsky B, Rezincuic S, Rommel MGE, von Messling V, Pfaller CK. Non-
Neutralizing Antibody Responses after Vesicular stomatitis virus-vectored Influenza A Virus

Vaccine Correlate With Protection. In preparation

2.2 ADARI1 Has Proviral Activity for Influenza A Virus

HeLa wildtype, HeLa-ADARI1p150%° and HeLa-ADARI*? cells were provided by
Dr. Christian Pfaller. Infection and immunoblot analysis were performed by me.
Cas9n- and gRNA-encoding plasmids were designed by Dr. Christian Pfaller and
subsequent generation of MDCK-ADAR1¥° variants conducted by me, while Marcel
Rommel helped with the GFP" sorting procedure and post-sorting analysis. MTT-
based assays for cell growth and cell death assays were planned independently by me,
while Dr. Bevan Sawatsky helped with initial troubleshooting during the viral growth
analysis in MDCK cells.

2.3 Further Contributions

Additionally, I participated in other research projects during my PhD time at the
Paul-Ehrlich-Institute.

I performed RNA isolation of squirrel monkey organ samples obtained during my
master’s thesis, which were subsequently quantified for viral RNA in cooperation
with Richard Plemper’s research group from the Atlanta State University.
Furthermore, I analyzed histology slides under supervision of Dr. Roland Plesker
and performed viral neutralizing antibody titrations. In this project, we treated
squirrel monkeys with different treatment regimens of the experimental compound
ERDRP-0519 and followed course of infection and several virological and
immunological parameters. As a first author, I planned and executed animal
experiments with the help of Prof. Dr. Veronika von Messling, Dr. Danielle
Anderson, Dr. Lisa Walz, Dr. Kristin Pfeffermann, and Dr. Mareike Dorr. I wrote
the first draft of the manuscript, was responsible for figure design and in charge of

subsequent corrections. We published this study in Nature Communications.

Wittwer K, Anderson DE, Pfeffermann K, Cox RM, Wolf JD, Santibanez S, Mankertz A, Plesker
R, Sticher ZM, Kolkykhalov AA, Natchus MG, Pfaller CK, Plemper RK, von Messling V. Small-

molecule polymerase inhibitor protects non-human primates from measles and reduces shedding.
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Nat Commun. 2021 Sep 2;12(1):5233. doi: 10.1038/s41467-021-25497-4. PMID: 34475387
PMCID: PMC8413292.

In a further project, VSV replicon particles expressing a fusion protein of rabies virus
G and SARS-CoV-2 spike protein (VSV*AG-miniS) were designed by our
collaboration partner Prof. Dr. Conzelmann. Together with Dr. Bevan Sawatsky and
Dr. Christian Pfaller, I performed immunization and challenge experiments in the
murine model and helped analyzing the obtained data. The described study resulted
in a co-authorship and was published in PLOS Pathogens.

Hennrich AA, Sawatsky B, Santos-Mandujano R, Banda DH, Oberhuber M, Schopf A, Pfaffinger
V, Wittwer K, Riedel C, Pfaller CK, Conzelmann KK. Safe and effective two-in-one replicon-and-
VLP minispike vaccine for COVID-19: Protection of mice after a single immunization. PLoS
Pathog. 2021 Apr 21;17(4):e1009064. doi: 10.1371/journal.ppat.1009064. PMID: 33882114,
PMCID: PMC8092985.

In another study, we supported the laboratory of Prof. Dr. Dr. Ute Modlich in our
department, who investigated the effect of IAV infection in mice on the
hematopoietic stem cell compartment in the bone marrow. We analyzed the
development of different cell populations and showed that inflammatory cytokines
induced by non-systemic influenza A virus infection triggers emergency
megakaryopoiesis. During this study I helped performing the animal experiments

and was involved in internal re-vision and correction of the manuscript.

Rommel MGE, Walz L, Kohlscheen S, Schenk F, Miskey C, Botezatu L, Wittwer K, Krebs Y, Ivics
Z, Pfaller CK, von Messling V, Modlich U. Influenza A Virus Infection Instructs Hematopoiesis to

Megakaryocyte-lineage Output. Under review in Cell Reports

In a consortium of different research institutions (Freie Universitdt Berlin, Friedrich-
Schiller-Universitdt Jena, Julius-Maximillians-Universitdit Wiirzburg, Paul-Ehrlich-
Institut) I participated in the “ProMatLeben Polymere” project “NextPEG”, in
which several alternative conjugates to polyethylene glycol were generated, linked to
recombinant interferon, and subsequently analyzed in the murine model concerning
pharmacokinetic properties. I performed the iz vivo analysis of these conjugates with
the help of Marcel Rommel and Franziska Schenk, by planning the experimental
setup, applying the respective interferon, and collecting serum samples. Two separate

manuscripts listing me as a co-author were prepared and are currently under review.

Hauptstein N, Pouyan P, Wittwer K, Dirauf M, Cinar G, Raschig M, Licha K, Scherf-Clavel O,
Lihmann T, Nischang |, Schubert US, Pfaller CK, Haag R, Meinel L. Polymer selection impacts
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the pharmaceutical profile of site-specifically conjugated Interferon-a2a. ChemRxiv. 2022; doi:
10.26434/chemrxiv-2022-j85br; Under review in Journal of Controlled Release.

Hauptstein N, Dirauf M, Wittwer K, Cinar G, Siering O, Raschig M, Lihmann T, Scherf-Clavel O,
Sawatsky B, Nischang |, Schubert US, Pfaller CK, Meinel L. PEtOxylated Interferon- a2a

bioconjugates addressing H1N1 influenza A virus infection. Under review in Biomacromolecules.

I further participated in a study investigating the adaptation of canine distemper virus
to the ferret host. First, different virus preparations either recombinant or originating
from natural isolation were characterized regarding their genetic diversity. After
serial passage in ferrets, the ability of the respective preparations to replicate in the
host and induce severe disease were assessed. Furthermore, RNAseq was used to
investigate the underling genetic adaptation during each passage. I helped performing
the serial passage experiments by handling, anesthetizing, infecting, and sacrificing
the animals. I further supported isolation of virus from ferret organs and subsequent

processing for next serial infection.

Siering O, Doerr M, Herrmann M, Wittwer K, von Messling V, Sawatsky B, Pfaller CK. Natural
canine distemper virus diversity confers rapid adaptation to new carnivore host. Under review in

mBio
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3 MATERIALS AND METHODS

3.1 MATERIALS

3.1.1 Chemical and Reagents

Product Notes Source
1kb DNA ladder Thermo Fisher Scientific,
Karlsruhe
6X DNA Loading Dye Thermo Fisher Scientific,
Karlsruhe
70% Ethanol In H,O Paul-Ehrlich-Institute, Langen
Ammonium persulfate 10% working Carl Roth, Karlsruhe
(APS) dilution
Ampicillin >97% Carl Roth, Karlsruhe
Bovine serum albumin Sigma-Aldrich, Miinchen
(BSA)
Concanavalin A Isolated from Sigma-Aldrich, Miinchen
Canavalia
ensiformis
DAPI 100 ng/ml Sigma-Aldrich, Miinchen

working dilution

Dimethyl sulfoxide Sigma-Aldrich, Miinchen

(DMSO)

DMEM w/o phenolred Thermo Fisher Scientific,
Karlsruhe

dNTPs 10 mM Agilent Technologies,
Waldbronn

Dulbecco’s modified Eagle High glucose (4.5 Sigma-Aldrich, Miinchen

medium (DMEM) g/L)

Earles’s Minimum Sigma-Aldrich, Miinchen

Essential Medium (MEM)

Ethylenediaminetetraacetic Paul-Ehrlich-Institute, Langen

acid (EDTA)

Fetal bovine serum (FBS) Invitrogen, Karlsruhe

GelRed 10.000x Biotium, Fremont, CA

H,O Paul-Ehrlich-Institute, Langen

HL-1 medium Biozym Scientific GmbH,

Hessisch Oldendorf
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Hydrogen peroxide 30% (v/v) in H,O Sigma-Aldrich, Miinchen
solution (H,0O,)
Hygromycin B Isolated from Sigma-Aldrich, Miinchen
Streptomyces
hygroscopius
Isopropanol Paul-Ehrlich-Institute, Langen
Ketamin Bela-Pharm, Vechta
L-glutamine 200 mM Biochrom AG, Berlin
Lysogeny broth (LB) Agar IVI, Mittelhdusern/Paul-
plates Ehrlich-Institute, Langen
Lysogeny broth (LB) IVI, Mittelhdusern/Paul-
medium Ehrlich-Institute, Langen
MeOH (methanol) Paul-Ehrlich-Institute, Langen
Mifepristone Working dilution Sigma-Aldrich, Miinchen
10° M in EtOH
Mitomycin C Sigma-Aldrich, Miinchen
N,N-dimethylformamide Sigma-Aldrich, Miinchen
(DMF)
Opti-MEM Thermo Fisher Scientific,
Karlsruhe
Penicillin/Streptomycin 10.000 units Paul-Ehrlich-Institute, Langen/
penicillin/10 mg  Sigma-Aldrich, Miinchen

streptomycin per
1 ml

Phosphate-buffered saline
(PBS)

Paul-Ehrlich-Institute, Langen

ProLong Diamond
Antifade Mountant

Invitrogen, Karlsruhe

Protein Ladder PageRuler
Plus Prestained

Thermo Fisher Scientific,
Karlsruhe

RNAse OUT

Invitrogen, Karlsruhe

Rotigarose (agarose)

Carl Roth, Karlsruhe

Rotiphorese acrylamide 30% working Carl Roth, Karlsruhe

dilution
RPMI1640 Sigma-Aldrich, Miinchen
Skim milk powder Carl Roth, Karlsruhe
Sodium pyruvate Thermo Fisher Scientific,

Karlsruhe

Sodium-dodecyl sulfate 10% working Paul-Ehrlich-Institute, Langen
(SDS) solution
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Sucrose Sigma-Aldrich, Miinchen
TEMED > 98.5% working  Carl Roth, Karlsruhe
dilution
Tolyl-sulfonyl Sigma-Aldrich, Minchen
phenylalanyl chloromethyl
keton (TPCK)-trypsin
Tryphan blue Sigma-Aldrich, Miinchen
Trypsin-EDTA 0.05% (w/v) Paul-Ehrlich-Institute, Langen
trypsin/0.002%
(w/v) EDTA
Tween20 Sigma-Aldrich, Miinchen
Xylavet 100 mg/ml cp-pharma, Burgdorf
Zeocin Sigma-Aldrich, Miinchen

B-mercapthoethanol

Sigma-Aldrich, Miinchen

3.1.2 Buffers and Solutions

Buffer

Details

10% running gel (SDS-PAGE)
(volume 10 ml)

2.5ml 1.5 M Tris-HCI, pH 8.8

3.3 ml 30% Rotiphorese acrylamide
100 ul 10% (v/v) SDS solution

10 pl >98.5% TEMED

100 pl 10% APS

4.1 ml H,0O
10X SDS running buffer 250 mM Tris
(Paul-Ehrlich-Institute, 1092'1 mM glycine
Langen) 1% (w/v) SDS
In Hzo
10X TAE-bufter 2 M Tris
: . 1 M acetic acid
gaeillglélEl?rllch-Instlmte, 50 mM EDTA.Na
In H,O, pH 8.5
10X TBS 50 mM Tris base
(Paul-Ehrlich-Institute, %S%mé\/[ Eafi’
Langen) 0 H2J pEL /-

12% running gel (SDS-PAGE)
(volume 10 ml)

2.5ml 1.5 M Tris-HCI, pH 8.8

4 ml 30% Rotiphorese acrylamide
100 ul 10% (v/v) SDS solution

10 pl >98.5% TEMED

100 ul 10% APS

3.4 ml H,O

2X Urea sample buffer

200 mM Tris, pH 6.8
8 M Urea
5% (w/v) SDS
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0.1 mM EDTA

0.03% (w/v) bromophenol blue
1.5% (w/v) B-mercapthoethanol
In Hzo

4% stacking gel (SDS-PAGE)

(volume 5 ml)

1.25 ml Tris-HCI, pH 6.8

650 ul 30% Rotiphorese acrylamide
50 ul 10% (v/v) SDS solution

5 ul >98.5% TEMED

50 ul 10% APS

3.05 ml H,O
5% blocking buffer (Western 5% (w/v) BSA
Blot) In PBS

AEC substrate

5 ml 0.05 M C,H;NaO, (sodium acetate buffer)
300 pl 3-amino-9-ethylcarbazole in DMF
25 },ll 30% H202

ELISpot antibody buffer 1% (w/v) BSA
0.0025% (w/v) Tween 20
In PBS

ELISpot blocking buffer 1% (w/v) BSA
In PBS

ELISpot washing buffer 0.0025% (w/v) Tween20
In PBS

FACS buffer 5mM EDTA
In PBS

Fixation buffer 3% (w/v) Paraformaldehyde
In PBS

Lysogeny broth medium

(Paul-Ehrlich-Institute,
Langen)

1% (w/v) Trypton from casein
0.5% (w/v) yeast extract

1% (w/v) NaCl

In H,0, pH 7.0

Permeabilization buffer

0.5% (v/v) Triton X-100
In PBS

Protein lysis buffer

10 mM HEPES, pH7.9

200 mM NaCl

5 mM KCl

10% (v/v) glycerol

0.5% (v/v) NP-40

1 mM EDTA

1 mM Na;VO,

5 mM NaF

1 mM PMSF

1 mM DTT

1% (v/v) protease inhibitor cocktail
1% (v/v) phosphatase inhibitor cocktail
In HzO

Quenching buffer

50 mM NH,CI
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RBC lysis buffer

(Paul-Ehrlich-Institute,
Langen)

0.8 M NH,CL
50 mM Tris-HCl
In H,O, pH 7.5

S.0.C. medium

2 % (w/v) Trypton from Casein

0,5 % (w/v) yeast extract
10 mM MgClI2

10 mM MgSO4

10 mM NaCl

2,5 mM KCl

20 mM D(+)-Glucose

in H,O, pH 7.0

TBS-T

0.1% (v/v) Tween20

In 1X TBS

Transfer buffer

10% (v/v) MeOH

10% (v/v) Tris/glycine buffer

In Hzo

Tris-HCI 1.5 M pH 6.8

1.5 M Tris base

In Hzo, pH 6.8

Tris-HCI 1.5 M pH 8.8

1.5 M Tris base

In H,O, pH 8.8

3.1.3 Equipment and Technical Devices

Product

Source

A EL.VIS ELISPOT Scanner

stefan badur electronic GmbH & Co.
KG, Hannover

ABI Prism 3100 Genetic Analyzer

Thermo Fisher Scientific, Karlsruhe

Accu-jet pro (pipetter)

Brand, Wertheim

Agarose gel chamber (40-1214)

PEQLAB Biotechnologie GMBH,
Erlangen

Avanti J-26 XPI (highspeed-centrifuge)
rotor: JA-25.50

Beckman Coulter, Krefeld

Axio Observer.Z1 Carl Zeiss AG, Oberkochen
Bacterial incubator Heraeus Thermo Fisher Scientific, Karlsruhe
Instruments

Bacterial incubator/shaker innova42

New Brunswick Scientific, Edison (NJ)

Bio-Rad Gel Chamber MINI-Protean

Bio-Rad Laboratories GmbH,
Puchheim

Centrifuge 5810R (rotor A-4-81)

Eppendorf, Hamburg

Centrifuge ST 8FR

Thermo Fisher Scientific, Karlsruhe
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Bio-Rad Laboratories GmbH,

Puchheim
DITABIS HLC Heating Thermo DITABIS Digital Biomedical Imaging
Shaker MHR Systems

13

AG, Pforzheim

Drying cabinet: WTC

Binder, Tuttlingen

Eppendorf centrifuge 5418

Eppendorf, Hamburg

Erlenmeyer flask

VWR International GmbH, Darmstadt

FACSAria Fusion

BD biosciences, Heidelberg

Finnpipette F2 (multichannel pipette)

Thermo Fisher Scientific, Karlsruhe

Freezer (-150°C) VIP+

Panasonic, Hamburg

Freezer (-20°C) GG4010-20

Liebherr, Biberach an der Riss

Freezer (-80°C) HER AFreeze Top

Thermo Fisher Scientific, Karlsruhe

Fridge (4 - 8°C) FKS 1800-20

Liebherr, Biberach an der Riss

Heatblock (Thriller)

PEQLAB Biotechnologie GMBH,
Erlangen

Heracell 1501 (Cell culture incubator)

Thermo Fisher Scientific, Karlsruhe

Microwave (7809)

Severin, Sundern

Mr. Frosty Freezing container

Thermo Fisher Scientific, Karlsruhe

MSC-Advantage 1.2 (tissue culture
hood)

Thermo Fisher Scientific, Karlsruhe

NanoDrop 2000c

Thermo Fisher Scientific, Karlsruhe

Neubauer chamber: Neubauer
Brightlight

LO-Laboroptik, Friedrichsdorf

Nikon Eclipse Ti-S (Fluorescence
microscope)

Nikon GmbH, Disseldorf

Nikon Eclipse TS100-F (light
microscope)

Nikon GmbH, Diisseldorf

Optima L-80 XP (ultra-centrifuge),
Swinging bucket rotor:
SW32 Ti

Beckman Coulter, Krefeld

PerfectBlot hybridization chamber

PEQLAB Biotechnologie GMBH,
Erlangen

PHERAstar FSX luminescence reader

BMG Labtech, Ortenberg

Pipettes: Reference 2
(0.1-0.5 pl, 0.5-10 pl, 10-100 pl, 20—
200 pl, 100-1000 pl)

Eppendorf, Hamburg

PowerPac 300 (power supply)

Bio-Rad Laboratories GmbH,
Puchheim
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VWR International GmbH, Darmstadt

Shaker RockingShaker

OHAUS Europe GmbH, Nanikon

Shaker SSL4

Stuart, Villepinte

Tecan SUNRISE microplate
absorbance reader

Tecan Group Ltd., Mannedorf

Tecan SUNRISE microplate
absorbance reader

Tecan Group Ltd., Mannedorf

TProfessional TRIO (PCR Cycler)

Biometra/Analytik Jena, Gottingen

Trans-Blot Turbo Transfer System

Bio-Rad Laboratories GmbH,
Puchheim

UV-illuminator

Syngene, Schwerte

Vacuum pump TopStream 3000

Fastbiotech, Frankfurt

Water bath

GFL, Burgwedel

Water bath (Julabo TWS)

Julabo GmbH, Seelbach

3.1.4 Consumables

Product

Source

0.2 ml PCR reaction tubes

Thermo Fisher Scientific, Karlsruhe

1.1 ml Z-Clot Serum Tubes

Sarstedt, Nirnbrecht

1.5 ml Eppendorf reaction tubes

Eppendorf, Hamburg

15 ml and 50 ml Falcon tubes

Greiner bio-one, Frickenhausen

8 Chamber Polystyrene Vessel Tissue
Culture Treated Glass Slide

Corning, Kaiserslautern

Cannula (26GX Y2 0.45x12mm) for
cardiac puncture

Henke-Sass, Wolf, Tuttlingen

Cell strainer (70 pm) Corning, Kaiserslautern
Cover slip 24x32 mm Thermo Fisher Scientific, Karlsruhe
Cryo tubes (Cryo S) Greiner bio-one, Frickenhausen

Culture dish

Thermo Fisher Scientific, Karlsruhe

Disposable scalpel

B.Braun, Melsungen

ELISpot 96-well plates

Merck Millipore, Darmstadt

FACS tubes with 70 um cell strainer

BD biosciences, Heidelberg

MaxiSorp polystyrene 96-well plate

Thermo Fisher Scientific, Karlsruhe

Multiwell plates (black) 96-well plates

Nunc, Rochester

Multiwell-plates (6-, 12-, 24- and 96-
well plates)

Nunc, Rochester
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B.Braun, Melsungen

Omnican-F 0.01 — 1 ml syringes with
attached cannula

B.Braun, Melsungen

Pipette filter tips (10, 100, 300, 1000 pl)

Sarstedt, Niirnbrecht

Polycarbonate ultracentrifugation tube

Beckman Coulter, Krefeld

Polyvinylidendifluorid (PVDF)
membrane (Immobilon-P)

Merck Millipore, Darmstadt

Serological pipettes (5, 10 and 25 ml)

Greiner bio-one, Frickenhausen

Tissue culture treated cell culture flasks
(T25, T75, T175)

Greiner bio-one, Frickenhausen

Whatman filter paper

GE Healthcare, Backinghamshire

3.1.5 Kits, Enzymes, Substrates

Product Source
10X FastAP-buffer Thermo Fisher Scientific, Karlsruhe
10X FastDigest buffer Thermo Fisher Scientific, Karlsruhe

3-amino-9-ethylcarbazole (AEC)
substrate

Sigma-Aldrich, Miinchen

Amersham ECL Western Blot
Detection Reagent

GE Healthcare, Backinghamshire

BCIP/NBT-Purple Liquid Substrate

Sigma-Aldrich, Miinchen

BigDye Terminator V3.1 Cycle
Sequencing Kit

Applied Biosystems, Foster City, CA

CellTiter 96 Non-Radioactive Cell
Proliferation Assay

Promega, Mannheim

FastAP Thermo Fisher Scientific, Karlsruhe
FastDigest Eco911 Thermo Fisher Scientific, Karlsruhe
FastDigest Mlul Thermo Fisher Scientific, Karlsruhe

IL-4 Mouse Uncoated ELISA Kit

Thermo Fisher Scientific, Karlsruhe

Lipofectamine 3000 Thermo Fisher Scientific, Karlsruhe
Mouse FcyRIV ADCC Bioassay Promega, Mannheim
NucleoSEQ Column Kit Macherey-Nagel, Diiren

NucleoSpin Gel and PCR clean-up Kit

Macherey-Nagel, Diiren

PfuUltra II Fusion High-Fidelity DNA
polymerase

Agilent Technologies, Waldbronn

Phusion Hot Start IT High-Fidelity
DNA Polymerase Kit, F-549S

Thermo Fisher Scientific, Karlsruhe
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Qiagen, Hilden

Protein Assay Dye Reagent Bio-Rad Laboratories GmbH,
Concentrate (pre-diluted 1:5 in H,O) Puchheim

Qiagen Gel Extraction Kit

Qiagen, Hilden

QIAmp Viral RNA Mini Kit Qiagen, Hilden

QIAprep Spin Miniprep Kit Qiagen, Hilden

SuperScript III Reverse Transcriptase Thermo Fisher Scientific, Karlsruhe
(200 units/pl)

T4 DNA ligase Thermo Fisher Scientific, Karlsruhe

Taq DNA Polymerase (5 units/ul)

Zero Blunt™ TOPO™ PCR cloning kit Thermo Fisher Scientific, Karlsruhe

3.1.6 Bacteria

Bacteria Notes Source
OneShot TOP10 E. coli Chemically competent Thermo Fisher Scientific,
E.coli Karlsruhe

3.1.7 Primer & Oligonucleotides

Oligonucleotide Sequence [5¢ > 3¢]

Unil2 primer AGCAAAAGCAGG

VSV-1S AGCCTCTCGAACAACTAATATCC

pEGFP NS1-rev GTCCAGCTCGACCAGGATG

MIul-NP fwd TTCCTTACGCGTATGGCGTCCCAAGGCACCAAACGG

Eco91I-NP rev TTCCTTGGTAACCTTAATTGTCGTACTCCTCTGCATTG

MIul-HA fwd TTCCTTACGCGTATGAAGGCAATACTAGTAGTTCTGC

Eco91I-HA rev TTCCTTGGTAACCTTAAATACATATTCTACACTGTAGA
GACCC

MIul-M1 fwd TTCCTTACGCGTATGAGTCTTCTAACCGAGGTCG

Eco91I-M1 rev TTCCTTGGTAACCTCACTTGAATCGTTGCATCTG

Mlul-M2 fwd: TTCCTTACGCGTATGAGTCTTCTAACCGAGGTCGAAA
CGCCTATCAGAAACGAATGGG

Eco91I-M2 rev TTCCTTGGTAACCTTACTCCAGCTCTATGCTGACAAA

Mlul-HAg.n generation
fwd I

AAAAAAACGCGTAAAATGAAGACTATCATTGCTTTG
AGCTA

HAenm generation rev |

GACTTGCATCCACCACCTCCGCATATTTCACCTATTG
AGGAATTCTGAAC

HAem generation fwd 11

AAATATGCGGAGGTGGTGGATGCAAGTCTGAATGCA
TCACTCCAAATGGA
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AAAAAAGGTAACCTCAAATGCAAATGTTGCACCTAAT
GT

Bm-HA-1 fwd TATTCGTCTCAGGGAGCAAAAGCAGGGG

Bm-NP-1 TATTCGTCTCAGGGAGCAAAAGCAGGGTA
Bm-M-1 TATTCGTCTCAGGGAGCAAAAGCAGGTAG
Bm-NS-890R ATATCGTCTCGTATTAGTAGAAACAAGGGTGTTTT
Bm-NP-1565R ATATCGTCTCGTATTAGTAGAAACAAGGGTATTTTT
Bm-M1027R ATATCGTCTCGTATTAGTAGAAACAAGGTAGTTTTT

3.1.8 Plasmids

Plasmid Description Source
pCRII-Influenza NP(Fluenz® pCR™.Blunt II-TOPO®  This thesis
Tetra) plasmid with inserted

IAV NP from cold-

adapted A/Ann

Arbor/6/1960 (H2N2)
pCRII-Influenza M1(Fluenz® pCR™.-Blunt II-TOPO®  This thesis
Tetra) plasmid with inserted

IAV M1 from cold-

adapted A/Ann

Arbor/6/1960 (H2N2)
pCRII-Influenza M2(Fluenz® pCR™.Blunt II-TOPO®  This thesis
Tetra) plasmid with inserted

IAV M2 from cold-

adapted A/Ann

Arbor/6/1960 (H2N2)
pCRII-Influenza HA(Fluenz® pCR™.Blunt II-TOPO®  This thesis
Tetra) plasmid with inserted

IAV HA from cold-

adapted A/Hong

Kong/4801/2014

(H3N2)-like
pSpCasIn(cADARI1_B.1)-2A- Encoding for Cas9 Dr. Christian
GFP nickase and guide RNA  Pfaller, Paul-

targeting adarl gene Ehrlich-Institute
pSpCasIn(cADARI1_B.2)-2A- Encoding for Cas9 Dr. Christian
GFP nickase and guide RNA  Pfaller, Paul-

targeting adarl gene

Ehrlich-Institute
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Dr. Christian
Pfaller, Paul-
Ehrlich-Institute

Encoding for Cas9
nickase and guide RNA
targeting adarl gene

pSpCasIn(cADARI1_D.2)-2A-
GFP

Dr. Christian
Pfaller, Paul-
Ehrlich-Institute

Encoding for Cas9
nickase and guide RNA
targeting adarl gene

pVSV*AG

Dr. Gert
Zimmer, IVI,
Mittelhdusern

Genomic plasmid
pVSV*AG containing
VSV-N, -P, -M, -L and
eGFP transcription units
(N-P-M-eGFP-L)

pVSV*AG(NP)

Genomic plasmid this thesis
pVSV*AG containing

VSV-N, -P, -M, -L and

eGFP transcription units.

An additional NP from

IAV cold-adapted

A/Ann Arbor/6/1960

(H2N2) was inserted (IN-

P-M-NP-eGFP-L)

pVSV*AG(M1)

Genomic plasmid this thesis
pVSV*AG containing

VSV-N, -P, -M, -L and

eGFP transcription units.

An additional M1 from

IAV cold-adapted

A/Ann Arbor/6/1960

(H2N2) was inserted (IN-

P-M-M1-eGFP-L)

pVSV*AG(M2)

Genomic plasmid this thesis
pVSV*AG containing

VSV-N, -P, -M, -L and

eGFP transcription units.

An additional M2 from

IAV cold-adapted

A/Ann Arbor/6/1960

(H2N2) was inserted (IN-

P-M-M2-eGFP-L)

PVSV*AG(H3,em)

Genomic plasmid this thesis
pVSV*AG containing

VSV-N, -P, -M, -L and

eGFP transcription units.

An additional H3.,, from

IAV A/Hong

Kong/4801/2014

(H3N2)-like was inserted

(N-P-M-H3,n-eGFP-L)
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pVSV*AG(HA PRS) Genomic plasmid Dr. Gert
pVSV*AG containing Zimmer, IVI,
VSV-N, -P, -M, -L and Mittelhdusern
eGFP transcription units.
An additional HA from
TAV A/Puerto
Rico/8/1934(HINT1)
was inserted (N-P-M-
HA-eGFP-L)
pVSV-N Helper plasmid used for =~ Dr. Gert
rescue of VSV replicons Zimmer, IVI,
encoding for VSV-N Mittelhdusern
pVSV-P Helper plasmid used for  Dr. Gert
rescue of VSV replicons Zimmer, IVI,
encoding for VSV-P Mittelhdusern
pVSV-L Helper plasmid used for ~ Dr. Gert

Zimmer, IVI,
Mittelhdusern

rescue of VSV replicons
encoding for VSV-L

3.1.9 VSV Vectors

Vector

Description

VSV*AG

Vesicular stomatitis virus(VSV)-based replicon; VSV-G
protein deleted, eGFP gene added

VSV*AG(NP)

VSV-based replicon; VSV-G protein deleted, eGFP and
influenza A virus (IAV) NP from cold-adapted A/Ann
Arbor/6/1960 (H2N2) added

VSV*AG(M1)

VSV-based replicon; VSV-G protein deleted, eGFP and
IAV M1 from cold-adapted A/Ann Arbor/6/1960 (H2N2)
added

VSV*AG(M2)

VSV-based replicon; VSV-G protein deleted, eGFP and
IAV M2 from cold-adapted A/Ann Arbor/6/1960 (H2N2)
added

VSV*AG(H31em)

VSV-based replicon; VSV-G protein deleted, eGFP and
IAV H3.n construct from A/Hong Kong/4801/2014
(H3N2)-like added

VSV*AG(HA PRS)

VSV-based replicon; VSV-G protein deleted, eGFP and
IAV HA construct from A/Puerto Rico/8/1934(HIN1)
added

3.1.10 Antibodies and Sera

Antibody

Dilution (Application) Source

biotin rat a-mouse

IFNy

1:250 (IFNy* ELISpot)  BD biosciences (clone:
XMG1.2; #554410)

bovine a-goat IgG-

HRP

1:20000 (WB) Santa Cruz Biotechnology

(sc-2384)
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ferret o-IAV (H3N2 1:1000 Paul-Ehrlich-Institute
Victoria) serum (Immunofluorescence)
ferret a-IAV (PRS) 1:500 (IPMA) Paul-Ehrlich-Institute
serum 1:1000
(Immunofluorescence)
goat a-biotin 1:2000 (IFNy* ELISpot) Vector Laboratories (SP-30-
peroxidase conjugated 20-1)
goat a-ferret IgG h+1  1:750 (IPMA) Bethyl Laboratories (A 140-
HRP conjugated 108P)
goat a-ferret IgG, IgA, 1:1000 Sigma-Aldrich (SAB3700804)
IgM h+] TexasRed (Immunofluorescence)
goat a-IAV serum 1:200 (WB) Paul-Ehrlich-Institute
goat a-mouse IgG 1:750 IPMA + Jackson Immunoresearch
HRP conjugated antibody titration) (115-035-003)
1:20000 (WB)
goat a-mouse IgG1 1:750 (antibody Jackson Immunoresearch
HRP conjugated titration) (115-035-205)
goat a-mouse IgG2b 1:750 (antibody Jackson Immunoresearch
HRP conjugated titration) (115-035-207)
goat a-mouse IgG2c 1:750 (antibody Jackson Immunoresearch
HRP conjugated titration) (115-035-208)
goat a-mouse 1gG3 1:750 (antibody Jackson Immunoresearch
HRP conjugated titration) (115-035-209)
goat a-rabbit IgG Fc-  1:20000 (WB) Abcam plc.
HRP conjugated
mouse «-GAPDH 1:1000 (WB) Cell Biolabs Inc. (AKR-001)
mouse a-IAV M1 1:1000 (WB) Invitrogen (clone: GA2B,;
MA1-80736)
mouse o«-IAV M2 1:1000 (WB) Invitrogen (clone: 14C2;
MA1-082)
mouse a-IAV NP 1:5000 (WB) Invitrogen (MAS5-29926)
1:2000 (IPMA)
rabbit a-ADARI1 1:1000 (WB) Cell Signaling (D7E2M)
rabbit a-IAV (HIN1 1:1000 (WB) Invitrogen (PA5-81670)
HA)
rabbit a-IRF3 1:1000 (WB) Cell Signaling (D83B9)
rabbit a-pIRF3 1:1000 (WB) Abcam (ab32036)
rabbit a-PKR 1:1000 (WB) Cell Signaling (D7F7)
rabbit a-pPKR 1:1000 (WB) Cell Signaling (D116C)
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1:5000 (WB)

Center, Munich

Prof. Dr. Conzelmann, Gene

rat a-mouse IFNy

1:500 (IFNy* ELISpot)

BD biosciences (clone: R4-

6A2; #551216)

3.1.11 Cell Lines
Cells Description Source
BHK-21 Baby hamster kidney cells ATCC: CCL-10
BHK-G43 BHK.-21 cells expressing VSV-  (Kalhoro et al. 2009)
G after mifepristone induction
VeroE6 Cercopithecus aethiops kidney ATCC: CRL-1586
cells
MDCK Madin-Darby Canine Kidney = ATCC: CCL-34
cells
MDCK- MDCK cells harboring a This thesis
ADARI1p150%° knock-out of the p150 isoform
of the adarl gene
MDCK-ADARI1*¥°®  MDCK cells harboring a This thesis
knock-out of the adarl gene
HeLa Human epithelial cells ATCC: CCL-2
originating from a cervical
cancer
HeLa- HeLa cells harboring a knock-  (Pfaller et al. 2018)
ADARI1p150%° out of the p150 isoform of the
adarl gene
HeLa-ADAR1X° HeLa cells harboring a knock-  (Pfaller et al. 2018)
out of the adarl gene
3.1.12 Animals and Products of Animal Origin
Animal/Product Source
C57BL/6J mice Janvier Labs; Le Genest-Saint-Isle, France/Charles River;
Wilmington, MA, USA
Turkey-erythrocytes Paul-Ehrlich-Institute, Langen
Eleven days-old Paul-Ehrlich-Institute, Langen
embryonated
chicken eggs
3.1.13 Viruses
Virus Source

A/Puerto Rico/8/1934(H1IN1)

Prof. Dr. Veronika von

Messling,
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Paul-Ehrlich-Institute, Langen

Recombinant, mouse adapted rSC35M (Scheiblauer et al. 1995)

derived from Provided by:

A/Seal/Massachusetts/1/1980(H7N7) Prof. Dr. Eva Friebertshauser,
Philipps-University, Marburg

Fluenz® Tetra 2016/2017 MedImmune, LLC, Nijmegen,
Netherlands

A/California/7/2009 (HIN1)pdmQ9-like
(A/Bolivia/559/2013)

A/Hong Kong/4801/2014 (H3N2)-like
(A/New Caledonia/71/2014)
B/Brisbane/60/2008-like

(B/Brisbane/60/2008)

B/Phuket/3073/2013-like

(B/Phuket/3073/2013)

MVA-T7 Prof. Dr. Gerd Sutter, Ludwig-
Maximilians-University,
Munich
3.1.14 Accession Numbers of Viruses Used For Amino Acid
Homology Analysis

Viral protein

Accession number

A/Seal/Massachusetts/1-SC35M/1980(H7N7) HA  ABB90267.1
A/Seal/Massachusetts/1-SC35M/1980(H7N7) NP  ABB90269.1
A/Seal/Massachusetts/1-SC35M/1980(H7N7) M1 ~ ABB90273.1
A/Seal/Massachusetts/1-SC35M/1980(H7N7) M2  ABB90274.1
A/HongKong/4801/2014(H3N2)-like AIC73815.1
(A/Massachusetts/3791/2014(H3N2)) HA

A/Puerto Rico/8/1934(HIN1) HA ABO21709.1
A/Puerto Rico/8/1934(HIN1) NP ABO21710.1
A/Puerto Rico/8/1934(HIN1) M1 ABO21712.1
A/Puerto Rico/8/1934(HIN1) M2 ABO21713.1
A/Ann Arbor/6/1960(H2N2) NP AAA43451.1
A/Ann Arbor/6/1960(H2N2) M1 AAA43256.1
A/Ann Arbor/6/1960(H2N2) M2 AAA43255.1

3.1.15 Software

Software Source
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stefan badur electronic GmbH & Co.
KG, Hannover

AAT Bioquest LDs, calculator

AAT Bioquest Inc., Sunnyvale, CA

Adobe Illustrator 24.4.1

Adobe Inc., Mountain View, CA

BioRender

www.biorender.com (accessed
08.02.2022)

Clone Manager Professional 9

Sci-Ed Software, Westminster, CO

GenBank

NCBI

Genome Compiler

Genome Compiler Corporation, Los
Altos, CA

GraphPad Prism 9 Version 9.2.0

GraphPad Software, Inc. La Jolla, CA

Image Lab 6.0.1

Bio-Rad Laboratories GmbH, Puchheim

Magellan V7.3

Tecan Group Ltd., Mannedorf

MARS Data analysis software BMG Labtech

NCBI Protein BLAST NCBI

Nis-Elements 4.20.00 LO Nikon GmbH, Diisseldorf
PHERAstar FSX software BMG Labtech

Sequencher 5.3

Gene Code Corporation, Ann Arbor, MI

ZENDblue 3.3

Carl Zeiss AG, Oberkochen
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3.2 METHODS

3.2.1 Molecular Biology Methods
3.2.1.1 Viral RNA-Isolation

For isolation of viral RNA from the Fluenz® Tetra vaccine, the QIAamp Viral RNA
Mini Kit was used. All steps were performed following the manufacturer’s
instructions. In brief, one full dose (200 pl) of Fluenz® Tetra vaccine was mixed with
800 pl buffer AVL containing 8 pul carrier-RNA and viral RNA was isolated, washed
on QIAamp Mini columns and eluted in 40 pl of buffer AVE.

3.2.1.2 Reverse Transcription

For reverse transcription of viral RNA into cDNA, 4 ul of RNA were mixed with 1
ul of 25 mM Unil2 primers (Hoffmann et al. 2001), 1 pul of 10 mM dNTP Mix, and
4 ul H,O. After incubation for 5 min at 65°C, the mixture was put at 4°C for 1 min
and 4 pl 5X First Strand Buffer, 1 pul 0.1 M DTT, 1 pyl RNase OUT and 1 pl
SuperScript IIT (200 units/pul) were added. The reaction was incubated sequentially
for 5 min at 25°C, 60 min at 50°C and 15 min at 70°C. cDNA was either frozen until

further use at -20°C or directly subjected to polymerase-chain-reaction.

3.2.1.3 Polymerase-Chain-Reaction (PCR)

PfuUltra II Fusion High-Fidelity polymerase was used to specifically amplify the

respective influenza genes of interest. Therefore, the following reagents were mixed.

Table 2: Segment-specific PCR reagents for IAV cDNA amplification

Reagent Volume
PfuUltra II Fusion High- 1wl
Fidelity DNA Polymerase

10X PfU Ultra II Buffer 5ul
dNTPs (10 mM) 1.25 ul
cDNA 1 ul
Primer sense (10 mM) 1ul
Primer antisense (10 mM) 1ul
H,O 39.75 ul

PCR was performed using the following temperature-cycle program. In the initial
denaturation step, cDNA strands were detached, so that the specific sense and
antisense primer could bind to the DNA during the annealing phase. In the

elongation step, the DNA polymerase Pfu Ultra II can build a complementary strand
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using the dNTPs thereby completing the dsSDNA, which is then in the next cycle

denatured and amplified again.

Table 3: PCR program for segment-specific IAV cDNA amplification

Step Temperature Time

Initial Denaturation 98°C 1 min

Denaturation 98°C 10 sec

Annealing 55°C 20 sec 30x
Elongation 72°C 4 min

Final Elongation 72°C 10 min

Cooldown 4°C infinite

PCR samples were either directly used for gel electrophoresis or stored at -20°C until

further use.

To generate restriction enzyme sites for the directed ligation of the influenza genes
into the VSV-plasmid, a PCR was performed as described above. Specific primers
containing the restriction enzyme sites of either Mlul or Eco911 were used. After
PCR, the DNA product was purified from remaining buffer and enzymes using
reagents from the NucleoSpin Gel and PCR clean-up Kit and eluted in 30 pl elution
buffer.

3.2.1.4 Agarose Gel Electrophoresis

To purify the PCR fragments of the respective influenza genes, agarose gel
electrophoresis was performed and respective DNA fragments were extracted from
the gel. For this, 1 g agarose was diluted in 100 ml 1X TRIS-acetate-EDTA (TAE)-
buffer) and supplemented with 10 pl of GelRed (1:10,000). PCR samples and 1kb
DNA ladder were prepared by adding 1 ul of 6X Loading Dye to 5 ul of the sample
or 5 ul of 1 kb DNA ladder diluted 1:4 with H,O, respectively. Gel electrophoresis
was run at 120 V for 30-60 min and results were visualized using an UV-illuminator.
Bands with the size of the fragment of interest were cut out and DNA was extracted
using the QIAquick Gel Extraction Kit following the manufacturer’s instructions.
DNA was eluted in 30 ul of elution buffer. Concentration of purified PCR products
was measured using the NanoDrop 2000c spectrophotometer and subsequently used

for TOPO cloning.
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3.2.1.5 TOPO Cloning

For TOPO Cloning of the different IAV gene segments, the Zero Blunt TOPO PCR
Cloning Kit was used. 2 pl of PCR product were mixed with 4 pl of H,O, 1 ul of
manufacturer’s salt solution and 1 ul TOPO vector. The cloning reaction was then
incubated for 5 min at room temperature. The generated TOPO plasmid containing

IAV ORFs (pCRII-Influenza X(Fluenz® Tetra)) were then amplified in E. coli.

3.2.1.6 Plasmid Transformation

45 pl of chemically-competent OneShot TOP10 E. coli were thawed on ice and 1 ul
of respective TOPO plasmid-DNA was added. After an incubation period of 20 min
on ice, bacteria were heat-shocked for 30 sec at 42°C using a water bath and
immediately transferred on ice. 250 pl S.O.C. medium was added and the bacteria
were incubated on a shaker at 37°C for 1 h with 200 rpm. 100 pl of bacterial solution
were equally distributed on a pre-warmed selective plate containing 100 pg/ml
Ampicillin or Kanamycin. The plates were then incubated overnight at 37°C in a

bacteria incubator.

The next day, 5 ml of Lysogeny broth (LB) medium containing 100 ug/ml Ampicillin
or Kanamycin was prepared in a bacteria culture flask and a picked colony from the
selective plate was added. Bacterial grow flasks were put in an incubator (innova 42)
at 37°C and 200 rpm overnight. Alternatively, to obtain more plasmid-DNA, 100 ml
of LB medium with 100 pg/ml Ampicillin or Kanamycin were filled in a 500 ml
conical flask and incubated at 37°C and 200 rpm overnight.

3.2.1.7 Plasmid Preparation

For preparation of the plasmid-DNA from the 5 ml bacteria culture, the QIAprep
Spin Miniprep Kit was used and all steps were performed following the

manufacturer’s instructions. Plasmid-DNA was eluted in 30 pl elution buffer.

For preparation of the plasmid-DNA from the 100 ml bacteria culture, the Plasmid
Midi Kit was used. Eluted plasmid-DNA was then further purified by adding 3.5 ml
Isopropanol and centrifugation at 12,000 rpm for 30 min at 4°C (Avanti J-26 XPI;
Beckman Coulter; JA-25.50 rotor) was performed. The isopropanol was discarded

and 2 ml of 70% ethanol were added. After centrifugation at 12,000 rpm for 10 min
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at 4°C, ethanol was discarded, the pellet was dried and the plasmid-DNA dissolved
in 250 pl elution buffer.

Concentration of plasmid preparations was measured using the NanoDrop 2000c

spectrophotometer.

3.2.1.8 DNA Sequencing

5 ul of plasmid-DNA samples were mixed with 5 pl of the respective sequencing
primer (10 mM) and sent to GATC Biotech AG for sequencing. Retrieved sequence
files were aligned against the target sequences and analyzed using Sequencher 5.3

and Genome Compiler software.

3.2.1.9 H3,.n Generation

To obtain the stem region of influenza hemagglutinin protein, the head domain was
replaced by four glycines using a two-step PCR. Firstly, the two different regions

flanking the head domain were amplified by mixing the following PCR reactions:

Table 4: PCR regents for HA.m generation

Reagent Volume

region 1 region I

Phusion Hot Start IT High- 0.5 0.5u

Fidelity DNA Polymerase

5X Phusion Buffer 10 ul 10 pul

dNTPs (10 mM) 1 ul 1ul

DNA 2ul 2 ul

Primer sense (20 uM) 1.25 pl (Sense 1.25 pl (Sense Primer II)
Primer I (Mlul))

Primer antisense (20 uM) 1.25 pl (Antisense 1.25 pl (Antisense
Primer I) Primer (Eco911)

H,0O 34 ul 34 ul

The PCR was run with the following conditions:
Table 5: PCR program for HA.m generation

Step Temperature Time

Initial Denaturation 98°C 1 min

Denaturation 98°C 10 sec

Annealing 50°C 20 sec 20x

Elongation 72°C 2 min

Final Elongation 72°C 10 min

Cooldown 4°C infinite
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The PCR products of the two regions were purified via an agarose gel electrophoresis
(3.2.1.4) and were subsequently joined using a second PCR. For this, the two DNA
fragments were mixed equimolarly as outlined in Table 6 and after two initial
annealing cycles, 1.25 ul of Sense Primer I (Mlul) and Antisense Primer II (Eco911)
were added. The PCR was then performed as described in Table 5.

Table 6: PCR reagents for HA.m joining PCR

Reagent Volume
Phusion Hot Start IT High- 1l
Fidelity DNA Polymerase

5X Phusion Buffer 10 wl
dNTPs (10 mM) 1 ul
DNA (region I) 1ul
DNA (region II) 2 ul
H,O 33 ul

3.2.1.10 DNA Restriction and Vector Dephosphorylation

For DNA restriction of the PCR products, 1 ul of both restriction enzymes FastDigest
Mlul and FastDigest Eco911, 5 ul 10X FastDigest Buffer and 33 ul H,O were added
to 10 pl of the DNA and incubated at 37°C overnight in the incubator.

The VSV*AG-plasmid, kindly provided by Dr. Gert Zimmer (IVI, Mittelhdusern,
Switzerland), was digested by using 4 ul of plasmid DNA, 1 ul of both restriction
enzymes FastDigest Mlul and FastDigest Eco911, respectively, 5 ul 10X FastDigest
Buffer and 39 ul H,O. Restriction reaction was performed for overnight at 37°C in

the incubator.

For purification of digested PCR products and the VSV*AG-plasmid, 1% agarose gels
were casted in 1X TBE-buffer and ethidium bromide (1:20,000; 10 mg/ml stock) was
added. Bands with the correct band size were cut out and DNA was extracted using

the NucleoSpin Gel and PCR clean-up Kit. DNA was eluted in 30 pl elution buffer.

After gel extraction, the vector was dephosphorylated to avoid self-religation in the
following ligation step. To achieve this, 1 ul of FastAP, 4 ul of 10X FastAP-buffer
and 5 pl H,O were added to the extracted VSV*AG-plasmid. After an incubation
period of 1 h at 37°C, PCR clean-up was performed using the NucleoSpin Gel and
PCR clean-up Kit.
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3.2.1.11 Ligation of DNA

In order to ligate the gene of interest into the VSV*AG-plasmid, both DNA fragments
were added in a ration insert:vector 5:1. Overall, 5 pl vector and 1 ul T4 DNA ligase
were used, and the appropriate volume of insert and H,O was added to obtain a total
reaction volume of 20 pl. Ligated plasmid was transformed as described in 3.2.1.6

and colonies on the agar were used for colony PCR.

3.2.1.12 Colony PCR

Using a colony PCR, five clones of each ligation reaction were screened. For this, a
primer pair flanking the vector’s insertion region is used. If the size of the product
matches the size of the added insert, the ligation may have been successful and the
respective colony of bacteria can be grown for plasmid stock production. The colony

PCRs were prepared as described in the following table:

Table 7: Colony PCR reagents

Reagent Volume
TaqPol (5U/ul) 0.1l
10X Taq PCR-Puffer with KCI1 2ul
dNTPs (10 mM) 0.4 ul
MgCl, (25 mM) 1.2 ul
Primer sense (20 uM) VSV-18§ 0.4 ul
Primer antisense (20 uM) pEGFP NS1-rev 0.4 ul
H,O 15.5ul

A 10-100 pl pipet-tip was used to transfer bacteria from the plate into the reaction
mix. The rest of the colony was then suspended in 250 pul LB medium (0,1%
Ampicillin) and stored in the fridge for further cultivation if the colony PCR shows

correct results.

Table 8: Colony PCR program

Step Temperature Time

Initial Denaturation 95°C 1 min

Denaturation 95°C 15 sec

Annealing 55°C 30 sec 20x
Elongation 72°C 1 min 30 sec

Final Elongation 72°C 5 min

Cooldown 4°C infinite

PCR fragments were controlled using an agarose gel electrophoresis (3.2.1.4) and

positive clones were transformed (3.2.1.6) and prepared for sequencing (3.2.1.7).
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3.2.1.13 Sequencing

Sequencing of the clones were performed using the BigDye V3.1 Cycle Sequencing
Kit. 2 uyl DNA and 2 uM of the respective primer (either VSV-1S or pPEGFP NS1-rev)
were mixed with 1 pul AB-buffer, 2 pl termin rxn 2.5x and 3.4 ul H,O. The sequencing

reactions were performed as follows:

Table 9: Sequencing PCR program

Step Temperature Time

Initial Denaturation 96°C 1 min

Denaturation 96°C 10 sec

Annealing 50°C 5 sec 25x
Elongation 60°C 4 min

Cooldown 4°C infinite

PCR constructs were subsequently purified using the NucleoSeq Column Kit
following the manufacturer’s instructions. 10 ul of the purified product were mixed

with 10 pl HIDI Formamid and analyzed via the ABI Prism 3100 Genetic Analyzer.

3.2.2 Cell Culture and Virological Methods
3.2.2.1 Cell Culture

Madin-Darby Canine Kidney (MDCK) cells were maintained in Dulbecco’s
modified Eagle medium (DMEM) with 5% fetal bovine serum (FBS) and 200 mM
L-glutamine. Baby Hamster Kidney cells (BHK-21) (German Collection of
Microorganisms and Cell Culture Braunschweig) were cultivated in Eagle’s Minimal
Essential Medium (MEM) with 10% FBS and 200 mM L-glutamine. BHK-G43 cells,
which are BHK-21 cells inducibly expressing the VSV-G protein, were handled
equally. Additionally, 0.5 mg/ml Zeocin and 125 pg/ml Hygromycin B were added
every third to fourth passage. HeLa cells were maintained in DMEM with 10% FBS,
200 mM L-glutamine and 1% penicillin/streptomycin. All cells were grown in a

humidified incubator at 37°C and 5% CO.,.

For passaging cells, medium was removed and the cells were washed with 10 ml of
phosphate-buffered saline (PBS) to remove residual FBS and dead cells. 3 ml of
trypsin/EDTA were added and cells were incubated at 37°C until fully detached and
re-suspended in pre-warmed cell culture medium. Cells were then either seeded in

cell culture dishes for further use or split accordingly.
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For seeding cells, 10 pl of singe-cell suspension were mixed 1:10 with trypan blue
solution. 10 ul of this dilution were pipetted into a Neubauer chamber and counted
using a light microscope (Nikon Eclipse TS100-F). The following formula was used

to determine the cell numbers:

cells]  total number of cells o 10*
ml | 4 ml

concentration [ X 10 (dilution factor)

Intended cell concentration was reached by adding the respective growth medium

and cells were then seeded in the cell culture dish.

3.2.2.2 Knock-out of ADAR1 in MDCK Cells Using CRISPR

5x10° MDCK cells were seeded in 6-well plates to reach 90% confluence. The
following day, 6 ul of Lipofectamine 3000 were diluted in 200 ul Opti-MEM per well,
respectively. In parallel, 4 pg of pSpCas9n plasmid (2 pg for each gRNAs) were mixed
in 200 pl Opti-MEM and supplemented with 8 pl P3000. The Lipofectamine 3000
mix was then added to the DNA solution, incubated for 30 min at room temperature,

transferred to the cells and incubated for 2 days at 37°C.

GFP-activated cell sorting was performed to enrich for transfected cells. For this, cells
were detached using trypsin/EDTA, harvested and re-suspended in FACS buffer
(PBS + 5 mM EDTA) with 2% FBS and 1% penicillin/streptomycin on ice. Directly
prior sorting, cells were filtered through strainer caps of FACS tubes to prevent cell
clumping. GFP" cells were sorted using the BD FACSAria Fusion with 70 um nozzle
purity mode into pre-cooled 1.5 Eppendorf tubes containing DMEM (5% FBS, 200
mM L-glutamine, 2% penicillin/streptomycin). Positively sorted cells were
subsequently subjected to post-sorting analysis to confirm successful cell-sorting
process, seeded in 6-well plates in 2 ml DMEM (5% FBS, 200 mM L-glutamine) and
incubated until reaching confluence. As soon as cells grew to a contiguous
monolayer, they were trypsinized using trypsin/EDTA and a 1:4 dilution row in cell
growth medium was performed in a 96-well plate to obtain single-cell solutions. Cells
were then incubated at 37°C and observed daily for presence of a single, living cell.
Cell clones from positive wells were transferred to a 24-well plate and incubated at
37°C until reaching confluence. Subsequently they were grown in a 6-well plate, to
establish a cell stock, and a 12-well plate for confirmation of ADAR1 knock-out via

immunoblot analysis as described in 3.2.4.1 and 3.2.4.3.
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3.2.2.3 Freezing and Thawing of Cells

Cells were detached using trypsin/EDTA and cell culture medium was added. Cells
were either centrifuged at 300 g for 10 min at 4°C, medium was discarded and FBS
added or directly transferred into a 50 ml falcon tube on ice and gently swirled while
adding Dimethyl sulfoxide (DMSO) to reach a final concentration of 8%. Cell
suspension was aliquoted in cryo tubes and frozen at -80°C in a Mr. Frosty Freezing
Container filled with isopropanol. After 24 hours, aliquots were transferred to -150°C
for long-term storage. To thaw cells, cryo tubes were put in a pre-warmed water bath
(37°C) until completely thawed and cells were transferred into a T25 cell culture flask

containing pre-warmed cell culture medium and incubated at 37°C and 5% CO,.

3.2.2.4 Cell Growth and Survival of MDCK Cell Lines

To test for differences in cell growth, triplicates of MDCK wildtype, MDCK-
ADARIp150%° and MDCK-ADARIX cells were seeded sub-confluently in 96-well
plates in DMEM without phenol red, supplemented with 5% FBS, 200 mM L-
glutamine, 1% penicillin/streptomycin and cell number was quantified at different
time points using the CellTiter 96 Non-Radioactive Cell Proliferation Assay
following manufacturer’s instructions. In brief, 15 pl of dye solution were added to
each well and incubated for 4 h at room temperature or at 37°C to allow formazan
crystal formation. Subsequently, 100 pl of solubilization/stop mix were added and
plates were incubated at room temperature in a wet chamber overnight. The next
day, all wells were mixed using a multichannel pipette and absorbance was read out
at 570 nm using 700 nm as a reference in the Tecan SUNRISE microplate absorbance

reader.

To test if the used cell lines show differences in survival, they were seeded in
triplicates in 96-well plates and 24 hours later medium was changed to DMEM
without phenol red supplemented with 1% Sodium-Pyruvat and Tolyl-sulfonyl
phenylalanyl chloromethyl ketone-treated trypsin (TPCK-trypsin) with a
concentration of 0.75 pg/ml. To test survival under IAV infection, additionally virus
with an MOI=0.01 - 5 was added. To measure the amount of living cells at the time
of medium change or infection and after 24, 48, and 72 hours, the above-mentioned

MTT-based assay protocol was performed.

67



MATERIALS AND METHODS

3.2.2.5 Virus Stock Production

Mouse-adapted influenza virus A/Puerto Rico/8/1934(HIN1) (PR8) and
recombinant ~ mouse-adapted  A/Seal/Massachusetts/1-SC35M/1980(H7N7)
(rSC35M) were grown in eleven days old embryonated chicken eggs. For this, virus
was inoculated into the allantoic fluid and incubated for 1-2 days at 37°C and 60%
humidity in an egg incubator. Allantoic fluid was harvested and centrifuged for 2000
rpm at 4°C for 5 min. Hemagglutination titers of the supernatant were determined as
follows: Supernatants were two-fold diluted in a V-shaped 96-well plate and 50 pul of
1% turkey-erythrocyte-suspension was added. After 30 min at 4°C, hemagglutination
titers were determined according to standard protocols (WHO manual on animal
influenza diagnosis and surveillance 2002) and supernatants with comparable titers

where pooled. Stocks were aliquoted and frozen at -80°C until further use.

For cell culture-grown virus stocks, MDCK cells were infected with either PR8 or
rSC35M in serum-free DMEM, for PR8 additionally supplemented with TPCK-
trypsin. Cells were observed daily and supernatant was cleared from cell debris by
centrifugation at 3.000 g for 15 min at 4°C as soon as cytopathic effect was

widespread. Virus stocks were stored at -80°C until further use.

3.2.2.6 Virus Titration

For titration of virus, 2x10° MDCK cells were seeded in a flat-bottom 96-well plate
and incubated for one day at 37°C. After incubation, 10-fold dilutions of virus in
DMEM (5% FBS, 200 mM L-glutamine) were added in quadruplicates and
incubated for additional two days at 37°C. Plates were washed with 1:3 PBS: double-
distilled H,0 (ddH,0) and air-dried for 20 minutes prior to heat fixation at 65°C for
8 hours. Plates were then incubated with 50 pl of ferret anti-PR8 serum at a dilution
of 1:500 or mouse anti-Influenza NP of 1:2000 in PBS for 2 hours at room
temperature. Plates were washed for 20 min with 100 ul PBS and subsequently
incubated with either goat anti-ferret IgG-h+l horseradish peroxidase (HRP)-
conjugated antibody (1:750) or goat anti-mouse HRP-conjugated antibody (1: 750)
for 1 hour. After incubation, plates were again washed for 20 min with PBS and 3-
amino-9-ethyl-carbazol (AEC) substrate diluted in N,N-Dimethylformamide (DMF)
was added. Positive wells were visualized by red staining of infected cells and

expressed as the 50% tissue culture infectious dose per milliliter (TCIDs,/ml). For
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calculation of the TCIDs,, the following formula was used (Spearman 1908; Karber

1931).
d T
log(TCIDsy) = —(xo — > +dx(1+ Z;)
l

X, = reciprocal of the decadic logarithm of the highest dilution in which all wells show a CPE

d = decadic logarithm of the dilution factor
1; = amount of wells showing a CPE in higher dilutions than x; (out of n;)

n; = amount of wells in higher dilutions than x;,

3.2.2.7 Influenza A Virus Infection

To analyze the effect of ADARI on viral replication in MDCK cells, the different
cell lines were seeded in 6-well plates to reach 90% confluence. The following day,
cell medium was discarded, cells were washed with DMEM and MOI=0.01 of PR8
virus was added in DMEM supplemented with TPCK-trypsin. 24 and 48 hours post-

infection, supernatant was harvested and frozen in cryotubes until titration (3.2.2.6).

To investigate the effect of ADAR1 on IAV replication in HeLa cells, HeLa wildtype,
HeLa-ADARI1p150%°, and HeLa-ADARI1*? cells from previous studies were used
(Pfaller et al. 2018). Cells were seeded in 6-well plates and the next day were washed
with PBS. Subsequently, MOI=1 of rfSC35M in 500 ul of DMEM was added for 1 h
at 37°C to allow attachment of the virus particles to the cell. After incubation,
infectious medium was discarded and substituted with fresh DMEM medium. After
24 hours, cells were scraped off using a blue pipette tip and centrifuged for 5 min at
350 g and 4°C. Supernatant was discarded and cells were lysed and subjected to SDS-
PAGE and immunoblot analysis as described in 3.2.4.1 and 3.2.4.3, respectively.

3.2.2.8 VSV Replicon Generation

Respective plasmids encoding for VSV*AG including the transgene (VSV*AG(X))
were handed over to Dr. Gert Zimmer (IVI, Mittelhdusern) to generate VSV*AG(X)

replicons as described in (Berger Rentsch and Zimmer 2011).

3.2.2.9 VSV Replicon Production and Purification

To produce purified VSV replicon stocks, BHK-G43 cells were seeded in a T175 flask
and incubated at 37°C for two days. After incubation, the medium was discarded and
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fresh cell culture medium containing 10 M mifepristone was added to induce VSV-
G protein expression. Six hours after medium change, cells were infected with the
respective VSV*AG(X) replicon and incubated at 37°C overnight. The supernatant
was centrifuged at 1000 g for 15 min at 4°C the next day and purified trough a 20%
sucrose cushion using high-speed centrifugation (100.000 g, 1 h, 4°C) (Avanti
Centrifuge; SW32 Ti rotor). The pellet was re-suspended in PBS, aliquoted and
stored at -80°C.

3.2.2.10 VSV Replicon Titration

To titrate VSV*AG(X) replicons, 2x10* BHK-21 cells were seeded in a 96-well plate
and incubated at 37°C overnight. The next day, cells were infected with 40 pl of 10-
fold dilutions of the VSV*AG(X) replicons in duplicates and 60 ul of fresh MEM were
added after 90 min. After 12 h at 37°C, GFP-expressing cells in the last well showing
appropriate GFP* cell numbers were counted using a fluorescence microscope
(Nikon Eclipse T#-S), titer was calculated using the following formula and expressed
as fluorescence forming units (ffu) per milliliter:

ffu

T GFP* cells x dilution factor x 25

3.2.2.11 VSV Replicon Transduction of BHK-21 Cells

To transduce BHK-21 cells with the different VSV replicons, cells were seeded and
incubated at 37°C to reach 90% confluence the next day. Medium was then
substituted with not-supplemented, or 10° M mifepristone-supplemented, MEM and
VSV replicons were added after an incubation time of 6 h. The next day, cells were
either lysed and subjected to SDS-PAGE and immunoblot analysis as described in
3.2.4.1 and 3.2.4.3, respectively, or the Nikon Eclipse Ti-S light microscope was used
to take pictures of the cell monolayer and GFP expression. For confirmation of the
single-round character, 5 ul of supernatant were transferred to a fresh, untreated
monolayer of BHK-G43 cells and incubated at 37°C and 5% CO, for another 24

hours. The following day, pictures were taken as described above.
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3.2.3 Animal Experiments

All animal experiments were conducted in compliance with the German animal
protection laws and authorized by the responsible state authority (approval number

F 107/1058).

3.2.3.1 Immunization

Six- to eight-weeks-old female C57BL/6J mice (Janvier Labs; Le Genest-Saint-Isle,
France/Charles River; Wilmington, MA, USA) were immunized intramuscularly
with a total of 1.0x10° fluorescence-forming units (ffu) of the respective VSV replicons
(or mixtures) diluted in 30 ul sterile PBS. After four weeks, animals were immunized
using the same dose as a booster vaccination. To confirm injected VSV replicon
doses, first doses of a new stock of replicons were back-titrated as described in

3.2.2.10. All back-titrations confirmed intended doses.

3.2.3.2 Infection

Animals were weighed to determine initial weight. All mice were anesthetized by
intraperitoneal injection of ketamine (100 mg/kg body weight) and xylazine (5
mg/kg body weight) and inoculated with 6.0x10* TCIDs, of PR8 or 1.2x10° TCIDs,
of rfSC35M in 30 pl PBS intranasally, respectively. To confirm correct IAV infection,
first doses of a new stock of virus were back-titrated as described in 3.2.2.6. All back-
titrations confirmed intended doses. During the following 14 days, animals were
monitored daily by measuring body weight and evaluation of clinical signs of
infection (Table 10) (Ullman-Culleré and Foltz 1999).

Table 10: Score sheet for evaluating IAV disease in mice

Score 0 1 2 3 4
Weight loss <5% 5-15% 15-20% 20-25% >25%
(humane
endpoint)
Behavior Normal activity, Reduced activity, Low activity, Freezing in place, Not defined
normal eating slightly decreased decreased eating hardly reacting to
behavior, no eating behavior, behavior, slightly external stimuli,
problems at no problems at impaired at highly decreased
climbing climbing climbing eating behavior,
problems at
climbing (humane
endpoint)
Appe arance Robust Robust Gaunt Emaciated, Not defined
appearance, appearance, appearance, fuzzy scruffy fur,
groomed fur shineless fur or scruffy fur kyphotic
(humane
endpoint)
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As soon as pre-defined humane endpoints were reached, mice were euthanized using
ketamine (100 mg/kg body weight) and xylazine (10 mg/kg body weight) anesthesia
and exsanguination through cardiac puncture. Humane endpoints were defined as a
score of three in one category of either behavior or appearance, a score of four in the

category weight loss, or alternatively the sum of all categories reaching ten or higher.

3.2.3.3 Serum Preparation

Serum was purified from whole blood collected through cardiac puncture at
euthanasia. For this, blood was filled into a 1.1 ml Z-Clot Serum Tube, centrifuged
for 10 min at 14,000 g and 4°C and purified serum was transferred into 1.5 ml

Eppendorf tubes. Aliquots of serum were frozen at -20°C until further analysis.

3.2.3.4 Splenocyte Preparation

Spleens were dissected from euthanized mice and stored in PBS in ice. To isolate
single cells, spleens were transferred onto a 70 um cell strainer and pushed through
using a syringe plunger. The cell strainer was flushed with sterile PBS and cells
pelleted by centrifugation for 8 min at 300 g and 4°C. After discarding the
supernatant, cells were re-suspended in 5 ml Red Blood Cell lysis buffer (RBC lysis
buffer) and incubated for 5 min at room temperature to allow lysis of erythrocytes.
25 ml of PBS were added to neutralize RBC lysis buffer followed by centrifugation
for 10 min at 300 g and 4°C. The supernatant was discarded and cells resuspended in
PBS or RPMI for further use in IFNy" ELISpot and IL-4 ELISA assays (3.2.4.5 and
3.2.4.6).

3.2.4 Immunological Methods
3.2.4.1 Immunofluorescence Analysis

3x10* VeroE®6 cells were seeded in microscopic slide chambers and incubated for 24
hours. The next day, cells were transduced in MEM with either VSV*AG,
VSV*AG(H3.m), or VSV*AG(HA PRS) at an MOI=1 for 12 hours. After washing
with PBS, cells were fixed with fixation buffer (3% paraformaldehyde in PBS) for 20
minutes, quenched (50 mM NH,Cl in PBS) for 10 minutes and permeabilized in 0.5%
Triton X-100 for 5 minutes. To block unspecific binding, 2.5% milk powder (w/v)
with 0.1% Triton X-100 in PBS were added and incubated for 20 minutes on the
shaker. Cells were washed with PBS and stained with 1:1000 dilution of ferret o-
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HINT or ferret a-H3N2 serum in 0.1% Triton X-100 in PBS for 2 hours in the dark.
Subsequently, cells were washed again and secondary antibody dilution (goat a-ferret
TxRed-conjugated; 1:1000 in 0.1% Triton X-100/PBS) was added for 1.5 hours in
the dark. Cells were washed three times with PBS and stained with DAPI (100 ng/ml
in water) to visualize cell nuclei. Finally, cells were washed three times with water,
mounted in ProLong Diamond Antifade Mountant, covered with a 24x32 mm cover
slip, and stored in the dark at 4°C. Pictures were taken at the Axio Observer.Z1 and
analyzed using the ZENDblue 3.3 software.

3.2.4.2 Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE)

For lysing cells, protein lysis buffer (3.1.2) was used. For this, cells were washed once
with PBS and 100 pl of freshly prepared, cold lysis buffer was added on dry cell
monolayer. Cells were scraped off, transferred into a fresh 1.5 ml Eppendorf tube,
and incubated on ice for 15 min. Afterwards, lysates were clarified from cell debris
by centrifugation at 4°C and 14.000 g for 30 min and supernatant was stored at -20°C.
Protein content was determined using the Protein Assay Dye Reagent Concentrate
in a 1:5 dilution at the NanoDrop 2000c spectrophotometer. 15-25 pg protein sample
were mixed with 15 ul 2X Urea sample buffer (3.1.2) containing 5% B-
mercapthoethanol and the total volume was adjusted to 30 pl with protein lysis
buffer. To fully denature proteins, samples were heated to 95°C for 5 min before

loading onto a SDS-PAGE.

To obtain SDS gels, the preparation for the 10-12% running gel solution (3.1.2) was
mixed in a 15 ml falcon tube and approximately 8 ml were filled between the glass
plates. To obtain a plain surface on the gel, 500 pl isopropanol were added carefully
and running gel was polymerized for 45 min. After incubation, isopropanol was
discarded and approximately 3 ml of stacking gel solution (3.1.2) were added on top,
in which a comb was inserted to form out gel pockets. The stacking gel solution was

polymerized for 20 minutes.

Proteins were separated by SDS-PAGE with 10-12% running- and 4% stacking gel
(1.5 mm thick) for 60-90 min at 120 V in the Bio-Rad Mini-PROTEAN Tetra Gel

Chamber system following manufacturer’s instructions.
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3.2.4.3 Immunoblot Analysis

After the run, gel was placed in pure water and transferred to transfer buffer for 10
min on the shaker. The polyvinylidendifluorid (PVDF)-membrane was activated in
pure methanol and together with Whatman paper incubated on a shaker in transfer
buffer. The TransBlot Turbo system was used to transfer the proteins from the SDS-
PAGE onto the PVDF-membrane by applying 12 V for 30 min. For this, two layers
of Whatman paper were placed in the transfer cassette and the PVDF-membrane was
added on top. Then the gel was placed upon, followed by two more layer of
Whatman paper. After transfer, unspecific binding of primary antibodies was
prevented by incubation of the PVDF-membrane with 5% bovine serum albumin
(BSA) in PBS for 1 h at room temperature (5% blocking buffer). Primary antibody
incubation was performed over night at 4°C on a shaker with antibodies diluted
1:200-1:1000 in Tris-buffered saline (TBS) with 0.05% Tween20 and 2.5%. The next
day, PVDF-membranes were washed three times with 10 ml of TBS with 0.1%
Tween2(0 (TBS-T) for 5 min each and subsequently incubated for 1 h at room
temperature with the respective secondary antibody at a dilution of 1:10.000-20.000
in TBS-T. Finally, the membrane was washed again three times with TBS-T as
described above, dapped onto paper tissue and 2 ml of ECL Western Blot substrate
were added on top of the membrane. For visualization, the ChemiDoc Imaging

System was used.

3.2.4.4 Antibody Titration

3.2.4.4.1 Total IgG and IgG subclass Antibody Titration

For titration of total IgG or IgG antibody subclasses in mouse serum, 2x10° MDCK
cells were seeded in a 96-well plate and incubated overnight at 37°C. The next day,
cells were infected with 10> TCIDs, of either PR8 or rSC35M and further incubated
for two days. Plates were washed with 1:3 PBS: double-distilled H,O (ddH,0) and
air-dried for 20 minutes prior to heat fixation at 65°C for 8 hours. The next day,
serum to be tested was 2-fold diluted in PBS (starting at 1:50 dilution) using a U-
bottom 96-well plate and transferred in duplicates onto the cell monolayer for 2 hours
at room temperature. After a 20 min washing step with 100 ul PBS, 50 ul of secondary
goat a-mouse HRP conjugated antibody (1:750), specific for all murine IgG or the
respective subclasses, was added for 1 h. Finally, cells were washed again for 20 min

in 100 pl PBS and positive reactivity of serum antibodies against PR8 or rSC35M was
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visualized as described in 3.2.2.6. The last dilution showing positive wells was

considered positive and expressed as the reciprocal of the dilution factor [1/X].

3.2.4.4.2 Virus-Neutralizing Antibody Titration

For virus-neutralizing antibody titration, 50 pul of 2-fold dilutions (starting with 1:10
dilution) of serum were prepared in DMEM (5% FBS, 200 mM L-glutamine) and co-
incubated with 10> TCIDs, of either PR8 or rSC35M virus in 50 ul for 20 min at room
temperature. Furthermore, a back-titration of virus was performed ranging from 10°-
10" TCIDsy/ml to confirm intended viral dose through serial dilutions. In parallel,
MDCK cells were trypsinized and adjusted to 2x10° cells/plate. After incubation
time, 50 ul of cell suspension were added to all wells and plates were stored in the
incubator for 3 days. To visualize infected cells as a measure of absence of
neutralization, IPMA staining as described in 3.2.2.6 for total murine IgG was
performed. The last wells in the dilution rows showing no infected cells were
considered as containing neutralizing activity against 10> TCIDs, of virus and

expressed as the reciprocal of the dilution factor [1/X].

3.2.4.5 IFNy" ELISpot

To investigate cellular immunity induced by VSV replicon vaccination, splenocytes
(3.2.3.4) of immunized animals were tested for their capability to release IFNy upon
IAV antigen stimulation. Therefore, 96-well ELISpot plates were coated with 20 ul
of rat a-mouse IFNy antibody diluted 1:500 in PBS and incubated overnight in a wet
chamber at 4°C. The following day, plates were washed three times with 200 pl of
sterile PBS and subsequently blocked with ELISpot blocking buffer (sterile filtered
1% BSA in PBS) to avoid unspecific binding of secondary antibodies. After
incubation for 1-1.5 h at room temperature, ELISpot blocking buffer was discarded
and plates were washed again three times with 200 pl sterile PBS. Splenocytes of
immunized animals (responder cells) were counted using trypan blue solution,
diluted accordingly to obtain 1x107 cells/ml in RPMI supplemented with 10% FBS,
200 mM L-glutamine, 1% penicillin/streptomycin or HL-1 medium, and stored at
37°C until further use. Splenocytes from naive mice (stimulator cells) were used to
ensure proper antigen presentation to responder cells. To achieve this, they were
centrifuged after separation for 8 min at 300 g and 4°C and re-suspended in 1 ml of
sterile PBS. 0.5 mg/ml mitomycin C was added for 20 min at 37°C to suppress

unspecific cytokine release originating from responder cells. Stimulator cells were
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then washed three times by sequential centrifugation at 300 g for 5 min and re-
suspension with 15 ml each time. After the last centrifugation, responder cells were
taken up in 10 ml RPMI supplemented with 10% FBS, 200 mM L-glutamine, 1%
penicillin/streptomycin or HL-1 medium and stored at 37°C until further use. As a
positive control, 10 pg/ml concanavalin A (ConA)-solution was prepared in cell
culture medium. ConA is a lectin binding to, and thereby activating, CD3 co-receptor
of T cells, leading to unspecific activation and IFNy release. To test IAV specific
IFNy release, PR8 and rSC35M were diluted in RPMI to comprise 10
hemagglutination units (HAU) per well. Finally, 50 ul of responder cell-solution,
together with 50 pl of stimulator cell-solution and 100 pl of the respective stimulus
were added to the 96-well ELISpot plate and incubated for 24-36 h at 37°C. After
incubation period, supernatant was transferred to a fresh 96-well plate for I1L-4
ELISA (3.2.4.6) and plates washed four times with PBS and afterwards four times
with ELISpot washing buffer (PBS + 0.0025% Tween20). 100 ul of biotin rat a-mouse
IFNYy secondary antibody, diluted 1:250 in ELISpot antibody buffer (PBS + 0.0025%
Tween 20 + 1% BSA), were added and plates incubated overnight in a wet chamber
at 4°C. The next day, plates were again washed four times with ELISpot washing
buffer and 100 pl of a-biotin-alkaline phosphatase was added in a 1:2000 dilution in
ELISpot washing buffer and incubated for 1.5 h at room temperature. To visualize
spots, all wells were washed four times with PBS and 100 pul of BCIP/NBT-Purple
Liquid Substrate was added per well. After spots formation, the reaction was stopped
by washing the wells four times with ddH,O. After carefully removing the plastic
bottom of the ELISpot plates, they were dried in the dark overnight and subjected to
spot counting using the A.EL.VIS ELISPOT Scanner.

3.2.4.6 IL-4ELISA

To assess the capability of splenocytes from immunized animals to release IL-4 after
stimulation with IAV, an IL-4 ELISA with supernatant originating from the ELISpot
plates (3.2.4.5) was performed. Therefore, the IL-4 Mouse Uncoated ELISA Kit was
used, following the manufacturer’s instructions. To stop the reaction, 1 M H,SO, was
used and the optical density (OD) was read out at the Tecan SUNRISE microplate

absorbance reader at 450 nm wavelength using 570 nm as a reference.

76



MATERIALS AND METHODS

3.2.4.7 FcyRIV Effector Assay

To investigate the capacity of post-immunization antibodies to activate mFcyRIV,
the Mouse FcyRIV ADCC Bioassay (Promega) was used. All steps were performed
following the manufacturer’s instructions, if not stated otherwise. In brief, MDCK
cells were seeded to reach confluence in a 96-well plate overnight. The next day, PR8
or SC35M virus was added with an MOI=1 in DMEM without supplements and
plates were incubated at 37°C for PR8 and 32° for rfSC35M. 24 hours post-infection,
low IgG serum was thawed in the water bath and 1.5 ml were mixed with 36 ml
RPMI1640 to obtain 4% assay buffer. Sera to be tested were 2-fold diluted (starting
dilution 1:10) in an U-bottom plate in 4% assay buffer. After washing the cells with
PBS, 25 ul of 4% assay buffer and 25 pl of the respective serum dilution was
transferred in duplicates onto the cells. mFcyRIV effector cells were thawed in the
water bath and 650 pul of stock were added into 7.2 ml of pre-warmed 4% assay buffer.
After mixing, 25 pl of cell suspension were added into the cells containing the serum
dilutions and plates were incubates at 37°C for 6 h. After incubation, cells and Bio-
Glo Reagent were put at ambient temperature for 15 minutes and 75 ul of prepared
Bio-Glo Reagent were added to the cells and incubated for 20-30 minutes in the dark
at room temperature. 140 ul were then transferred into a black 96-well plate without
creating bubbles and luminescence was measured using the PHERAStar FSX

luminescence reader.
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4 RESULTS

4.1 Humoral Immune Responses Against Internal Influenza A
Virus Antigens Correlate With Protection Against
Heterologous Challenge

4.1.1 Generation of Single-round VSV Replicons Expressing Internal
Influenza A Virus Proteins

To examine the protective efficacy of different highly conserved influenza A virus
(IAV) proteins, single-round VSV replicons expressing IAV-NP, -M1, -M2, and -
HA.n» were used as a vaccine vector. Since these proteins show high amino acid
conservation between different influenza virus strains, they are promising targets for
eliciting heterologous protection (Table 11). The commercially available live
attenuated influenza vaccine (LAIV) Fluenz® Tetra (season 2016/2017) served as a
source for these antigens, while VSV replicons expressing either no IAV antigen
(VSV*AG) or the full-length HA of PRS8 virus (VSV*AG(HA PRS)) were already
available from previous studies (Walz et al. 2018). To obtain the different IAV genes,
RNA was isolated from the vaccine virus, reverse transcribed into cDNA by using
universal primers for all IAV gene segments (Unil2) and subsequently amplified by
segment-specific PCR (Figure 11 A) (Hoffmann et al. 2001). The HAy. construct
was generated from the HA of the Fluenz® Tetra vaccine virus. Although primers
suitable for the H1 and H3 gene were used in the specific PCR, we only successfully
amplified the H3 gene segment which was subsequently used to generate the HAm
construct (H3.m) by two sequential joining PCRs (Figure 11 B).

Table 11: Amino acid homology of LAIV antigens compared to mouse-adapted IAV PR8
(HIN1) and rSC35M (H7N7)

Amino acid homology of. .. PR8 rSC35M
NP (ca A/Ann Arbor/6/1960 (H2N2) backbone) 94.2% 92.8%
M1 (ca A/Ann Arbor/6/1960 (H2N2) backbone) 97.6% 96.4%
M2 (ca A/Ann Arbor/6/1960 (H2N2) backbone) 87.6% 88.7%
HA (A/Hong Kong/4801/2014 (H3N2)-like) 41.1% 48.5%
H3em (A/Hong Kong/4801/2014 (H3N2)-like) 46.8% 59.4%
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All constructs were cloned into a VSV-rescue plasmid coding for the full-length VSV

genome lacking VSV-G but containing an eGFP transcription cassette (VSV*AG(X))
(Figure 11 C).
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Figure 11: Generation of IAV antigen-expressing VSV replicons

(A) The LAIV Fluenz® Tetra was used as a source of IAV-NP, -M1, -M2, and -H3.m antigens. Viral
RNA was isolated and subsequently reverse transcribed into cDNA. Via segment-specific PCR, genes
of interest were amplified and used for cloning into a VSV-rescue plasmid. (B) Schematic illustration
of the original full length H3 and the H3.m construct obtained by sequential joining PCRs. The stem-
region at the N- and C-terminus is illustrated in orange, the head in red. H3.m lacks the head domain,
which is substituted by a 4xG-linker (black line). C52 and C277 illustrate the start and end of the HA
head domain, respectively. (C) Depiction of the genomic structure of VSV (top), VSV*AG (middle)
and VSV*AG(X) (bottom).

To generate VSV replicons, the helper cell line BHK-G43, expressing VSV-G after
mifepristone induction, was infected with modified vaccinia Ankara (MVA) virus
expressing a T7 phage RNA polymerase (MVA-T7) (Sutter et al. 1995).
Subsequently, the respective VSV*AG(X) plasmid, in combination with VSV helper
plasmids encoding for VSV-N, VSV-P, and VSV-L, was transfected as described
previously (Halbherr et al. 2013). The provided T7 phage RNA polymerase leads to
the generation of (+)ssRNA, complementary to the VSV*AG(X) plasmid sequence,
and production of helper proteins, which are all expressed under a T7 promotor.
Translated helper proteins then associate with the (+)ssRNA to form the RNP
complex which is subsequently replicated into viral genomes ((-)ssRNA). Viral

genomes serve as a template for transcription of mRNAs, which are then translated
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into more viral proteins including the matrix protein required for particle assembly
and budding (Figure 12). Rescued VSV*AG(X) replicons were grown via further
passage on BHK-G43 cells, purified and titrated for further experiments.
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Figure 12: Schematic illustration of VSV replicon generation

BHK-G43 cells were infected with MVA-T7 to obtain the T7 phage RNA polymerase in the
cytoplasm, which leads to transcription and translation of transfected VSV*AG(X) and VSV helper
plasmids. VSV-N, -P, and —L associate with the antigenomic (+)ssRNA of the replicons, building
RNPs and initiating transcription into viral genomes ((-)ssRNA/RNP). These viral genomes give rise
to mRNA following expression of VSV proteins, which support further viral replication. Ultimately,
the recombinant VSV*AG(X) genomes bud at the plasma membrane with produced viral proteins.
Adapted from (Zimmer 2010).

To validate expression of IAV antigens by the respective VSV replicons, immunoblot
analysis was performed. For this, confluent monolayers of BHK-21 cells were
transduced with the respective replicon and lysed 24 hours post infection. Protein
lysates were subjected to immunoblot analysis and stained with monoclonal a-
GAPDH antibody, polyclonal a-VSV serum, polyclonal a-IAV serum, or antibodies
against specific IAV proteins (Figure 13). While uninfected cells show no bands at
the expected size of viral proteins, VSV-specific bands corresponding to VSV N, P,
and M proteins were detected in cells transduced with the various VSV replicons,
indicating comparable transduction rates and similar protein expression levels.
Transduction of BHK-21 cells with the respective replicons further resulted in bands
at the expected sizes of encoded proteins for IAV-NP (55 kDa), IAV-M1 (25 kDa),
and IAV-M2 (15 kDa). Whereas full length HA was readily detected in its premature

HA, conformation as well as the proteolytically cleaved HA; and HA, subunits, we
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were unable to detect any specific band for the H3.,, construct (predicted molecular

weight of ~39 kDa).
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Figure 13: In vitro validation of IAV protein expression

Confluent BHK-21 cells were transduced with the respective replicon and lysed after 24 hours for
protein extraction and immunoblot analysis. a-GAPDH staining serves as a loading control and
confirms comparable loading of protein lysates for analysis. While VSV*AG infected cells only show
specific bands for VSV-N/P (~50 kDa) and VSV-M (~30 kDa), demonstrating efficient transduction
and expression of virally encoded genes, IAV protein expression is shown for NP (55 kDa), M1 (25
kDa), M2 (15 kDa), and HA (HA,: 70 kDa, HA;: 55 kDa, HA;,: 20 kDa). No specific band for
VSV*AG(H3s.m) Was detected.

As we were not able to detect a specific band for the H3,., construct via immunoblot
analysis, immunofluorescence was performed (Figure 14). For this, VeroE6 cells
were transduced with either VSV*AG, VSV*AG(H3,..,), or VSV¥*AG(HA PRS8) and
subsequently stained with ferret serum directed against H1 IAV (Figure 14 A) or H3
IAV (Figure 14 B) and a TxRed-conjugated secondary antibody. Dominant eGFP
expression in all samples confirms successful transduction of VeroE6 cells, while
specific TxRed signal was not found in VSV*AG samples. Interestingly, H1 as well
as H3 serum show reactivity with the H3,.,, construct and staining occurs on the cell
surface of eGFP" cells, demonstrating efficient expression and presentation. While
H1 serum is reactive against VSV*AG(HA PR&) infected cells, this was not the case
for the H3 serum. Overall, our immunofluorescence analysis confirmed H3g.n

surface expression on transduced cells.
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Figure 14: Immunofluorescence analysis to confirm H3.n expression and presentation
Confluent monolayers of VeroE6 cells were transduced with an MOI=1 of the respective VSV
replicons and 12 hours post-infection fixed and permeabilized. Staining was performed using DAPI
and with either H1 serum (A) or H3 serum (B) and TxRed-conjugated secondary antibody. Expression
of eGFP demonstrated successful transduction of VeroE6 cells and TxRed signal in eGFP* cells
indicates expression of H3s.m or HA PRS. Pictures were taken at the Axio Observer.Z1 microscope
(Carl Zeiss). Scale bar in white represents 50 um.

4.1.2 Validation of the Single-round Character of VSV Replicons

It is known that some viral receptor proteins, for example Ebola glycoprotein (Jones
et al. 2005), can complement VSV-G-deficiency and lead to efficient replication of
VSV replicons even without VSV-G. In our hands, the VSV replicon expressing full
length TAV HA protein (VSV*AG(HA PR&8)) represents the replicon with the highest
probability of complementing lack of VSV-G. Therefore, we tested the ability of this
replicon to form infectious particles in the absence of VSV-G. To assess the single-
round character of VSV replicons lacking VSV-G (Roberts et al. 1999; Zimmer et al.
2014; Walz et al. 2018), BHK-G43 cells were transduced with VSV*AG(HA PRS)
and treated with mifepristone to induce VSV-G expression, or left untreated (Figure
15). While non-transduced cells show no GFP signal 24 hours post-infection (left
column), GFP expression was detected in VSV*AG(HA PRS8) transduced cells
(middle/right column). When mifepristone was additionally present in the medium,
GFP signal was markedly increased as compared to the untreated well. This
llustrates efficient replication and propagation of VSV replicons when VSV-G is
provided in trans. Importantly, only supernatants from cells expressing VSV-G
contained infectious progeny replicons, which led to GFP expression after transfer to
fresh cells not treated with mifepristone (Figure 15, right column). This indicates that
in the absence of VSV-G expression, no infectious VSV replicons were generated
(Figure 15, middle column). The single-round character adds an important safety
factor to the VSV replicon platform.
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Figure 15: Validation of the single-round character of VSV*AG(HA PRS)

BHK-G43 cells were seeded in 6-well plates, transduced with MOI=1 of VSV*AG(HA PRS8) and either
treated with mifepristone (right panel) or left untreated (middle panel). Diascopic brightfield pictures
(DIA) are shown on the left and fluorescence pictures using FITC filter on the right (GFP),
respectively. Increased GFP expression in treated cells indicated efficient replication of VSV replicons
in contrast to untreated cells. 24 hpi supernatant was transferred to fresh, untreated BHK-G43 cells
and GFP was visualized after another 24 h. Scale bars represent 500 pm.

4.1.3 Determination of the Lethal Dose 50 (LDso) of PR8 and rSC35M
in C57BL/6J mice

With the goal to investigate the protective efficacy of the generated VSV replicons in
C57BL/6J mice, we first established an IAV challenge model for two mouse-adapted
IAV strains, PR8 and rSC35M. To estimate a challenge dose resembling severe
pathology, we titrated the PR8 and rSC35M viruses by infecting naive mice
intranasally with increasing doses of each virus. Per group, three animals were
infected intranasally with 10%, 10°, 10%, 10°, or 10° TCIDs, in 30 ul PBS. To investigate
the severity of disease, animals were monitored daily for weight loss and clinical signs
(see score sheet Table 10) and euthanized as soon as they reached pre-defined
humane endpoints (either losing 25% of initial weight or exceeding clinical scores for
behavior or appearance). All groups of PR8 challenged mice showed a severe
pathology, and infection dose positively correlated with onset of weight loss (Figure
16 A) and time point of death (Figure 16 B). Ultimately, all animals inoculated with
10? TCIDs, survived PR8 challenge, and doses of >10° TCIDs, led to death within
one week. In contrast to this, rfSC35M infected mice showed a slower disease
progression. Infected animals lost up to 20% of initial weight in mean, but the
variability in each group was higher than in the groups infected with PR8 (Figure 16
C). However, even doses of 10> TCIDs, led to the death of two animals, respectively,
whereas no survival was observed in groups infected with 10* TCIDs, or higher

(Figure 16 D). Finally, we used AAT Bioquest calculator to estimate 50% lethal dose
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(LDsy) and chose 6.0x10*> TCIDs, and 1.2x10° TCIDs, of PR8 and rSC35M,
respectively (approximately 3xLDs) for further experiments to induce high severity

of TAYV infection in mice.
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Figure 16: 50% lethal dose (LDs) titration of PR8 and rSC35M in C57BL/6J mice

N=3 mice were anesthetized using intraperitoneal Ketamin/Xylazine anesthesia, infected with
ascending doses of PR8 or rSC35M and monitored daily over a period of 14 days. When reaching
25% weight loss or clinical score of >8 (see score sheet), animals were euthanized. (A) Weight loss of
PRS infected mice expressed as percentage of initial weight, dotted line indicates bodyweight on day
of infection. (B) Survival rate of PR8 infected mice. (C) Weight loss of rfSC35M infected mice
expressed as percentage of initial weight, dotted line indicates bodyweight on day of infection. (D)
Survival rate of rSC35M infected mice. Data points in A and C illustrate mean and error bars represent
standard deviations.

4.1.4 VSV Replicons Provide (Partial) Protection Against IAV
Pathogenicity
To investigate the protective effect of the generated VSV replicons against the high
pathology of IAV in our murine model, we immunized C57BL/6J mice in a prime-
boost regimen. For this, 10° fluorescence-forming units (ffu) were injected
intramuscularly in the hind leg in 30 pl PBS at day 56 and 28 prior to infection (Figure
17 A). On the day of infection, mice were weighed, anesthetized, and infected
intranasally with 6.0x10> TCIDs, of PR8. After challenge, mice were monitored for
14 days for weight loss (Figure 17 B) and disease score (Figure 17 C). To compare

the disease development between the different groups, we calculated the area under
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the curve (AUC) of each group (Figure 17 D). Finally, we documented the survival
of animals in each group by Kaplan-Meier-analysis (Figure 17 E).
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Figure 17: Protection of C57BL/6J mice against PR8 after prime-boost immunization
with VSV replicons

To assess the protective effect of the respective VSV*AG replicons, C57BL/6J mice were immunized
twice and subsequently challenged with 6.0x10> TCIDs, of PR8. (A) Schematic illustration of the
prime-boost regimen 56 and 28 days before infection and the observation period of 14 days after
challenge. (B) Weight loss of PR8 infected mice immunized with VSV replicons. All data points
represent the mean and error bars are standard deviations (SD). Dotted line indicates initial weight.
(C) Clinical scores of infected mice, based on weight, behavior, and appearance. All data points
represent the mean and error bars are SD. (D) Disease scores expressed as area under curve (AUC).
Height of bars represent the mean and error bars are standard error of the mean (SEM). For statistical
analysis, one-way analysis of variance (ANOVA) with Tukey’s multiple comparison post-hoc-test
using the VSV*AG as a reference was performed. *p<0.05; ****p<0.0001. (E) Survival rates of animals
until day 14 of infection.

PBS and VSV*AG groups showed severe weight loss of up to 25% after eight days
(Figure 17 B), high disease scores (Figure 17 C,D), and most animals succumbed
within 8 days post-infection (Figure 17 E). In contrast to this, VSV*AG(HA PRS)

immunized mice did not show any weight loss (Figure 17 B) or signs of disease
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throughout the observation period (Figure 17 C, D). Furthermore, none of these
animals reached humane end points (Figure 17 E). This underlines the strong
protection against HA-matched viruses after vaccination. Mice immunized with
VSV*AG(NP) lost up 10 % of initial weight on average until day 7 post-infection and
showed a fast recovery thereafter (Figure 17 B). Initial weight was reached
approximately 9 days post-infection. Disease scores during the study did not exceed
2 in mean and AUC calculation of disease progression was significantly decreased
(p<0.0001) compared to VSV*AG (Figure 17 C, D). Furthermore, none of these
animals reached humane endpoints during the study period (Figure 17 E).
VSV*AG(M1) immunized mice showed a similar disease progression to
unvaccinated animals, indicating that the vaccine did not confer any benefit. We
observed severe weight loss up to 25% in mean (Figure 17 B), high clinical scores that
did not differ from those observed in VSV*AG immunized mice (Figure 17 C, D) and
low survival rates (Figure 17 E). We therefore concluded, that M1 as an antigen does
not elicit protective immune responses in our VSV replicon platform. Although
profound weight loss and high peak disease scores were not prevented by
VSV*AG(M2) or VSV*AG(H3.,) immunization (Figure 17 B, C), AUC calculation
of disease progression revealed a significant, beneficial overall effect (p<0.05)
regarding severity of pathology (Figure 17 D). A minority of animals succumbed to
infection, underlining some degree of protection after VSV*AG(M2) or

VSV*AG(H3.m) vaccination (Figure 17 E).

To assess the protective efficacy of our VSV replicons against rfSC35M, we used the
same prime-boost regimen and challenged mice with 1.2x10° TCIDs, of rSC35M.
Infected mice immunized with either PBS or VSV*AG showed comparable disease
progression to PR8, including severe weight drop until day 8 post-infection and slow
recovery (Figure 18 A), high disease scores (Figure 18 B, C) and low survival rates
(Figure 18 D). For VSV*AG(HA PRS8) immunized mice, no significantly protective
effect was observed regarding any parameter. This highlights the inefficient
protection conferred in challenges after mismatched immunizations. Interestingly,
while VSV*AG(NP) vaccination did not avert weight loss of infected animals (Figure
18 A), disease score progression and overall AUC calculation revealed a beneficial

effect that was significant (p<0.05) when compared to the VSV*AG group (Figure 18
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B, C). Furthermore, VSV*AG(NP) immunized animals showed high survival rates,
underlining the protection of IAV-NP directed immunity (Figure 18 D).
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Figure 18: Protection of C57BL/6J mice against rSC35M after prime-boost immunization
with VSV*AG replicons

To assess the protective effect of the respective VSV*AG replicons, C57BL/6J mice were immunized
twice and subsequently challenged with 1.2x10° TCIDs, of tSC35M. (A) Weight loss of tfSC35M
infected mice immunized with VSV replicons. All data points represent the mean and error bars are
standard deviations. Dotted line indicates initial weight. (B) Clinical scores of infected mice, based on
weight, behavior, and appearance. All data points represent the mean and error bars are SD. (C)
Disease scores expressed as area under curve (AUC). Height of bars represent the mean and error bars
are standard error of the mean (SEM). For statistical analysis, one-way analysis of variance (ANOVA)
with Tukey’s multiple comparison post-hoc-test using the VSV*AG as a reference was performed.
*p<0.05. (D) Survival rates of animals until day 14 of infection.

As for PR8, rSC35M-induced pathology was not alleviated after VSV*AG(M1)
immunization in terms of weight loss (Figure 18 A), disease score (Figure 18 B, C)
or overall survival (Figure 18 D). While VSV*AG(M2) and VSV*AG(H3j.w)
immunization did also not prevent weight loss (Figure 18 A), a decreasing trend,
although not significant, was observed regarding disease scores (Figure 18 B, C) and

the majority of challenged mice survived the infection (Figure 18 D).
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In conclusion, we demonstrated that the NP, M2 and H3,.,, proteins of the LAIV
alone can confer protection against heterologous IAV infection. While NP vaccine
clearly reduced disease progression of both IAV strains and led to improved survival
rates in both cases, the M1 vaccine had no beneficial effect on either. The M2 and
H3,em vaccines reduced disease progression only to a limited degree and worked
better in case of PR8 than rSC35M. However, even this limited reduction of

pathology had a positive effect on the survival rate after challenge with either virus.

4.1.5 VSV Replicons Do Not Induce Detectable Cellular, But Humoral
Immunity

To examine the underlying immune response that led to the different outcomes in
our murine [AV-challenge model, we investigated cellular and humoral immune
responses towards IAV after VSV replicon immunization. Since it is known for the
applied VSV vaccine platform to induce antigen specific T cells against IAV
(Asthagiri Arunkumar et al. 2019), we performed IFNy* ELISpot and 1L-4 ELISA
assays to investigate whether prominent Tyl and Ty2-mediated cellular immune
responses were activated, respectively (Figure 19). As stimulation is a critical step in
ELISpot analysis, we validated efficient stimulation of IAV-specific splenocytes
through infection by testing cells of PR8 infected mice (Figure 19 A), and found high
spot numbers after homologous stimulation with PR8 virus particles, and limited
stimulation by the heterologous rSC35M. Cells were co-incubated with splenocytes
from a naive mouse pretreated with mitomycin C (stimulator cells) and stimulated
with Concanavalin A (ConA) or infected with either PR8 or rSC35M virus.
Concanavalin A 1s a lectin that unspecifically binds the T cell receptor, thereby
leading to activation and cytokine release from all splenocytes, serving as a positive
control. This confirms the general feasibility of our IFNy"™ ELISpot stimulation
approach. For measuring cellular immune responses after VSV replicon vaccination,
mice were immunized in a prime-boost regimen four weeks apart as described above,
and splenocytes were harvested seven days after boost immunization (Figure 19 B).
As expected, none of the animals showed significant IFNy* response when left
untreated, but ConA stimulation in some cases resulted in more than 300 spot-
forming cells (SPCs) per 10° seeded cells (Figure 19 C). However, neither PR8 nor
rSC35M stimulation led to IFNy" release in any of the tested groups. We therefore

tested supernatant of the same splenocytes for IL-4 release (Figure 19 D).
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Interestingly, even unstimulated cells showed some release of IL-4 in the
VSV*AG(NP), VSV*AG(M1), VSV*AG(H3em), and VSV*AG(HA PRS) groups.
These groups revealed similar levels of IL-4 after either PR8 or rfSC35M stimulation,
demonstrating no alleviated cytokine release. In fact, none of the groups was tested
significantly different from unstimulated groups and we therefore concluded that the
implemented VSV replicon immunization procedure did not lead to generation of

Tyl or T2 T cells that could directly respond to PR8 or rfSC35M viruses.
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Figure 19: Cellular immune responses after VSV replicon vaccination

(A) Stimulation control subjecting splenocytes of PR8-infected mice to ELISpot analysis using PR8
or rSC35M virus particles as stimulation or concanavalin A (ConA) as a positive stimulation control.
unstim.: unstimulated. (B) N=3 mice were intramuscularly immunized with 10° ffu/animal on day 0
and day 28. 7 days after boost immunization, animals were sacrificed and splenocytes were harvested
for IFNy* and IL-4 response analysis. (C) IFNy* cells expressed as spot-forming cells (SPCs) per 10°
seeded cells, either left untreated or treated with Concanavalin A (ConA), PRS, or rfSC35M virus. (D)
Supernatants of B were used for IL-4 ELISA and cytokine levels were plotted as pg/ml. The dotted
line indicates the lower detection limit of the ELISA assay. Statistical analysis using two-way ANOVA
with Dunnett’s multiple comparison post-hoc test showed no significant differences for IFNy*
ELISpot or IL-4 ELISA between unstimulated and stimulated cell in one group.

To assess the humoral immune responses after VSV replicon immunization, we
immunized mice as described before and isolated serum from blood withdrawn 28
days after prime and 28 days after boost (Figure 20 A). We then determined total IgG
antibodies in the sera reactive against PR8 or rSC35M virus, respectively, using
immuno-peroxidase monolayer assay (IPMA). In this assay, infected MDCK cells
are incubated with 2-fold dilution series of serum and afterwards stained via HRP-

conjugated o-mouse IgG antibody. The last dilution showing specific staining is
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considered positive and expressed as the dilution factor [1/X]. In line with our
expectations, analysis of serum from mock-immunized groups (PBS and VSV*AG)
revealed no reactivity towards either PR8 (Figure 20 B) or rSC35M virus (Figure 20
C). Animals immunized with VSV*AG(NP) developed high antibody titers reactive
with both viruses after prime immunization, which were even further elevated after
boost vaccination. In strong contrast to this, mice immunized with VSV*AG(M1)
showed significantly less (p<0.0001) antibodies, as no antibodies reactive against

PR8 (Figure 20 B) and negligible amounts against rfSC35M (Figure 20 C) were
detected.

1stimmunization 2nd immunization
1 1 1
I T T
days O 28 56
v v
serum serum
B total antibodies against PR8 C total antibodies against rSC35M
HXXX
[
[rrrrarrran R -
6400 Jesemnamnmny . 6400 desssimmmmnmmsra Lecomsaboensimsssmsmvssvissnmsnie
o 3200 q 3200 * PBS
< = %
= 1600 = 1600 * VSV*AG
£ 500 £ s00 I ® VSV*AG(NP)
8 8 5
5 100 £ 400 g o VSV*AG(M1)
3 200 g 200 o VSV*AG(M2)
1004 y ® 1004 o VSV*AG(H3,,)
<50 <50 Lepeepe—epmeg—lr e —r 4’ el e © VSV*AG(HA PRS)
day 2856 2856 2856 2856 2856 2856 2856 day 2856 2856 2856 2856 2856 2856 28 56

Figure 20: Total antibody response of VSV replicon-immunized animals reactive against
PR8 and rSC35M

Humoral immune responses were evaluated via immuno-peroxidase monolayer assay (IPMA). (A)
Timeline illustrating prime (1% immunization), boost (2*¢ immunization), and days of blood sampling
(black triangle). (B and C) Total antibodies directed against PR8 (B) and rSC35M (C) virus,
respectively. Upper dotted line indicates upper limit of detection. Height of bars represents mean and
all error bars are standard deviations. For statistical analysis, two-way analysis of variance (ANOVA)
with Dunnett’s multiple comparison post-hoc test was performed on log2-transformed titers.
**p<0.01; ***p<0.001; ****p<0.0001. Significance levels compared to VSV*AG(HA PRS8) are not
stated. Only significance levels between boost groups of VSV*AG(INP), VSV*AG(M1) , VSV*AG(M?2),
and VSV*AG(H3.m) are indicated.

No antibody responses were observed after prime immunization with VSV*AG(M2),
but 28 days post-boost, antibodies reactive against both PR8 and rSC35M were
detectable at intermediate levels (Figure 20 B, C). Interestingly, VSV*AG(H3;em)
immunization did not induce antibodies recognizing PR8 (Figure 20 B), but rfSC35M
(Figure 20 C). After VSV*AG(HA PRS8) immunization, high antibody levels reactive
against PR8 (Figure 20 B) but without specificity for rfSC35M (Figure 20 C) were

detectable after prime and boost immunization.
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Since antibodies differ in their mode of action, we investigated via virus
neutralization assay (VNA) if induced antibodies after VSV replicon prime/boost-
immunization were capable of neutralizing PR8 or rfSC35M virus (Figure 21). Here,
virus was pre-incubated with 2-fold serial dilutions of serum and transferred onto a
MDCK cell monolayer. Infected cells were stained via virus-specific antibodies
afterwards and neutralizing titers are the last dilution, in which pre-incubation led to
neutralization of virus and therefore absence of infection. Of the different groups that
showed prominent total antibody levels, only VSV*AG(HA PR8) induced antibodies
that were capable of neutralizing PR8 but not rSC35M (Figure 21). This result
confirms the strong protective effect in HA-matched immunization-challenge
experiments (Figure 21). Importantly, antibodies developed against NP, M2, and
H3em had no neutralizing activity at all, indicating that they may have different

functions in alleviating IAV pathology.
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Figure 21: Virus neutralizing antibodies after VSV vaccination.

Neutralizing antibodies against PR8 (left) and rSC35M (right) were determined. Only serum from
VSV*AG(HA PRS) group was capable of neutralizing PRS8 virus but not rfSC35M. Lower dotted line
indicates lower limit of detection; upper dotted line indicates upper limit of detection. Height of bars
indicates mean and error bars are standard deviations.

As antibodies of different IgG subclasses have various capabilities of activating FcyR
effector functions, we analyzed the IgG subclass-profiles after the prime/boost-
immunization using an IPMA with secondary a-mouse antibodies specific for the

subclasses 1gG1, 1gG2b, 1gG2c, 1gG3 (Figure 22).
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Figure 22: IgG subclass-analysis of VSV immunized mice after boost

28 days after booster immunization, serum of mice was isolated and tested for IgG subtypes in an
adapted IPMA, utilizing secondary a-mouse antibodies specific for either subtype. (A) IgG subclasses
reactive towards PR8 virus in mice immunized with VSV replicons. (B) IgG subclasses reactive
towards rSC35M virus in mice immunized with VSV replicons. For statistical analysis, two-way
analysis of variance (ANOVA) with Tukey’s multiple comparison test on log2-transformed titers was
used. Statistical significance is indicated by *p<0.05; **p<0.01; ****p<0.0001, and significance levels
compared to VSV*AG(HA PRS) are not stated. Upper dotted line indicates upper limit of detection.
Each animal is indicated by an individual symbol.

Animals immunized twice with VSV*AG(NP) developed antibodies of all four
subclasses reactive against PR8, while antibodies against M2 were of the IgGl,
IgG2b, and IgG2c subclasses (Figure 22 A). Antibodies generated against H3.,, were
IgG2b an IgG2c. In all cases, the PR8-reactive antibody titers of each subclass were
higher after NP vaccine than after M2 or H3,., vaccine. Titers of IgG2c were
significantly higher when compared to VSV*AG(M2) (p<0.05) or VSV*AG(H3rn)
(p<0.05). Furthermore, IgG3 titration revealed higher titers against PR8 after
VSV*AG(NP) immunization when compared to other groups (VSV*AG(M2)
p>0.05; VSV*AG(H3.m) p<0.05). For VSV*AG(M2) immunized mice, antibody

92



RESULTS

responses were less consistent among individual animals and reached lower levels on
average, as one animal (rectangle) was observed failing to produce any detectable
titers of IgG subclasses. In the VSV*AG(H3,.,) group no antibodies of the IgG1 or
IgG3 subclass, and just intermediate levels of [gG2b/1gG2¢ were measured. In serum
of VSV*AG(HA PRS8) immunized animals, high levels of PR8-specific IgG2b and
IgG2c were detected, but just low and inconsistent levels of IgG3 and IgGl,

respectively.

In comparison to this, overall IgG subtype levels against rfSC35M were lower (Figure
22 B), although different appearance of infected and stained cells needs to be taken
into consideration. However, interestingly, VSV*AG(NP) immunization led to
significantly higher IgG1 titers against rSC35M than VSV*AG(M2) (p<0.05) and
VSV*AG(H3m) (p<0.0001). Furthermore, antibodies elicited through VSV*AG(HA
PR&8) vaccination were found not to be reactive towards rfSC35M, with exception of
antibodies of the IgG2b subclass. This is in line with our expectations from total
antibody titrations (Figure 20) and confirms the poor reactivity of PR8-directed

humoral immune responses against rSC35M.

4.1.5.1 Antibodies Directed Against NP Can Cause Antibody-dependent Cell-
mediated Cytotoxicity (ADCC)

As antibodies directed against internal proteins had no neutralizing activity (Figure
21), we investigated potential effector functions elicited by these antibodies.
Specifically, we tested whether they had FcyRIV (mFcyRIV) effector functions
(Figure 23), which are known to mediate for example ADCC. Activation of this
function through antibodies against internal proteins would provide evidence that
these non-neutralizing antibodies contribute to the protection against IAV infection.
For this, IAV-infected MDCK cells were co-incubated with effector cells, which are
genetically engineered Jurkat T cells expressing the mFcyRIV, and a luciferase
reporter driven by an nuclear factor of activated T cell (NFAT)-response element.
When mFcyRIV-activating antibodies targeting IAV antigens are present in the
sample, they bind the viral epitopes on the MDCK cells and activate the signaling
cascade in the effector cells leading to luciferase expression. Thereby, luciferase signal
can directly be linked to the potential of the present antibodies to bind IAV-antigen
and activate mFcyRIV. While no mFcyRIV activity was detected for serum of
VSV*AG immunized mice, an activation was observed in all the vaccinated groups.
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Especially serum from VSV*AG(M2) immunized animals strongly activated
mFcyRIV in the presence of either PR8 or rSC35M infected cells. Also, for
VSV*AG(NP) and VSV*AG(H3,..) groups, similar reactivity was observed,
indicating that this immune reaction was efficiently induced independent of the IAV
subtype. In contrast, antibodies after VSV*AG(HA PRS8) immunization activated
mFcyRIV after incubation with PR8 infected cells more efficiently than after
incubation with rSC35M infected cells. Strikingly, antisera from animals infected
with either virus only activated mFcyRIV when incubated with cells infected with
the homologous virus but not with the other virus. Taken together, our results provide
evidence that non-neutralizing antibodies directed against NP and M2 activating
antibody-mediated effector functions exist and could contribute to protection after
heterologous challenge. This mechanism adds another layer of protection to the
action of neutralizing antibodies against surface antigens, and cytotoxic T cell

responses against internal proteins.
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Figure 23: mFcyRIV assay of VSV immunized mice after boost

21 days after boost vaccination, sera of immunized mice was collected and tested for the capacity to
activate mFcyRIV in a mouse FcyRIV ADCC bioassay. For this, PRS- (left) or rfSC35M (right)-
infected MDCK cells were incubated with 2-fold dilutions of the respective serum and mFcyRIV-
expressing reporter cells were added. Luminescence of the different dilutions was measured and area
under curve (AUC) was calculated using serum of a naive mouse + 3x its standard deviation as
baseline, black bar illustrates mean. For statistical analysis, two-way analysis of variance (ANOVA)
with Sidak’s multiple comparison test on log2-transformed titers was used. Statistical significance is
indicated by **p<0.01 and significance levels compared to infected animals are not stated. Lower
dotted line indicates lower limit of detection. Each animal is indicated by an individual symbol. N=2
for VSV*AG(H3s.m) immunized animals tested against rSC35M for limitation of available serum.
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4.1.6 Cocktail Immunization Can Provide Full Protection Against PRS,
But Not rfSC35M Challenge
Since VSV*AG(NP), VSV*AG(M2), and VSV*AG(H3,..,) vaccines induced some
degree of protection, we hypothesized that these effects may be synergistic by
generating antibodies with different effector functions. To test this, we immunized
mice with a double-cocktail containing 5.0x10° ffu of VSV*AG(NP) + VSV*AG(M?2),
respectively to reach a total dose of 10° ffu per immunization (VSV*AG(NP)+(M2)).
As it can be hypothesized that a reduction of the amount of the single replicons in
this cocktail approach may lead to decreased immune responses by diluting the
antigen, we further included single immunizations with either 5.0x10° ffu of
VSV*AG(NP) (0.5 x VSV*AG(NP)) or 5.0x10° ffu of VSV*AG(M2) (0.5 x
VSV*AG(M2)). All animals were boosted on day 28 prior to infection and
subsequently challenged and monitored as described above (Figure 17 A). Mock-
immunized mice developed severe disease including profound weight loss of up to
20% in mean (Figure 24 A), high clinical scores (Figure 24 B, C) and low survival
rates (Figure 24 D). In contrast, the VSV*AG(HA PRS8) immunized group showed
no signs of infection, confirming infectious dose and immunization protocol as
intended. Interestingly, animals immunized with the double-cocktail did not show
strong signs of pathology, with negligible weight loss (Figure 24 A), low disease score
progression (Figure 24 B), a significantly decreased (p<0.0001) overall pathogenicity
(Figure 24 C), and 100% survival (Figure 24 D). In contrast to this, 0.5 x
immunizations with either VSV*AG(NP) or VSV*AG(M2) led to intermediate
weight loss of up 10-15% in mean (Figure 24 A) and a high disease score progression,
especially for the 0.5 x VSV*AG(M2) group (Figure 24 B). However, overall
pathogenicity differed (Figure 24 C). While for the 0.5 x VSV*AG(NP) immunized
mice, intermediate pathogenicity was observed, for 0.5 x VSV*AG(M2) it was
indistinguishable to VSV*AG and significantly increased (p<0.001) when compared
to the double-cocktail. Furthermore, while all 0.5 x VSV*AG(NP) immunized
animals survived the challenge, 40% of 0.5 VSV*AG(M2) reached humane endpoints
(Figure 24 D). We therefore concluded that NP and M2 antigens have synergistic
effects in terms of protection and lead to superior efficacy when compared with single
VSV vaccinations. This is certainly the case when compared to 0.5 x single
immunizations, but also in comparison to 10° ffu of a single VSV*AG(X) replicon

(Figure 17).
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Figure 24: Protection of C57BL/6J mice against PR8 after prime-boost immunization
with a double-cocktail immunization

To investigate the capability of compensation of the respective VSV replicons, C57BL/6J mice were
immunized twice with a double-cocktail of 5.0x10° ffu of VSV*AG(NP) + VSV*AG(M?2)
(VSV*AG(NP)+(M2)), or either 5x10° ffu of VSV*AG(NP) or 5x10° ffu of VSV*AG(M2) alone, and
subsequently challenged with 6.0x10?> TCIDs, PR8. Notably, for single VSV replicon vaccination,
5x10° of VSV*AG expressing no antigen was added respectively to reach an equal amount of
administered replicon particles in all groups. (A) Weight loss of PR8 infected mice immunized with
VSV replicons. All data points represent the mean and error bars are standard deviations. Dotted line
indicates initial weight at the time of infection. (B) Clinical scores of infected mice, based on weight,
behavior, and appearance. All data points represent the mean and error bars are SD. (C) Disease scores
expressed as area under curve (AUC). Height of bars represent the mean and error bars are standard
error of the mean (SEM). For statistical analysis, one-way analysis of variance (ANOVA) with
Tukey’s multiple comparison post-hoc-test using the VSV as a reference was performed. ***p<0.001;
***%*p<(0.0001. (D) Survival rates of animals until day 14 of infection.

As low pathogenicity was still observed for animals challenged with PRS8 after
double-cocktail immunization, we hypothesized that a triple-cocktail containing the
most promising antigens determined during single vaccinations (Figure 17) may
further dampen the signs of infection and lead to a complete protection comparable
to VSV*AG(HA-PRS8). For this, we combined 0.3x10° ffu of VSV*AG(NP) +
VSV*AG(M2) + VSV*AG(H3,.), respectively to reach a total dose of 10° ffu per
immunization (VSV*AG(NP)+(M2)+(H34em)) (Figure 25). As described for the
double-cocktail, we further used control groups to determine possible dilutions effects

due to decreased amounts of single VSV*AG(X) replicons. When immunized with

96



RESULTS

the triple-cocktail, a profound weight loss was detected after challenge (Figure 25 A),
however, this finding was not as prominent as in mock-immunized animals, reaching
~15% on average. In line with this, we found that this group recovered faster and
reached initial weight at around 10 days post-infection. Clinical score progression
was also decreased when compared to mock-immunized animals and resolved faster
(Figure 25 B), which was confirmed by AUC calculation, revealing significantly
decreased (p<0.05) pathology (Figure 25 C). Furthermore, we found a high survival
rate (Figure 25 D).
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Figure 25: Protection of C57BL/6J mice against PR8 after prime-boost immunization
with a triple-cocktail immunization

To investigate the capability of compensation of the respective VSV replicons, C57BL/6J mice were
immunized twice with a triple-cocktail of 0.3x10° ffu of VSV*AG(NP) + VSV*AG(M2) +
VSV*AG(H3sem), respectively, or either 0.3x10° ffu of VSV*AG(NP) or 0.3x10° ffu of VSV*AG(M2)
alone, and subsequently challenged with 6.0x10?> TCIDs, PRS. (A) Weight loss of PR8 infected mice
immunized with VSV replicon cocktails. All data points represent the mean and error bars are standard
deviations. Dotted line indicates initial weight. (B) Clinical scores of infected mice, based on weight,
behavior, and appearance. All data points represent the mean and error bars are SD. (D) Disease
scores expressed as area under curve (AUC). Height of bars represent the mean and error bars are
standard error of the mean (SEM). For statistical analysis, one-way analysis of variance (ANOVA)
with Tukey’s multiple comparison post-hoc-test using the VSV as a reference was performed. *p<0.05;
**p<0.01. (D) Survival rates of animals until day 14 of infection.
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However, when compared to single VSV*AG(NP) (Figure 17) or double-cocktail
vaccination (Figure 24), the triple-cocktail led to inferior protection, suggesting that
the lower dose of each replicon used for immunization could be responsible for
limited immune responses, which in turn reduced the overall protection.
Interestingly, while groups immunized with either 0.3 x VSV*AG(NP) or 0.3 x
VSV*AG(M2) showed prominent weight loss (Figure 25 A) and disease score
progression (Figure 25 B), statistical analysis of disease scores (Figure 25 C) were
highly comparable to those of 0.5 x VSV*AG(NP) and 0.5 x VSV*AG(M2) (Figure
24). Even more, animals immunized with 0.3 x VSV*AG(NP) had a significantly
decreased overall disease score when compared to VSV*AG (p<0.01) and
VSV*AG(M2) (p<0.05). Also, survival rates of both 0.3x10° ffu single immunizations
were 100% (Figure 25 D), which indicates that in fact protective responses are not

vanishing through dilution of VSV*AG(X) replicon amounts.

In conclusion, we demonstrated that the double-cocktail immunization was superior
to single VSV replicon vaccination (Figure 17) or triple-cocktail immunization
(Figure 25) against PR8, as animals were completely protected from weight loss,

pathogenicity, and death (Figure 24).

4.1.7 Cocktail Immunizations Induces Comparable Humoral Immune
Responses Against PR8
To investigate the extent of humoral immune responses during cocktail-
immunization, we determined total virus-reactive IgG titers against PR8 via IPMA
28 days after prime and boost, respectively (Figure 26). As demonstrated before, none
of the mock-immunized animals developed antibodies reactive against PR8, while
serum from the VSV*AG(HA PRS8) groups showed a very strong reactivity.
Interestingly, we observed highest antibody titers against PR8 after double-cocktail
immunization, when compared to 0.5/0.3 x single or triple-cocktail immunization
(Figure 26), correlating with protection efficacy during challenge experiments (Figure
24). Overall, although a trend of decreased antibody production reactive against PR8
appears when the dose of the respective replicon is diluted, this effect was not
significant between any groups and is therefore in line with challenge experiments

demonstrating comparable protection after 0.5 and 0.3 doses (Figure 24, Figure 25).
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Figure 26: Total IgG antibody response of cocktail immunized animals against PR8

Total antibodies reactive against PR8 were evaluated via (IPMA). Upper dotted line indicates upper
limit of detection. Height of bars represents mean and all error bars are standard deviations. For
statistical analysis, two-way analysis of variance (ANOVA) with Dunnett’s multiple comparison post-
hoc test on log2-transformed titers was performed. *p<0.05; ***p<0.001. Significance levels for all
prime immunizations and VSV*AG and VSV*AG(HA PRS8) boost immunizations are not stated.

As it was observed that the double-cocktail immunization massively improves
disease outcome, when compared to a triple-cocktail immunization, without
significantly altering total antibody production, we hypothesized that the underlying
IgG subclass profile determines reactive potential of humoral responses.
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Figure 27: IgG-subclass analysis of cocktail immunized mice after boosting reactive
against PR8

28 days after booster immunization, serum of mice was isolated and tested for IgG subtypes reactive
against PR8 in an adapted IPMA, utilizing secondary a-mouse antibodies specific for either subtype.
For statistical analysis, two-way analysis of variance (ANOVA) with Tukey’s multiple comparison
test on log2-transformed titers was used and significance levels compared to VSV*AG(HA PRS) are
not stated. Upper dotted line indicates upper limit of detection. Each animal is indicated by an
individual symbol.
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We performed the before-mentioned modified IPMA, utilizing secondary a-mouse
IgG antibodies against the respective IgG subtypes with serum we obtained 28 days
after boost (Figure 27). We found IgG1, IgG2b, and IgG2c induced by both cocktail
immunizations against PR8 to comparable levels, although a similar trend as for total

IgG antibodies was observed (Figure 26).

4.1.8 Cocktail Immunizations Have Lower Effect Against rfSC35M
Challenge
To test the protective effect of the different cocktail immunizations against rfSC35M
infection, we immunized mice as described above, challenged with 1.2x10° TCIDs,
rSC35M 28 days after boost and monitored development of weight loss, clinical
signs, and survival over 14 days (Figure 28). We observed severe weight loss of mock-
immunized animals exceeding 25% in mean (Figure 28 A) and high clinical scores
(Figure 28 B). Quantification of overall disease scores for VSV*AG cannot be
calculated because all animals reached humane endpoints (Figure 28 D). Therefore
VSV*AG(HA PRS8) immunized mice were used as a reference for statistical analysis,
as previous infection demonstrated similar disease progression between VSV*AG and
VSV*AG(HA PR8) mice infected with rSC35M (Figure 18). In line with our
expectations based on previous experiments, VSV*AG(HA PR8) immunizations did
not lead to any degree of protection against heterologous challenge. Neither double-
cocktail, nor triple-cocktail immunized groups were remarkably protected against the
high pathology of viral infection as both groups lost up to ~20% of initial weight
(Figure 28 A). However, assessment of clinical scores revealed, that triple-cocktail
immunization resulted in significantly decreased (p<0.05) overall severity of
infection, when compared to VSV*AG(HA PR8) (Figure 28 C). Furthermore, both
cocktail immunizations led to the survival of 40% of animals (Figure 28 D). Based
on former experiments (Figure 24 and Figure 25), resulting protection of single
immunization with reduced doses can be considered to be inferior when compared

to the combined cocktail vaccinations.
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Figure 28: Protection of C57BL/6J mice against rSC35M after prime-boost immunization
with different cocktail immunizations

To investigate the capability of compensation of the respective VSV replicons, C57BL/6J mice were
immunized twice with a double-cocktail of 5.0x10° ffu of VSV*AG(NP) + VSV*AG(M2), respectively,
or a triple-cocktail with 3.3x10° ffu of VSV*AG(NP) + VSV*AG(M2) + VSV*AG(H3;em), respectively,
and subsequently challenged with 1.2x10° TCIDs, rfSC35M. (A) Weight loss of rSC35M infected mice
immunized with VSV replicon cocktails. All data points represent the mean and error bars are standard
deviations. Dotted line indicates initial weight. (B) Clinical scores of infected mice, based on weight,
behavior, and appearance. All data points represent the mean and error bars are SD. (D) Disease
scores expressed as area under curve (AUC). Height of bars represent the mean and error bars are
standard error of the mean (SEM). For statistical analysis, one-way analysis of variance (ANOVA)
with Tukey’s multiple comparison post-hoc-test using the VSV as a reference was performed. *p<0.05.
(D) Survival rates of animals until day 14 of infection.

To investigate the humoral immune responses elicited after cocktail immunization
and reactive towards rSC35M, we again performed total IgG and IgG subclass
titration utilizing IPMAs (Figure 29 and Figure 30). As expected, neither serum of
VSV*AG or VSV*AG(HA PRS8) group showed any reactivity with rfSC35M serum
(Figure 29). Although total IgG titers were significantly (p<0.0001) decreased in
serum from triple-cocktail immunized animals when compared to double-cocktail
immunized animals after prime vaccination, this effect was not present after boost.
We therefore concluded that total amount of IgG present in the serum is not

necessarily predictive for protection against challenge.
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Figure 29: Total IgG antibody response of cocktail immunized animals against rSC35M

Total antibodies reactive against rfSC35M were evaluated via (IPMA). Upper dotted line indicates
upper limit of detection. Height of bars represents mean and all error bars are standard deviations. For
statistical analysis, two-way analysis of variance (ANOVA) with Dunnett’s multiple comparison post-
hoc test on log2-transformed titers was performed. ****p<0.0001. Significance levels for VSV*AG and
VSV*AG(HA PRS8) immunizations are not stated.

When comparing IgG subclass profiles after different cocktail-immunizations, we did
not detect striking differences (Figure 30). Although IgG3 levels after double-cocktail
vaccination were slightly elevated when compared to triple cocktail groups (p<0.05),
IgG1, as well as IgG2b/c titers were highly similar. From this IgG subclass profile,
we concluded that IgG subclasses alone are not predictive for disease progress in the

environment of multiple antigens using mixed VSV replicon vaccinations.
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Figure 30: IgG-subclass analysis of cocktail immunized mice after boosting reactive
against rSC35M

28 days after booster immunization, serum of mice was isolated and tested for IgG subtypes reactive
against rfSC35M in an adapted IPMA, utilizing secondary o-mouse antibodies specific for either
subtype. For statistical analysis, two-way analysis of variance (ANOVA) with Tukey’s multiple
comparison test on log2-transformed titers was used and significance levels compared to VSV*AG(HA
PR&) are not stated. *p<0.05. Upper dotted line indicates upper limit of detection. Each animal is
indicated by an individual symbol.
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Taken together, our results demonstrate that the internal proteins of IAV can be
targeted by strong humoral immune responses and that these antibodies are able to
confer protection in the absence of neutralization. In contrast, ADCP and ADCC are
mediated by FcyR activation and lead to beneficial outcome after heterologous IAV
challenge in terms of disease severity and overall survival. This underlines the
protective potential of non-neutralizing antibodies and can serve as a basis for the

rational design of heterologous IAV vaccines.
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4.2 ADARI1 Has Proviral Activity for Influenza A Virus

4.2.1 ADARI1p150 is a Proviral Factor in HeLa Cells

It is known that the ADAR1p150 isoform can have a proviral impact on growth of
several viruses by preventing innate immune activation through dsRNA
intermediates (Pfaller et al. 2021). Cellular factors, known to be proviral for a great
variety of viruses, represent a promising target for broadly acting antivirals, as
development of one inhibitor can be used as a drug against multiple viruses. We
therefore wanted to examine the role of ADARI1 during IAV infection. For this, we
used the HeLa cell model, where the respective ADARI1p150%° and ADARI1X®
(knockout of both ADAR1p150 and ADARI1p110 isoforms) cell lines were already
available from previous studies (Pfaller et al. 2018). To investigate its effect on viral
replication, the rfSC35M virus was used, as initial experiments revealed that PR8 did
not induce any visible cytopathic effect (CPE) in infected HeLa cells, whereas CPE
was widespread after rfSC35M inoculation (data not shown). We infected HeLLa wild
type, HeLa-ADARI1p150%°, and HeLa-ADARI1¥® cells with an MOI of 1 and
investigated viral protein expression via immunoblot analysis (Figure 31). While both
isoforms of ADARI are clearly visible in HeLa wild type cells, ADARp150%° and
ADARIX® was confirmed by absence of specific bands (Figure 31 A). Interestingly,
while absence of ADAR1p150 led to a pronounced reduction of the level of expressed
IAV NP, this effect was less pronounced when both isoforms were lacking. To
quantify this finding, we analyzed band intensity normalized to GAPDH staining
(Figure 31 B). We demonstrated a significant difference (p<0.05) of IAV NP
expression between HeLa-ADARI1p150%° and HeLa wild type cells, whereas the
difference between wild type and HeLa-ADARI*® cells was not significant.
Remarkably, in contrast to previous observations regarding IAV proviral
mechanisms of ADAR1p150 (Vogel et al. 2020), we did not find characteristic innate
immunity pathways involved, as phosphorylation of the dsSRNA-sensor PKR and the
transcription factor IRF3 was not observed (Figure 31 A). To examine the generation
of progeny virus during the absence of ADAR1p150 and ADARI in HeLa cells, we
performed a growth curve analysis. However, after 24, as well as 48 hours, no
infectious virus was detected in the supernatants of infected cells (data not shown).

This circumstance made a different cell system necessary for further investigation.
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Figure 31: Proviral effect of ADAR1p150 in rSC35M infected HeLa cells

Wild type, ADAR1p150%C, and ADARIXC Hel a cells were infected with rfSC35M (MOI=1) and 24
hpi, cell lysates were produced and subjected to immunoblot analysis. (A) Representative blot showing
ADARI1p150 and ADARI1p110 absence in knock-out cell lines. While TAV-NP expression was
strongly decreased in HeLa ADARIp150%© cells, this was not as pronounced in the absence of both
ADARI1 isoforms. No activation of characteristic innate immunity pathways was observed, regarding
phosphorylated PKR (pPKR) and IRF3 (pIRF3). (B) Quantification (n=3) of IAV NP expression
levels in the different cell lines. Height of bars represent the mean and error bars are standard
deviations. For statistical analysis, one-way analysis of variance (ANOVA) with Tukey’s multiple
comparison post-test was used; *p<0.05.

4.2.2 Knock-out of ADARI1 in MDCK Cells Using the CRISPR/Cas9n
System

To investigate if the absence of ADARI1p150 also reduces the amount of progeny
infectious TAV particles, the MDCK cell line was used in which IAV can grow to
high titers. We generated MDCK cells harboring either a knock-out of the
ADARI1p150 isoform or both ADARI1 isoforms using the CRISPR/Cas9n system.
For this we used expression plasmids expressing a Cas9n-2A-GFP fusion construct
under control of the CMV promoter (Figure 32 A). The expressed protein is cleaved
at the internal 2A autocleavage site, into the Cas9n enzyme and GFP as an
expression marker. The plasmid further contains a U6-promotor driven cassette into
which a guide RNA (gRNA) sequence can be inserted. The Cas9n endonuclease is a
nickase, since it is only capable of inserting a single-strand break (Ran et al. 2013).
We therefore used two plasmids with gRNA sequences in close proximity
(gRNA1/2) to the target site and on the opposite strands of the DNA to induce a

double-strand break resulting in functional gene knock-out.
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Figure 32: Knock-out of ADARI isoforms in MDCK wild type cells using
CRISPR/Cas9n

(A) pSpCas9n(cADARI1 A.1/2)-2A-GFP expression plasmid used for ADAR1 knock-out in MDCK
cells encoding for Cas9n endonuclease, a 2A internal-cleavage site, GFP, and one of two different
guide RNAs (gRNA). (B) Genomic orientation of the ADAR gene. During maturation of pre-mRNAs,
alternative promotor usage gives rise to ADARI1p150- or ADAR1p110-mRNA. While exon 1A
contains a start codon that leads to the expression of ADAR1p150, exon 1B does not contain a start
codon. This results in the translation initiation further downstream and by that expression of the
shorter ADAR1p110 isoform. gRNA target sites A and B are indicated above, with the approximate
site of cleavage indicated by a red, nicked line and the resulting knock-out underneath. (C) GFP
expression of transfected MDCK cells pre-sorting (left) and post-sorting (right). (D) Immunoblot
analysis of MDCK cell lysates, stained with a-ADARI1 antibody to confirm knock-out of ADAR1p150
or complete ADARI. As a loading control a-GAPDH staining was used.

During the expression of the ADAR gene, alternative promoter usage results in
expression of primary transcripts containing either exon 1A or exon 1B, from which
the respective isoforms ADARI1p150 and ADARIp110 are eventually expressed
(Figure 32 B) (Pfaller et al. 2021). In case of gRNA pair A (gRNA A.1 + gRNA A.2),
the Cas9n endonuclease cuts upstream of the ADAR1p110-start codon. This affects
only the ADARIp150 open reading frame, but not that of ADARI1p110. When
gRNA pair B is present in the cell, Cas9n cleaves downstream of the ADAR1p110-
start codon, thereby affecting both isoforms (Figure 32 B). Transfected GFP-
expressing MDCK cells were sorted by flow cytometry to enrich transfected cells
(Figure 32 C). While the average transfection efficiency was low (7.05% GFP" of all
cells), their proportion was greatly enhanced (85.3%) after sorting. Individual cell
clones were grown and screened for ADARI1 expression by immunoblot analysis.
Several clones showed absence of ADAR1p150 or both ADARI isoforms (Figure 32
D) and representative clones were used in the subsequent experiments.
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4.2.3 ADARI1 Knock-out Does Not Lead to Phenotypic Effects in
MDCK Cells

In certain cell lines, loss of ADARI1 can induce cell death programs (Li et al. 2017),
while in others it does not (Chung et al. 2018; Pfaller et al. 2018). To test whether the
knock-out of ADARI affected the viability of MDCK cells, we monitored the
appearance of the different cell line monolayers to investigate if cell shape or growth
was altered (Figure 33). No obvious differences in growth, survival or appearance
were detected when cells were seeded in cell-culture plates and examined through a
light-microscope 24 hours later.
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Figure 33: Appearance of MDCK wildtype, MDCK-ADAR1p150“°, and MDCK-
ADARI*® cells

Cells of the respective cell line were seeded in 6-well plates and incubated for 24 h at 37°C. Pictures
were taken through a light microscope and do not show any noticeable differences in growth, survival,
or appearance.

To examine the growth and survival kinetics of the different cell lines, we used a 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)-based assay, in
which the yellow tetrazolium dye MTT is metabolized by the mitochondrial
dehydrogenase to form purple formazan crystals (Figure 34 A). Since only living cells
exhibit dehydrogenase activity, purple staining intensity after solubilization of
formazan crystals positively correlates with cell number and can be used to assess cell
growth and survival. By seeding cells sub-confluently and measuring the amount of
produced formazan at different time points, we confirmed that cell growth is not
severely altered between MDCK wildtype, MDCK-ADAR1p150%°, and MDCK-
ADARIXO cells during the first 48 hours after seeding (Figure 34 B). To evaluate if
the different composition of serum-free medium used for upcoming infection
experiments (DMEM) can have an impact on survival of confluent cell monolayers,
were conducted a cell survival assay, were the amount of cells after medium exchange
was measured. No significant differences were observed for any of the examined cell

lines. Taken together, these results further illustrate that the knockout of
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ADARI1pl150 alone or in combination with ADARIpl110 did not result in
phenotypical differences when compared to MDCK wild type cells.
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Figure 34: Cell growth and survival of different cell lines via MTT-based assay

(A) Schematic illustration of an MTT-based assay to determine the cell viability. The tetrazolium dye
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) is added and metabolized by
living cells to build formazan crystals. Solubilization of formazan crystals results in homogenous
staining of supernatant and can be measured via absorbance at 570 nm. (B) MTT-based cell growth
assay. After seeding the different cell lines sub-confluently, the amount of produced formazan was
determined after 24, 48, and 72 hours-post seeding and normalized to absorbance 24 hours post-
seeding for the respective cell line. (C) MTT-based cell survival assay to determine the influence of
serum-free medium used for subsequent infections (DMEM) on the used cell lines. 24 hours after
seeding, medium was changed and amount of cells was determined after 24, 48, and 72 hours. All
values are normalized to the absorbance at the time of medium change for the respective cell line.
Two-way ANOVA with Dunnett’s multiple-comparison post-test was used for statistical analysis and
**p<(0.01.

4.2.4 ADARI Has a Proviral Activity in MDCK Cells

To investigate the effect of the different ADARI isoforms on IAV replication in vitro,
we infected MDCK wild type, MDCK-ADAR1p150%°, and MDCK-ADARI*® with
PR8 and determined the viral titers in the supernatant at 24 and 48 hours post-

infection via IPMA (Figure 35).
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Figure 35: Viral replication of PR8 on different ADARI1 knock-out cell lines

Cell monolayers of MDCK wildtype (black), MDCK-ADARI1p150%° (green), and MDCK-ADAR 1¥°
(orange) cells were infected with PR8 (MOI=0.01) and supernatant was titrated after 24 and 48 hours
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via IPMA. Viral titers are expressed as logio(TCIDso/ml). Two-way ANOVA with Dunnett’s multiple
comparison post-test was used to test for statistical significance with **p<0.01; ****p<0.0001.

We found that viral replication was significantly decreased in both cell lines lacking
ADARI isoforms 24 hours post infection (p<0.01) and that this effect was even
higher 48 hours post-infection (p<0.0001), demonstrating a proviral effect of ADAR1
also in the MDCK cell model. Finding viral replication impaired in both of the
investigated cell lines leads to the conclusion that ADAR1p150 alone is responsible
for the proviral effect, as additional knock-out of ADAR1p110 did not further lead
to altered viral growth when comparing MDCK-ADARI1p150%° and MDCK-
ADARI¥O cells.

4.2.5 ADARI1 Knock-out Results in Increased Resistance Against IAV-
Induced Cell Death

It is well established that IAV infection induces several cell death pathways as a result
of dsRNA-sensing by innate immune receptors (Laghlali et al. 2020; Jiao et al. 2020;
Zhang et al. 2020).

24 hours post-infection 48 hours post-infection

72 hours post-infection

MDCK wildytpe

MDCK-ADAR1p150%°

MDCK-ADAR1* |

Figure 36: Evaluation of cell monolayer disruption after PR8 infection

Cells were seeded in 24-well plates and confluent monolayers were infected with MOI=1 of PR8. 24,
48, and 72 hpi, IPMA staining was performed to better visualize the infected monolayer and increase
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contrast of cells. Representative pictures of MDCK wildtype (upper lane), MDCK-ADAR1p150%°
(middle lane) and MDCK-ADARI1X° (lower lane) cells were taken using a light microscope.

Therefore, we further investigated if lack of ADARI1 isoforms affected cell survival
in response to IAV infection. We infected the different MDCK cell clones with PR8
at an MOI of 1 and examined the occurrence of cytopathic effect for up to 72 hours
(Figure 36). In addition, we performed IPMA staining to visualize infected cells.
High MOI was chosen to ensure equal infection in the majority of cells. Surprisingly,
neither MDCK-ADAR1p150%°, nor MDCK-ADARI1*? cells were found to induce
increased cell death upon infection. In contrast to our initial expectations, while
ADARI1p150%° did not have any striking effect when compared to MDCK wildtype
cells (middle lane), ADARIXC seemingly conferred protection against infection-

induced cell death (lower lane).

A MTT-based survival assay was used to further examine and measure the
magnitude of cell death after PR8 infection. For this, we seeded and incubated the
different cell lines for 24 hours before we infected them with different MOIs reaching
from 0.01 to 5. 24, 48, and 72 hours post-infection, we measured the cell viability as

described above (Figure 37 A).

PR8 MOI 0.01 PR8 MOI 0.1 PR8 MOI 1 PR8 MOI 5

120 1207 1204

1003% 1004 100 4

& £ g0 + =& 8o+ £ 8o
] [ P o
S ¥ 3 S
c c = =4

_'-5 8 604 & 604 \ _g 60 -
2 8 5 2

3 S8 40 34 404 2 404
< —e— MDCK wildtype < < <

20 —#— MDCK-ADAR1p150%° 20 4 204 20 4

MDCK-ADART*
0 T T T 1 0 T T 1 0 T T 1 0 T T 1
0 24 48 72 0 24 48 72 0 24 48 72 0 24 48 72
hours post-infection hours post-infection hours post-infection hours post-infection

Figure 37: MTT-based survival assay to investigate [AV-induced cell death in absence of
ADARI1

Cells were seeded and 24 hours later infected with different MOIs of PRS8 virus ranging from
MOI=0.01 to MOI=5. At 0, 24, 48, and 72 hpi, MTT substrate was added to determine the amount
ofliving cells after infection. Absorbance was normalized to the initial value representing cell numbers
before infection, respectively. Two-way ANOVA with Dunnett’s multiple-comparison post-test was
used for statistical analysis and *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001

Infection with low MOIs of 0.01 and 0.1 had no profound effect on cell viability in
any of the cell lines. However, when cells were infected with MOI=1 or MOI=5, a
strong induction of cell death was observed between 24 and 48 hours post-infection
in MDCK wild type and MDCK-ADARI1p150%° cells. This is in line with our
observations from previous experiments (Figure 36). In contrast to this, MDCK-

ADARIX® cells resisted to cell death and maintained cell numbers throughout the 3
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days for MOI of 1, revealing significant differences already 24 hours post-infection
(p<0.01). This effect was even stronger after 48 and 72 hours. The same trend was
seen for an infectious dose of MOI of 5, as significant differences (p<0.0001) were
observed from 48 hours on. These results are in line with our observations from
previous experiments (Figure 36) and confirm the inherent protection against IAV-
mediated cell death in our MDCK cell model when both isoforms of ADARI1 are

knocked out.

In summary, we confirmed our hypothesis of a proviral activity of ADARI1 for
different IAVs and in different cell types. While we observed impaired IAV NP levels
in the absence of ADARI1p150 in HeLa cells, our MDCK cell model harboring
different KOs of ADARI1 isoforms revealed that this also affects virus replication.
The presented results, in combination with previous reports about proviral effect of
ADARI1 on other viruses, support the assumption that ADARI can be used as a

promising target for broadly-acting antivirals.
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5 DISCUSSION

Since TAV is a major burden for the human population, many countermeasures have
been developed in the past to fight disease and mortality associated with infection.
These can either be vaccines, acting prophylactically, or antivirals, acting
therapeutically. However, genetic variability between different IAV strains can
render these countermeasures inefficient, so that currently licensed vaccines provide
sub-optimal protection against infection and drive antigenic drift of seasonal
influenza virus (Hensley et al. 2009). Furthermore, emergence of different avian
IAVs that crossed the species-barrier in the past fuel the fear for potential pandemics
of new reassortants (Fouchier et al. 2004; Yuen et al. 1998; Peiris et al. 1999).
Although antiviral reagents have been developed to treat severe cases of IAV when
vaccine protection fails, evolving resistance highlights the need for development of
additional countermeasures which efficiently inhibit IAV mutants as well. Here, we
investigated protective adaptive immune responses towards conserved antigens of
LAIV against heterologous strains of flu in a mouse model and characterized
mechanisms by which these responses can drive protection. Furthermore, we
examined the influence of the host factor ADARI1 on IAV replication, which is
known to be proviral for several viruses and thus a potential target for broadly acting

antivirals.

5.1 Humoral Immune Responses Against Internal Influenza A
Virus Proteins

We demonstrated that VSV-vectored immunization against different proteins of IAV
can result in protective immunity against challenge and that this protection is not
based on cellular, but humoral immunity. It has to be highlighted that we utilized a
heterologous immunization-challenge model, as the antigens used for immunization
were derived from the LAIV Fluenz®. We further showed that vaccination with VSV-
vectors expressing M2, H3,.,, or the internal protein NP, in contrast to M1, led to
activation of FcyR, which is a strong indicator for antibody-dependent cell-mediated
cytotoxicity (ADCC) and antibody-dependent cell-mediated phagocytosis (ADCP).
Combination of the most promising antigens in a cocktail immunization against PR8
revealed that the immune responses against NP and M2 had synergistic effects. The

findings provide novel considerations for the future design of broadly acting IAV
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vaccines. As currently licensed IAV vaccines are protecting insufficiently against
heterologous IAVs, enhancing the breadth of the immune response is urgently

needed to prepare for potential outbreaks of pandemic IAVs.

In the past, different approaches were used to achieve this enhancement, mainly by
targeting conserved antibody domains like the stem region of HA (HA.m) or the
ectodomain of the M2 ion channel (M2e) (Impagliazzo et al. 2015; Neirynck et al.
1999), or by inducing cytotoxic T cell responses towards internal proteins like NP or
M1 (Ulmer et al. 1993; Xie et al. 2009). Using VSV replicons to express the internal
proteins NP and M1, we compared the humoral immunity towards those antigens
with the immune response against widely used HA .., and M2 antigens. Remarkably,
in our experiments, NP induced even higher antibody titers than H3., and M2. In
the past, humoral immune responses against internal, conserved IAV proteins have
been neglected, as they are not directly accessible for antibodies and thus are assumed
to play only a minor role in protection compared to antibodies against surface
antigens. However, it was shown that NP can be exposed on the surface of infected
and dying cells, and that monoclonal antibodies against NP can protect against IAV
pathogenicity and high viral lung titers in the mouse model when expressed in vivo or
even after serum transfer (Virelizier et al. 1977; Carragher et al. 2008; Fujimoto et al.
2016; LaMere et al. 2011). The proposed mechanisms of action for non-neutralizing
antibodies are based on FcyR effector functions and include ADCC, ADCP, and
complement activation (Krammer 2019). We showed that immunization with NP,
which partially protected from severe disease, induced the generation of TAV-specific
total IgG levels, and especially IgG2b/c subclasses, which are known to confer
antibody-dependent cell-mediated cytotoxicity. In fact, we demonstrated activation
of FcyRIV by NP-specific antibodies, and also M2- and H3..,-specific antibodies.
Activation of FcyRIV by IgG2c and IgG2b can induce both ADCC and ADCP and
may therefore represent a correlate of protection. However, the complex interplay
between the different IgG subclasses is not fully understood and more insights are
needed to reliably resolve the different, overlapping, or subsidiary functions of
murine IgG. This is also stressed by a recent publication demonstrating that non-
neutralizing IgG1 can suppress the protective efficacy of IgG2 by competitively
binding to the virus and thereby reducing IgG2-effector functions (Shibuya et al.
2020).
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Our findings underline the neglected potential of humoral immunity especially
towards NP and reasons the inclusion of antibody epitopes from internal proteins to

the concept of future IAV vaccine design.

5.1.1 VSV-based Replicons As a Vaccine Platform

We applied the VSV*AG replicon platform to investigate immune responses towards
different IAV proteins. We showed via immunoblot and immunofluorescence
analysis that insertion of different IAV genes into the VSV*AG replicon genome led
to efficient expression of the respective proteins. Thus, the VSV platform serves as a
versatile tool to express heterologous surface and internal antigens and to induce a

broad range of immune responses against these antigens.

VSV was first investigated as a vaccine vector in 1998 (Roberts et al. 1998) and was
since used for numerous preclinical and several clinical studies. In contrast to many
other viral vectors discussed as vaccine candidates, like adenoviruses, poxviruses, or
lentiviruses, VSV lacks a DNA intermediate in its replication cycle. This is a major
safety advantage, as the risk of genome integration is avoided. Uncertainties about
possible frequency and location of integration after administration of adenoviral
vectors in the currently ongoing SARS-CoV-2 pandemic have fueled public
discussion about their safety (Doerfler 2021; Mendonga et al. 2021). Regardless of
the outcome of those discussions, doubts about safety of distinct vectors can lead to
hesitation of populations in taking the vaccine, which is a critical factor for pandemic
situations like SARS-CoV-2 or potentially upcoming IAVs. However, compared to
most other viral vectors, VSV has a relatively small packaging capacity of
approximately 6 kb, which is lower than for those mentioned above; poxviruses for
example can package up to 30 kb (Lundstrom 2021). Another virus investigated as a
potential vaccine vector is measles virus. Whereas measles virus does also not
generate DNA during its replication cycle, it has the great disadvantage of
neutralizing immunity present in most of the population, which raises discussions
about its potential to be used as a vaccine vector. Similar concerns are appropriate
for boosting the immune responses using two identical VSV vectors. Neutralizing
antibodies against VSV-G generated after prime immunization may prevent
transduction of cells and thereby protein expression after booster immunization.
However, although we measured neutralizing antibodies directed against VSV-G

after a first vaccination (data not shown), we can clearly demonstrate boosted
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humoral responses after second vaccination in our mouse model. This indicates that

existing immunity does not completely prevent efficient booster immunization.

Another main advantage of VSV as a vector is its ability to induce especially humoral,
but also cellular immunity in many animal models (Humphreys and Sebastian 2018).
However, VSV has to be attenuated to meet safety requirements, as non-attenuated
VSV was shown to be neurovirulent (Johnson et al. 2007). We used a VSV vector
lacking the VSV-G gene (VSVAG), to generate single-round replicons. It was initially
assumed that the attenuation-strategy may play an important role for its potential to
induce immune responses towards encoded antigens, depicting VSV as an inflexible
tool concerning its utilization as a vaccine vector. These assumptions were based on
first clinical studies using a VSV-G-truncated vector against HIV gag protein
(rVSVN4CT1-HIV-gag), which elicited modest CD4+ T cell responses and just low
humoral immunity in many participants (Fuchs et al. 2015). In contrast to this,
VSVAG expressing the glycoprotein of Ebola resulted in strong antibody production,
although also here, only low T cell responses were observed (Dahlke et al. 2017).
These experiments paved the way for further optimization of VSV as a vaccine
platform and resulted in the development of the first approved Ebola vaccine in 2019
(Ervebo) (Marzi et al. 2015; Banadyga and Marzi 2017). However, when comparing
the above-mentioned platforms, it has to be taken into consideration that the choice
of antigen as well determines strength and shape of the immune response. In fact, it
was shown recently that VSV-G truncated vector expressing the glycoprotein of
Ebola (rVSVN4CT1-EBOVGP), can not only protect non-human primates from
lethal challenge (Matassov et al. 2015), but was also proven to be safe and highly
immunogenic in a Phase I clinical trial, as 100% of participants in a high dose group
developed neutralizing antibody titers (Clarke et al. 2020). This underlines the diverse
possibilities of attenuating VSV and use it as a vaccine vector. Nevertheless, it has to
be stressed that the glycoprotein of Ebola can facilitate infection of host cells in the

context as rVSVN4CT1-EBOVGP, making this vector replication-competent.

VSV vectors have gained increasing attention during the currently ongoing SARS-
CoV-2 pandemic as a promising platform to develop efficient vaccines. However,
substituting VSV-G with heterologous viral surface proteins may lead to efficient
replication and propagation of the viral vector (Case et al. 2020), which can have a

substantial impact on tissue-tropism and induced pathogenicity by vaccine
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candidates. In a recent publication, we reported on our approach to generate single-
cycle VSV replicons as a vaccine vector against SARS-CoV-2 (Hennrich et al. 2021).
These vectors were VSV-G deficient and encoded a chimeric protein of the receptor-
binding domain (RBD) of SARS-CoV-2 spike protein and the transmembrane stem-
anchor domain of the rabies virus glycoprotein (VSVAG-minispike-eGFP). We
demonstrated development of high titers of neutralizing antibodies in human ACE2-
expressing transgenic mice after single immunization, which resulted in protection
against several SARS-CoV-2 variants, including Wuhan (Hennrich et al. 2021), delta,
and omicron (unpublished). Nevertheless, protection was diminished when animals
were challenged with omicron variant, representing immune escape of the SARS-
CoV-2 RBD. This shows that not only for IAV, but also for other viruses, broader
immune responses are desirable and a bivalent VSV vector approach, as we used it
in our cocktail immunizations against IAV, may be a promising tool to achieve that.
We showed that the VSV replicons used in the project of this thesis are only capable
of replication when VSV-G is provided in trans, even when the full-length HA of IAV
is present. As it was found that IAV HA is very efficiently incorporated into VSV*AG
replicons, lack of replication is most probably based on the lack of TAV NA
(Kretzschmar et al. 1997).

5.1.2 Expression of H3sem Construct

Although modifications in the primary structure of antigens often rise concerns about
the correct folding of secondary and tertiary structure, it has been demonstrated for
H3,. that replacement of the head domain with a flexible linker consisting of four
glycines does not disrupt the structure of the stem region, and that expression is
comparable to full-length HA (Steel et al. 2010). The two cysteines flanking the
substituted head domain are predicted iz silico to build a stabilizing disulfide bond
and were therefore used in previous studies to define the boundaries of N-terminus
and C-terminus of the stem domain. We designed our H3,., construct based on the
same concept, since these stabilizing residues were conserved in the HA derived from
the A/Hong Kong/4801/2014(H3N2)-like IAV in our vaccine preparation. We were
able to detect expression of our construct using HA-specific antibodies in an
immunofluorescence microscopy assay, confirming that H3g., is efficiently

expressed and presented on the surface of VSV*AG(H3,..,) transduced cells.
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HA can be categorized into two different groups, group 1 HA and group 2 HA, based
on their phylogenetic similarities (Sutton et al. 2017). While H1 (PRS8) belongs to
group 1 HA, H3 (Hong Kong-like) and H7 (rtSC35M) are classified in group 2 HA.
This in in line with our amino acid homology analysis, showing a higher similarity
between H3 and H7 (59.4%) than between H3 and H1 (46.8%) and stresses the
challenge of HA.n-based approaches, namely the broad protection against both
groups of HA (Table 11). Interestingly, we found in our immunofluorescence
analysis that H1 serum as well as H3 serum were capable of reacting with the H3..
construct, while full length PR8-derived HA only was recognized by H1 serum.
Taken together, we did not only confirm efficient expression of our H3.,, construct
on the surface of VSV*AG(H3,..,) transduced cells, but also showed that H3.,, was
bound by antibodies occurring after natural H1 or H3 TAV infection.

In our initial amplification strategy to obtain the LAIV-derived HA gene, we used
primers potentially binding to H1 as well as H3, but nevertheless we only obtained
H3 gene sequences. It would have been interesting to investigate the cross-reactivity
of H1 and H3 sera against this H1.,, construct and determine its protective potential
during challenge experiments. Although these experiments have to be performed
first, it can be hypothesized that Hl., more effectively protects against PR8 than
rSC35M, which would be in line with our findings of H3.,, and the above-described
bias towards neutralization of HAs of the same group like the immunization antigen.
Our results confirm the broader reactivity of HAge.n-directed antibodies via
immunofluorescence and at the same time highlight restrictions of these approaches

during antibody titrations.

5.1.3 Protection Against Heterologous IAV Challenge After VSV
Replicon Immunization Correlates With Humoral Immune
Responses Towards Internal Proteins

We show in our mouse model that VSV*AG(HA PRS8) immunization resulted in

complete immunity against the homologous PR8 virus, but no signs of protection in

case of the heterologous rSC35M, emphasizing the limited protection of HA-based
vaccines against heterologous strains. Although we observed some weight loss and
development of symptoms in all groups of NP, M2, and H3,.,, vaccinated mice after

challenge with PR8 or rSC35M, these antigens provided at least partial protection
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against IAV-induced lethal infection, reducing overall disease scores, and improving

survival rates of infected animals.

NP vaccinated animals exhibited reduced loss of weight and fast recovery, but
immunization did not completely avoid disease. This phenotype is characteristic for
non-sterile immunity, which is often contributed to cytotoxic T cells killing infected
cells, in contrast to HA-based immunity which is mediated by antibodies directly
neutralizing incoming virus particles. Because of this, we first hypothesized that the
observed protection after VSV*AG(INP) immunization is based on T cells, especially
CDS8" T cell, which would be in line with previous publications. Different approaches
using DNA-based vaccines (Ulmer et al. 1993; Laddy et al. 2008), viral vectors
(Goodman et al. 2011; Hessel et al. 2014; Sipo et al. 2011), or recombinant protein
(Li et al. 2021b; Del Campo et al. 2019) not only demonstrated that vaccination with
NP can efficiently protect from lethal homologous as well as heterologous challenge,
but also that this strongly correlates with CD8" T cell responses. Many of these
studies detected measurable antibody titers, but experiments mainly focused on
IFNy" T cells. Although we found comparable or even superior protection after
VSV*AG(NP) immunization, IFNy" cellular immunity for any of the immunized
groups was not found to be significantly elevated. A possible reason for these
differences is the vector used, as it is well known that the elicited immune response
highly depends on these and can vary strongly between different approaches. In line
with this is an observation in a similar study using VSV replicons expressing IAV
NA, where no significant IFNy" T cell responses were reported (Walz et al. 2018).
However, a comparable approach by Barefoot et al. in 2009 used a VSV vector
expressing IAV NP and detected CD8" T cells directed against the immunodominant
NP3¢6.374 in C57BL/6 mice, which express MHC class I H2-D (Barefoot et al. 2009).
Notably, Barefoot et al. showed PR8-reactive CD8" T cells in mice after
immunization with the homologous NP. In contrast, we used a heterologous NP
derived from the LAIV for immunization, and the immunodominant peptide exhibits
an amino acid substitution in this strain (366-ASNENMDTM-374) compared to both
PR8 and rSC35M (366-ASNENMETM-374). This mutation may affect the ability of
this epitope to efficiently generate PR8/rSC35M-reactive CD8" T cells.

In a different study, it was shown that BALB/c mice immunized intranasally with

Fluenz® induced high numbers of NP-reactive CD8* T cells, but that this was not
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sufficient to decrease viral lung titers or to avoid weight loss after heterologous PR8
challenge (Sliitter et al. 2013). However, survival was increased and challenged mice
recovered faster from the infection. When these mice were boosted with recombinant
NP from PRS, protection was significantly increased in terms of viral load in the lung,
survival, and weight loss. This indicates that NP-reactive CD8" T cells against
heterologous viruses may be rather an advantage as a priming basis, which can then
be broaden by appropriate boosting and that it not per se provides protection (Sliitter
et al. 2013). The striking difference here is that BALB/c¢ mice express MHC-I H2-K¢,
and the immunodominant epitope of NP is formed by amino acid residues 147-
TYQRTRALV-155, which are absolutely conserved between the LAIV, PR8, and
rSC35M strains. This shows how important it is to consider the MHC-I genotype
when interpreting the protective effect of T cell epitopes. This in in line with
observations from humans, where specificities of CD8" T cell responses after HIN1
infection were different from those measured after a previous H3N2 infection
(Souquette and Thomas 2018). In our C57BL/6 model, potential CD8" T cells
directed against Fluenz® NP may therefore not directly respond to PR8 or rSC35M
infected cells to a measurable extent, while experiments performed in BALB/c mice
may have led to the opposite result. To confirm whether peptide 366-374 of Fluenz®
serves as a specific T cell epitope, experiments using Fluenz® infected stimulator cells
would be necessary. Further experiments to get insights into potential T cell
responses could also be addressed by stimulating splenocytes of vaccinated mice with

heterologous, immunodominant epitopes like NP344.374.

Although we did not observe strong IFNy™ T cell responses, high antibody titers after
VSV*AG(NP) vaccination were produced. We therefore hypothesized that instead of
CD8" T cells, CD4" T cells are generated, as these are essential for activation of B
cells to form antibody-producing plasma cells. We chose IL-4 as a prominent CD4"
T cell cytokine and determined its release in the supernatant of stimulated
splenocytes. However, we did not observe significantly elevated IL-4 responses in
any of the vaccinated groups, which indicates that in fact stimulation of splenocytes
with infected cells is either too weak to induce a measurable response, or that
Fluenz®-reactive T cells are not sufficiently reactivated by PR8- or rSC35M infected
cells. The same considerations as for CD8" T cells may be applicable, as underlying
CD4" T cells responses are not per se providing protection but can serve as a basis for

subsequent broadening of immune reactions towards heterologous challenge virus.
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We did not observe any beneficial effects after VSV*AG(M1) immunization against
either virus, which is in line with other studies defining protection via M1 alone as
negligible (Chen et al. 1998; Wiesener et al. 2011). As VSV*AG(M1) immunization
did not provide any kind of protection during our challenge experiments, this is
strong evidence that we did not fail to detect any existing T cell responses, and this is
also an important consideration for the other VSV*AG(X) constructs. We concluded
that in our model, the existing antibody responses were a stronger correlate of
protection than cellular immunity via cytotoxic T cells. In our hands, VSV*AG(M1)
failed to induce influenza-reactive antibodies. In contrast to NP, there is currently no
strong data available suggesting surface presentation of M1 in infected or
apoptotic/necrotic cells, and low levels of seroconversion after IAV infection in
humans suggests suboptimal presentation of M1 to elicit humoral responses
(Cretescu et al. 1978). In another study, immunization with M1 VLPs was able to
reduce lung viral load after infection, but no IgG was detected (Moon et al. 2019).
This strengthens the hypothesis that M 1-mediated protection, if present at all, 1s not
based on antibodies. It is also in line with previous studies where M1 vaccination
utilizing recombinant vaccinia virus resulted in low humoral responses and absence

of protection (Wang et al. 2015).

Investigations on CD8" T cell responses towards HAg., or the complete HA protein
are by far less often reported than NP or M1, presumably because the hemagglutinin
of TAV is considered a target for antibodies and not cellular immunity. However, it
was reported recently that immunization with different constructs of adjuvanted,
chimeric HA can induce T cell responses dependent on the amino acid sequence of
the HAen region (Liao et al. 2020). Although granzyme B production was measured
and not IFNY, this clearly indicates that CD8" T cell responses can be generated after
HA immunization. Unfortunately, the exact peptides used for ELISpot stimulation
are not stated, making it hard to determine whether these epitopes are conserved
between the different strains of our study. Similar conclusions about M2 can be
drawn. Although M2, especially the ectodomain M2e, are mainly considered to be
antibody targets, different reports demonstrate that indeed T cell responses can be
elicited against M2. This holds true for T cell responses in individuals after infection
(Lee et al. 2008) as well as experimental vaccine approaches in mice (Herrera-
Rodriguez et al. 2018). In summary, the generation of NP-, M2-, and H3.-specific

antibodies suggests that T cells responses directed against the LAIV-derived antigens
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exist, since these responses are required for efficient plasma cell and antibody
generation. These T cell responses are likely directly activated by LAIV infection,
which we unfortunately did not test. However, they are not directly activated by our
challenge TAV strains PR8 and rSC35M, and therefore, T cell responses did likely

not contribute to the protective effects observed in immunized mice.

The fact that we found non-neutralizing antibodies but did not detect T cell-
meditated immunity against the challenge viruses in our model evokes the question
how these antibodies could contribute to the partial protection in our challenge
model. It was shown previously that IgG levels, as well as T cell immunity, are strong
correlates for survival after vaccination with recombinant NP or M2e, independent
of neutralizing activity of antibodies (Wang et al. 2012). In this regard, non-
neutralizing antibody responses, especially FcyR effector functions like ADCC and
ADCP, induce clearance of infected cells and can result in the observed protection.
To investigate this possibility, we first examined the induced IgG subclass profiles
after vaccination, as they are known to drive different effector functions. In a final

step, we then determined if the antibodies can in fact activate ADCC/ADCP.

The modality (viral vector, adjuvanted protein, DNA, etc.) used to immunize mice
1s crucial for the shape of the IgG subclass expression (Hocart et al. 1989, 1988;
Balkovic et al. 1987). These IgG subclasses bind to the FcyRs with different affinities
and thereby trigger specific immune functions. Furthermore, they can affect each
other, as recently shown by Shibuya et al, who demonstrated that high IgG1 titers
inhibited IgG2-mediated FcyR functions. Our IgG subclass analysis revealed
significant differences concerning the humoral immune response induced against the
single IAV antigens, and most remarkably we found low IgG1 and high IgG2b/c
titers in VSV*AG(NP) immunized animals when compared to the other groups. This
1s a phenomenon also observed in IAV infected mice (Balkovic et al. 1987; Ben-
Ahmeida et al. 1994). As VSV*AG(INP) groups showed a lower level of weight loss
and a faster recovery during PR8 challenge experiments, high titers of PR8-reactive
IgG2b/c in combination with low titers of PR8-reactive IgG1 may have resulted in
better protection. However, in case of rfSC35M, no significant differences between
rSC35M-reactive IgGl and IgG2b/c subclasses were observed, and the
immunization had a weaker beneficial effect in this challenge model. This suggests

that in our model the exact IgG subclass profile plays an important role for the
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protection against heterologous challenge and that IgGG2b/c is a major driver of this.
Another study showed that a fusion protein of IAV NP and M2e is more protective
in animals when adjuvanted with aluminum hydroxide as compared to CpG 1826
(Wang et al. 2012). Aluminum hydroxide is known to induce a Ty1-primed immune
response, in which IgG1 is the prominent IgG subclass, while the CpG 1826 adjuvant
shows a reverted proportion with more IgG2 antibodies. These results are in contrast
to our observations. However, it has to be taken into consideration that development
of total humoral as well as cellular responses were remarkably higher in aluminum
hydroxide adjuvanted animals and that protection cannot solely be attributed to IgG

subclass profiles.

We then investigated if the non-neutralizing antibodies generated after NP-, M2-, or
H3,.n vaccination can confer effector functions by measuring mFcyRIV activation
against PR8 and rfSC35M. We chose to measure mFcyRIV activation as this receptor
1s known to not only induce ADCC and ADCP, but also to have a high affinity and
selectivity for IgG2b and IgG2c subclasses (Bruhns and Jonsson 2015). We therefore
hypothesized that this approach best translates the observed IgG2b/c subclass
profiles into the Fc-mediated effector functions. One disadvantage on the other hand
is that our experiments may not detect the full magnitude of ADCC/ADCP as
potential effects through IgG1 are not detected. In fact, there are other approaches to
measure ADCC/ADCP. Arunkumar et al. used reporter cells expressing the human
FcyRIIa, which is known to cross react with all murine IgG subclasses except for
IgG3, and found ADCC after immunization with a viral MVA vector expressing NP
and M1 of TAV (Bruhns and Jonsson 2015; Asthagiri Arunkumar et al. 2019).
Nevertheless, the approach of measuring murine IgG-induced Fc-mediated effects by
human receptors is questioned by a recent publication finding relatively weak
interaction between those (Temming et al. 2020). Finally, both experiments utilizing
reporter cells expressing either human FcyRIla or mFcyRIV showed that non-
neutralizing antibodies directed against internal proteins of IAV can in fact induce
Fc-mediated effector functions against heterologous viruses. Strikingly, when we
tested the serum of a control animal infected with either PR8 or rfSC35M, we only
detected strain specific activation of murine FcyRIV, suggesting that the immune-
dominance of HA during IAV infection outweigh other epitopes. Remarkably,
against both viruses, M2-directed antibodies of all animals had a high capability to
activate mFcyRIV. This in in line with current understanding of M2-directed
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antibodies as they are not neutralizing but known to be protective in the murine
model (Padilla-Quirarte et al. 2019). Lack of protection via M2e-specific antibodies
in FcyR” mice highlights this necessity for Fc-mediated effector functions and that a
dominant mechanism is ADCC by alveolar macrophages expressing mFcyRIV
among others (Lee et al. 2014; El Bakkouri et al. 2011). Against both viruses, we
found on average higher mFcyRIV activation in NP immunized animals when
compared to the H3g.,, group, although generalization should be avoided due to
limited sample numbers. However, besides neutralizing antibodies directed against
the stem region of HA, which we did not detect for either virus, ADCC and
complement activation through antibodies are considered to be major drivers of
protection in the literature (Terajima et al. 2011; Jegaskanda et al. 2013). mFcyRIV
activation in NP immunized animals against PR8 and rSC35M was comparable,
which contradicts the concept of IgGG2-based immunity supported by the different
IgG subclass profiles. However, our findings underline the potential of NP and M2
to induce non-neutralizing, mFcyRIV-activating humoral responses against
heterologous viruses after challenge. We chose a restrictive approach by utilizing
mFcyRIV-expressing reporter cells. Future experiments using, for example,
mFcyRIIB and mFcyRIII could evaluate if the Fc-mediated effector functions are
indeed even stronger and to what extent IgG1 is important in this regard. This is
especially important as many immune cells, for example NK cells, do express
mFcyRIIB and mFcyRIII, which are strong drivers of ADCC (Bruhns and Jonsson
2015).

5.1.4 Combination of Most Promising Antigens Leads to Varying
Outcomes Against PR8 and rfSC35M Challenge
Although previous studies have demonstrated that single external, as well as internal,
antigens can induce at least partial protection against IAV challenge in mice, it has
become increasingly clear that future vaccines have to combine more than one IAV
antigen. (Epstein et al. 2005; Tompkins et al. 2007; Vemula et al. 2017; Wraith et al.
1987) We therefore chose our most promising VSV replicons from initial challenge
experiments and tested conferred protection via cocktail immunizations to examine
the complementing protection and the influence of multiple antigens on the humoral
immunity. We investigated a double cocktail containing VSV*AG(NP) and
VSV*AG(M?2) and a triple cocktail consisting of VSV*AG(NP), VSV*AG(M2), and
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VSV*AG(H3en). Interestingly, mice immunized with the double cocktail showed no
weight loss and disease development after PR8 infection, and all mice consequently
survived the infection, underlining the complementary principle of multiple antigens
used in many approaches (Estrada and Schultz-Cherry 2019). A possible explanation
for this may be that antibodies directed against NP and M2 activate different Fc-
mediated effector functions, an explanation which is supported by different
observations. Measurement of mFcyRIV activation revealed a very strong ADCC
activity after VSV*AG(M2) immunization, although total antibody, as well as IgG
subclass titers were found to be moderate. This shows that humoral immunity against
M2 can induce strong Fc-mediated responses even at low titers. However,
VSV*AG(NP) immunization elicited high antibody titers, for total antibodies as well
as for IgG2b/c, but only inconsistent mFcyRIV activation, nevertheless, providing a
high degree of protection. This indicates that antibodies against NP and M2 lead to
protection via different mechanisms and can explain why antibodies against these
proteins can complement each other. On the one hand, VSV*AG(M2) derived
antibodies may recognize M2 expressed on living infected cell surfaces and support
NK cell-mediated ADCC. On the other hand, a possible mechanism by which NP-
directed antibodies can confer protection is ADCP, as they promote the
internalization of dying cells by APCs and thereby increase the presentation of
foreign antigens. In turn, this could lead to a more robust cell-mediated immune
response driving protection. This is in line with the high expression of mFcyRIV on
macrophages, the strong interaction of mFcyRIV activation with IgG2b/c, and the
IgG2b/c-primed subclass profile after VSV*AG(NP) vaccination. Further
experiments differentiating the exact interaction of elicited antibodies with the
respective FcyRs could potentially provide a deeper mechanistic understanding of

the complex interplay between the different FcyR effector functions.

In rSC35M infected animals, double-cocktail immunization had no striking effect
and triple-cocktail immunization did not robustly protect mice from severe disease
for both viruses. It has to be stressed, that total dose of replicons during all
immunizations were 10° ffu/mouse. Animals vaccinated with double- or triple
cocktail therefore only received a reduced dose of most protective VSV*AG(NP). As
it is known for influenza vaccines to induce a more robust immune responses when
administered in higher doses, a possible explanation may be that by diluting
VSV*AG(NP) we undercut the threshold of antigen needed to elicit strong responses
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(DiazGranados et al. 2013; Falsey et al. 2009). Our results from experiments using
decreased doses (0.5 x and 0.3 x) of VSV*AG(NP) and VSV*AG(M2) before
challenge revealed a trend towards lower antibody production and protection.
Similar results were observed in experiments using a recombinant vaccinia virus
expressing NP and M1 or in combination together with PB1, where combination of
different antigens led to decreased total Ig@G, although here no difference in protection
was observed (Wang et al. 2015). Studies in mice immunized with varying doses of
IAV vaccines demonstrated the significant differences in produced total and subclass

antibody titers (Hauge et al. 2007; Groves et al. 2018).

Taken together, when we compare undiluted, double- and triple cocktail
immunization, we can observe the following pattern. For undiluted VSV*AG(X)
vaccination, we see a correlation of total antibody titers and protection against PRS.
Although humoral immune responses were decreased in double cocktail
immunization, protection against PR8 was superior. As no T cells directly reactive
to PR8 infection were detected even after undiluted VSV*AG(X) vaccination, we can
assume that also in both cocktail approaches no cellular immunity is present. This
indicates that the elicited antibodies found after double cocktail vaccination can in
fact complement each other. However, when we further dilute the single antigens in
a triple cocktail immunization approach, humoral immune responses as well as
protection are inferior to both, undiluted as well as double cocktail immunization. A
possible explanation for this could be that we undercut the threshold of single

antigens to elicit protective antibody titers against the respective protein.

Overall, our studies demonstrated the strong potential of the internal IAV protein NP
and M2 to induce humoral immune responses that correlate with protection after a
potentially lethal challenge, while M1 failed to do so. We further showed that NP-
and M2-specific antibodies can confer effector functions via FcyRIV-mediated
ADCC or ADCP in a heterologous manner and that the reactivity was superior to
H3,.n. Interestingly, these protective effects seem to be not solely dependent on T
cells, as it was also previously reported for a recombinant NP vaccination strategy,
where morbidity of IAV infection was reduced although only marginal T cell
responses were detected (Carragher et al. 2008). The protection by NP could be
further optimized by adding M2, which was also shown to be a promising target for

mFcyRIV-activating IgGs and led to full protection against PR8. Taken together,

125



DISCUSSION

different mechanisms can be hypothesized, based on the presented data (Figure 38).
While induced antibodies directed against NP or M2 were demonstrated to be not
neutralizing, they clearly provide some degree of protection that can be leveraged
through combination of both. Underlying mechanisms are, at least in part, conferred
by mFcyRIV-mediated ADCC and ADCP, although it is highly probable that also
other mFcyRs are activated. Innate immune cells, especially NK cells, but also
macrophages and granulocytes, bind to antibodies recognizing infected cells and
confer cell lysis by release of cytotoxic mediators like granzyme B and perforin
(depicted in purple). Furthermore, APCs can resorb infected cells and their debris to
clear infected cells and further improve infection-derived antigen presentation to
lymphocytes (compare left side (yellow) and right side (blue)), leading to increased
adaptive immune responses against the acute infection. Our work therefore stresses
the promising potential of non-neutralizing antibodies in the protection against lethal
IAV disease. It is advisable to implement internal proteins as a target for humoral

immunity in the rational design of future IAV vaccines.
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Figure 38: Possible mechanisms of ADCC and ADCP through heterologous antibodies.

TIAV infected cells (red shades) can be recognized by heterologous antibodies through conserved
epitopes in the internal proteins. While innate immune cells, for example NK cells (purple) can induce
cell death via release of granzyme B and perforin, APCs use antibody-mediated uptake of infected cell
debris to improve antigen presentation to lymphocytes (right, blue). This improved uptake and
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presentation results in strong activation of adaptive immune responses and fast clearance. Without
ADCEP (left, yellow) uptake and presentation through APCs is suboptimal and viral clearance takes
more time. Created using BioRender.

5.1.5 Further Considerations About Non-Neutralizing Antibodies

Neutralizing antibodies are the most reliable way of protecting from viral infection.
However, many viruses, including IAV, can evade neutralizing antibodies, rending
them inefficient. Therefore, many approaches were developed to target more
conserved antigens, especially CD8" T cell epitopes, to induce a broad protection and
support antibody responses in case of a humoral immune evasion. Many hurdles
have to be taken when protective T cell responses are striven for. One obstacle is the
population diversity of major histocompatibility complexes (MHC) (Barouch et al.
1995). The MHC is crucial for activating cellular immune responses by presenting
pathogen-originated peptides and vaccines targeting conserved T cell epitopes may
lead to varying responsiveness in different individuals, as it was shown in the mouse
model (Bennink and Yewdell 1988). Furthermore, T cells need to be present in the
lung tissue at the time of infection to take full effect against IAV infection (Wu et al.
2014). While this can be achieved shortly after vaccination, influenza-specific tissue-
resident T cells wane over time, when no successive antigen is encountered. Another
factor is the difficulty in measuring the correlation of protection after vaccination in
the clinic, as T cell responses are commonly determined via peptide-specific IFNy*
ELISpot. In this respect, the magnitude of response is mainly determined by the exact
peptide used for stimulation and can vary greatly as shown in mice (Wang et al.
2012). Taken together, although T cells can in fact provide supporting efficacy after
vaccination, they still have to be considered an add-on, rather than the basis for
protection. In contrast, non-neutralizing antibodies exhibit many advantages of
neutralizing antibodies, but are not restricted to specific epitopes in the IAV HA.
They can rather be directed against any antigen, as long as this is accessible during
the course of infection and thereby provide protection by targeting genetically stable
epitopes in internal proteins. Regarding the used LAIV proteins, it can be deliberated
if targeted mutations of internal proteins can broaden the non-neutralizing antibody
reactivity, thereby providing more protection against heterologous viruses after LAIV
vaccination. However, it is important to consider that the cold-adapted and
attenuated phenotype of the LAIV vaccine is based on these internal proteins,

especially the polymerase proteins but also NP, and that further investigations are
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needed to evaluate the benefit and risk of changing the amino acid sequence of these

proteins to adapt them to different IAV strains.

5.1.6 Possible Limitations

We titrated the mouse-adapted PR8 and rSC35M virus to determine an infectious
dose for following experiments with which we can induce a strong, potentially lethal
IAV infection. Fast weight loss and early reaching of humane endpoints were
obtained according to increasing doses of PR8 in these experiments, while rfSC35M
infection led to varying outcomes in the individual animals. One possible explanation
is that PR8 and rSC35M have different tissue tropisms. While PRS8 also infects the
lining epithelial cells of the upper respiratory tract and spreads to the lung, rfSC35M
is mainly found in lung tissue and may be dependent on effective dissemination of
viral solution to the lower respiratory tract (Gabriel et al. 2009; Gilbertson et al.
2017). However, the exact tissue-tropism of rSC35M in the respiratory tract remains
elusive. Manifestation of disease may thus be varying in animals where the applied
volume does not reach the deep lung. Separate LDs, titration experiments we
performed using lower infection volumes also increased the variability of PRS8
induced disease and highlight that dissemination of virus solution can greatly impact

establishment of efficient infection.

Another possible limitation is the relatively low dose used for our challenge
experiments. We chose infection titers of PR8 and rSC35M representing
approximately the 3xLDs,, respectively. This challenge dose did not cause 100%
lethality in unvaccinated mice, but it reliably induced severe disease in these groups
and at the same time was preventable by non-neutralizing antibodies generated by
our vaccination strategy. In addition, a non-lethal infection model is close to the
pathology of most influenza A virus strains in humans, which further justifies our
experimental design. While repeating the shown experiments with higher doses
causing 100% lethality in unvaccinated mice may provide more insights in the
strength of the vaccine-induced immune responses and their potential to protect
against highly pathogenic IAV infections, 3xLDs, are appropriate to draw
conclusions on the potential of the chosen antigens to reduce disease outcome of mild

and moderate infections with heterologous IAV strains.
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Finally, possible limitations of IPMA-based antibody titrations have to be taken into
consideration, as staining of infected cells and therefore read out of positive wells can
differ between the used virus strains. We observed faster cell death rates after fSC35M
infection when compared to PRS, and this affected the visualization of infected cells
by IPMA. Massive amounts of necrotic cells can alter the overall presentation of
internal proteins and caution should be taken when directly comparing rSC35M titers
to PRS titers. Furthermore, to titrate total IgG or subclasses we had to use different
secondary antibodies specific for either subclass, which can result in varying

intensities of IPMA staining.
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5.2 ADARI1 Has Proviral Activity for Influenza A Virus

Although antiviral agents directed against the function of specific proteins of IAV
have been developed in the past, the genetic variability of IAV can render these
countermeasures ineffective by evolving resistance mutants. Targeting host factors
that are necessary for viral replication are a promising way of developing broadly
acting antivirals, as escape mutants are less probable to appear, since this would
primarily depend on host genetics and less on the genetic flexibility of the virus. In
this project, we examined the effect of ADAR1 on IAV replication as a possible target

for antiviral therapy.

5.2.1 ADARI1p150 is a Proviral Factor in HeLa cells

It was demonstrated recently that ADARIp150 can abolish innate immunity
activation by IAV-derived dsRNA in A549 cells and that absence of ADARI1p150
results in increased RLR signaling and therefore increased viral replication (Vogel et
al. 2020). Our results correlate with this, as HeLa cells lacking ADAR1p150 alone,
or the ADAR1p150 and ADARI1p110 isoform (ADARI1%°), showed decreased viral
protein expression after infection with rfSC35M. Interestingly, the effect on viral
protein levels was more pronounced in the ADAR1p150-specific knockout than in
the knockout affecting both isoforms. A possible explanation for the intermediate
phenotype in infected HeLa-ADARI*? cells is that the simultaneous knock-out of
the ADARI1p150 and ADARI1p110 isoforms compensate the individual opposing
effects. This conclusion can be drawn from experiments investigating IAV replication
in ADARI1p110*© cells, as it was shown that ADAR1p110 has an antiviral effect
(Vogel et al. 2020). However, the exact mechanism for this remains unknown. A
possible explanation is that ADAR1p110 may edit some forms of viral RNA, which
may result in hypermutated transcripts and translation of erroneous proteins (Cao et
al. 2018). This can then lead to an antiviral effect of ADAR1p110 on IAV (Pfaller et
al. 2021). Detection of ADAR-characteristic hypermutations in IAV genome
preparations underline this hypothesis (Suspéne et al. 2011). Interestingly, the
immune-modulator NS1 also interacts with ADAR1p110 in the nucleus (Chassey et
al. 2013). It is possible that this interaction of NS1 antagonizes ADAR1p110 and
thereby inhibits its antiviral activity (Pfaller et al. 2021).
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Vogel et al. demonstrated strong activation of IRF-3 and subsequent IFN-§
expression and apoptosis in ADAR1p150%©° cells, which is a possible explanation for
the impaired viral replication. In strong contrast to this, we detected no
phosphorylation of IRF3 in HeLa cells, indicating that in our model different
mechanisms are responsible for the decreased viral protein expression. One possible
explanation is the difference in the experimental set-ups to investigate this. Vogel et
al. used transfection of viral RNA as a substitute to characterize IFN-$ expression in
cells lacking ADARI1p150 on RLR signaling activation. In contrast, we examined
these effects in the context of viral infection. While purified viral RNA induces innate
immune responses in ADARI1p150-deficient cells, the situation in a real infection
with IAV is more complex, since the virus has evolved additional mechanisms acting
at the level or downstream of the recognition of viral dsSRNA, preventing signal
transduction. The NS1 protein is a well-known antagonist for IFN-$ production and
inhibits IRF3 activation (Samuel 2011b; Fensterl et al. 2015), which may explain our

failure to observe strong IRF3 activation.

Furthermore, it was shown by Vogel

et al. that indeed the binding property ADART

and not the catalytic activity of p150 p110
ADARI1pl150 leads to decreased

o : ?
RIG-I activation. This suggests that :
ADARI1pl150 may sequester viral
RNA from innate immune receptors viral RNA viral RNA?
in an editing-independent manner self RNA LI
o ..-"""‘-... o
rather than changing dsRNA } : e l
secondary structures in an editing- Innate SRS 'oﬁ(‘ Hyperediting
suppression IAV
dependent manner. In contrast, * *
editing of MeV immuno-stimulatory
PROVIRAL ANTIVIRAL

RNA by ADARIpI50 was necessary  gjoyre 39: ADAR1 isoforms have different

for the full proviral effect, whereas a effects on IAV replication
ADARI1p150 binds to viral RNA, inhibiting sensing
via innate immune receptors. This results in a proviral
effect of ADARI1p150 during IAV replication. In
contrast, ADARIpl110 binds viral RNA and
counteract innate immunity potentially leads to hypermutations, and subsequent
impaired viral protein expression. This results in an
activation by MeV (Pfaller et al. antiviral activity of ADARIp110 on IAV replication.
NS1 can counteract this by inhibiting ADAR1p110.
2018). Future experiments examining Adapted from (Pfaller et al. 2021)

catalytically 1inactive ADARIp150

only exhibited reduced capacity to
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if ADARI isoforms differentially edit IAV RNA and how this affects viral gene
expression and RIG-I signaling might provide important new insights into the

complex interplay between IAV infection and ADARI.

Taken together, it can be hypothesized that ADARI1p150 and ADARIp110 have
opposing functions during IAV replication (Figure 39). While ADAR1p150 masks
viral RNA from detection via RLR and therefore has a proviral effect through
suppression of innate immune activation, ADARI1p110 binds viral RNA and

potentially hypermutates these, which leads to defective protein translation.

5.2.2 ADARI1 Isoforms Have a Proviral Effect on IAV in MDCK cells

To confirm the proviral effect of ADARI, specifically of ADARI1p150, on IAV
infection at the level of viral titers, we changed the cell model to MDCK cells, as
HeLa cells do not support efficient release of infectious IAV particles, and thus are
not suitable to determine the impact of ADARI1 on IAV infectivity. We used the
CRISPR/Cas9n system to induce either an ADAR1p150 or an ADARI1 knock-out
and infected the cells with PRS8, which replicates to high titers in these cells.
Remarkably, also by using a different cell line and TAV strain, we confirmed the
proviral effect of ADARI, and specifically of ADAR1p150, which further underlines
the broad effect of ADAR1 on IAVs of different subtypes. We further focused on
investigating the effect of ADARI1 on virus-induced apoptosis, Vogel et al. had
reported increased PARP cleavage in the absence of ADAR1p150 in HINT infected
A549 cells. However, we used an MTT assay in order to determine infection-induced
cell death, since PARP-specific antibodies did not work in our hands to detect canine
PARP in an immunoblot analysis. HINT1 infection at MOI of 1 induced PARP
cleavage in ADARI1p150-deficient A549 cells, but not in wild type cells (Vogel et al.
2020). In contrast, we found that IAV infection at the same MOI induced strong CPE
and led to cell death even in the wildtype MDCK cells, indicating that the induction
of cell death in this cell line is independent of ADAR1p150. It has to be stressed that
we did not distinguish between different mechanisms of cell death, such as apoptosis
or necroptosis. It is reasonable to assume that this rate of cell death results from
massive viral replication and release of particles, and thus marks an exhausted cell at
the end of the viral life cycle. This is especially the case as we demonstrated before
that virus replication and with this viral spread in the cell culture is diminished in

MDCK ADARIp150%° cells. From this perspective, it is possible that the
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ADARI1p150¥%© indeed leads to higher rates of apoptosis in infected cells, but as fewer
cells are infected over time, this effect is not visible with our MTT-based assay. This
assumption is further supported by the finding that increasing the infection dose to
MOI of 5 did even more increase the observed amount of dying cells. On the other
hand, the low MOI of 0.1 did not induce substantial cell death at all. Future
experiments comparing multiple MOIs between 0.1 and 1 can elucidate to what
extent our MTT-based assay is suited to measure different rates of cell death. It has
to be mentioned that we repeated the MTT-based assay with another MDCK
ADARIX® clone we obtained in our initial knockout experiment. Interestingly, this
clone showed contrary results, as we found a faster rate of infection-induced cell
death when compared to MDCK wt cells. This indicates potential off-target effects
of the CRISPR/Cas9 approach in these cell clones, and therefore we cannot make
any definitive statements about the exact influence of ADAR1 on TAV-induced cell
death and this issue has to be addressed in future experiments. Investigations
examining specific apoptosis markers, like Annexin V staining, can contribute to the

understanding of IAV-induced apoptosis in these cell lines.

In a recent study, MDCK and A549 cells were infected with a PR8 virus expressing
different NS1 proteins and it was found that differences in viral growth are much
more prominent in A549 cells as compared to MDCK cells. As NS1 interacts with
ADARI1p110 and may reduce its antiviral activity, this again stresses the potentially
different functions of ADARI1p110 in distinct cells (Nogales et al. 2019). Although
this finding does not explain the observed phenotype, it again illustrates that ADAR1
can act upon the viral RNA, but also viral proteins can alternate ADARI1 functions,
thereby potentially modifying its impact on the cell. In conclusion, to rule out
interfering effects of NS1, the above-mentioned experiments can be repeated with an
IAV depleted of NS1 (IAVANSI1). This will shed further light on the potential
interplay of IAV NS1 and ADARI.

5.2.3 Future Considerations for ADARI1 as an Antiviral Target

Albeit these discrepancies raise questions concerning reproducibility of results in
different setting, like cell culture systems or IAV strains used, the absence of innate
immune activation observed in HeLa cells under ADARIp150“° may be
advantageous in respect to targeting it with drugs during IAV infection. Severe

pathogenicity and the subsequent death of affected individuals are results of an
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exaggerated immune response, based on overt expression of pro-inflammatory
cytokines (Iwasaki and Pillai 2014). A major driver of this are apoptotic and necrotic
cells which are associated with IAV-induced ARDS (Korteweg and Gu 2008; Martin
et al. 2005). On the one hand, activation of PRRs results in the expression and release
of pro-inflammatory cytokines, especially type I IFN, IL-6 and TNF-a (Ampomah
and Lim 2020). These cytokines can activate apoptosis of cells via the extrinsic
pathways and ultimately lead to cell death (Locksley et al. 2001). In this respect, most
approaches to protect from [AV-induced pathogenicity are not targeting the virus
itself but try to reduce immune activation. For example, TGF-f, delivered via an
adenoviral vector, TNF-blocking antibodies, or compounds prohibiting infiltration
of neutrophils into the lung tissue have shown promising results in the mouse model
(Carlson et al. 2010; Brandes et al. 2013; Hussell et al. 2001). Notably, ADARI is
primarily an immunoregulatory enzyme, and its absence is associated with type-I
interferonopathies in humans, such as Aicardi-Goutiéres-Syndrome (Rice et al.
2012). This would imply that blocking of ADARI1 activity during IAV infection
would further boost inflammation and cytokine production and may enhance ARDS.
It is therefore important to stress that absence of increased innate immune activation
in ADAR1p150%° cells upon infection with IAV may be advantageous by not further
increasing the risk of ARDS. Using ADARI1pl150 as a potential target for
prophylactic treatment in a setting of highly-pathogenic and human-to-human
transmissible IAV may have additional benefits over other classical approaches like
therapeutic treatment with type-I IFN, which have proven to be inefficient in case of
IAV infection (Calvaruso et al. 2011). ADAR1 modulates multiple innate immunity
pathways beyond the classical IFN response, and, as our data suggest, also may
directly impact IAV replication in an innate immunity-independent manner, and thus
may build a broader protection against IAV. However, more research is needed to
investigate the exact molecular mechanisms of the proviral effect of ADARI1, and
also to assess the effects of ADARI inhibition iz vivo, as cell culture systems may be

misleading.

5.3 Conclusion

Extensive research in basic and applied sciences was performed for decades to
develop strategies for subtype-independent approaches against IAV. This is foremost

the development of a broadly protecting and long-lasting vaccine against IAV, but
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also includes antiviral therapies to cope with extensive lung damage and the
associated death in patients. This work provides insights in the potential of humoral
immunity towards internal proteins of IAV and highlights the opportunity to deploy
these in the design of future vaccines. Furthermore, the effect of ADARI1 on IAV
replication and infection-induced cell death was further characterized and builds a

promising basis for further research on this target for antiviral therapies.

135



SUMMARY

6 SUMMARY

Influenza A virus (IAV) is a major burden for public health. Besides seasonal, human
IAV, which circulates during the cold seasons and is responsible for hundreds of
thousands of deaths each year, its potential to reassort with avian IAV fuels the fear
of future pandemics. Currently licensed vaccines are standardized to elicit antibodies
directed against the head domain of the hemagglutinin (HA) on the viral surface and
binding of these can effectively neutralize virus particles. However, the antigenic
plasticity of HA in consecutive IAV seasons and the above-mentioned potential for
upcoming reassorted viruses make it necessary to update IAV vaccines on an annual
basis and still, these vaccines cannot protect against outbreaks of zoonotic origin. It
is therefore a major objective to develop new subtype-independent approaches

against IAV via immunization as a first line of defense or via antiviral drugs.

This thesis is divided into two different projects. The first one investigates the
protection against heterologous challenge after vaccination with single or combined
IAV proteins and the underlying humoral immune response. The second project aims
at characterizing the effect of ADARI1 (adenosine deaminase acting on RNA 1), a

potential target for antiviral compounds, on IAV.

In the first project, the internal proteins NP and M1 derived from the live-attenuated
influenza vaccine were investigated regarding their potential to elicit protective
immunity against heterologous virus challenge and compared to currently used
approaches based on the stem region of HA (HA.n) or the membrane-integral M2
protein. Furthermore, underlying immune responses were characterized. We
demonstrate that VSV-vectored immunization with the internal protein NP and M2,
but also H3.., can remarkably reduce IAV-induced disease in a heterologous manner
and that this effect is independent of detectable T cell responses. Analysis of humoral
immunity revealed high IgG antibodies, distinct IgG subclass profiles against
different viruses, and most importantly, activation of the murine FcyRIV, known to
mediate antibody-dependent cell-mediated cytotoxicity and —phagocytosis via
alveolar macrophages. Furthermore, we showed that the absence of humoral
immunity after viral vector-based immunization with M1 correlated with the lack of
protection against IAV challenge in mice, which suggests absence of protective, but
undetected, T cell responses, and strengthens our assumption of antibody-mediated
protection. Humoral immunity against internal proteins of IAV have first been
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described decades ago but are often considered inferior to those directed against
surface antigens. The main reason for this is the localization of internal proteins, as
it raises questions about the capability to provide protection through humoral
immune responses. Therefore, they were often neglected or ignored in the past. While
these antibodies do not mediate neutralization, they can in fact activate Fc-mediated
effector functions and protect from homologous as well as heterologous disease. Our
results add further insights in these mechanisms and correlate with previously
described capability of NP and M2 to induce protective antibodies. Our results
therefore imply that these immune responses should not be ignored in the rational

design of future IAV vaccines.

In the second project, we used two different cell culture systems to investigate the
effect of different ADARI isoforms on the replication of AV, in order to consider its
potential as a target for antiviral therapies. We demonstrated that ADARI1p150is a
proviral factor for IAV infection and is required for efficient viral protein expression
in HeLa cells, which is in line with previous publications describing this in other
eukaryotic cell lines. This finding consolidates the concept of proviral ADAR1p150
for TAV, as it was described for other RNA viruses. Furthermore, we generated
MDCK cells deficient for ADARIpl150 or complete ADARI wusing a
CRISPR/Cas9n system and confirmed the proviral effect of ADAR1p150 on viral
replication. We showed that absence of ADARI resulted in strikingly decreased IAV-
induced cell death, which may be an essential factor for targeting it with antiviral
compounds. Individuals passing away because of an IAV infection show severe
damage of lung tissue, resulting from exaggerated innate immune responses, a pro-
inflammatory milieu, and the subsequent collapse of the epithelial barrier in the lung.
Our results in HeLa cells indicate that a potential knock-down or inhibition of
ADARI1 does not necessarily lead to activated innate immunity pathways, as it could
be expected from other RNA viruses, and in combination with the above-mentioned
decreased cell death in infected MDCK ADARI1¥ cells builds a promising basis for
the further investigation of ADARI as a target for anti-IAV treatment therapies.
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7 ZUSAMMENFASSUNG

Influenza A Viren (IAVs) sind eine grofie Bedrohung fiir das Gesundheitssystem.
Neben den saisonalen, auch , humanen®, IAVs, die jahrlich Hundertausende Tote
fordern, befeuert die Moglichkeit einer Reassortierung mit avidren IAVs die Sorge
einer zukiinftigen Pandemie. Momentan zugelassene Impfstoffe zielen darauf ab,
Antikorper gegen die Kopfdoméne des Oberflichenproteins Himagglutinin (HA) zu
bilden, die das Virus effektiv neutralisieren koénnen. Die stetige Verdnderung des HA-
Antigens von Saison zu Saison macht es jedoch unverzichtbar, dass die vorhandenen
Impfstoffe jedes Jahr neu angepasst werden. Zuséatzlich ist gegen moglichweise
auftretende, zoonotische IAVs dadurch auch kein Schutz gewdéhrleistet. Es ist
demzufolge dringend notwendig, dass subtyp-unspezifische Ansitze gegen IAVs
entwickelt werden, sei es als Impfstoff, um die initiale Ausbreitung zu stoppen und
die Bevolkerung zu schiitzen, oder als antivirales Medikament, um schwere

Krankheitsverldufe abzumildern.

In dieser Doktorarbeit wurden zwe1 unterschiedliche Projekte bearbeitet. Im ersten
Projekt geht es darum, den Schutz gegen eine heterologe IAV Infektion nach einer
vektor-basierten Immunisierung mit unterschiedlichen IAV Proteinen zu
untersuchen und die zugrundeliegende Immunantwort zu charakterisieren. Das
zweite Projekt zielt darauf ab den Effekt des zelluldren Proteins ADARI1 (adenosine

deaminase acting on RNA 1) auf die Replikation von IAV zu erforschen.

Im ersten Projekt wurden die internen Proteine NP und M1 beziiglich ihres
Schutzpotentials gegen heterologe IAV Infektionen untersucht und mit den
momentan weit verbreiteten Ansdtzen einer Immunisierung gegen die
Stammdomaédne des HA (HAg.n) oder dem M2 Protein verglichen. Wir konnten
zeigen, dass die Immunisierung mit NP und M2, aber auch H3,., mittels eines
viralen Vektors die Schwere der Erkrankung einer heterologen IAV Infektion in
Madusen mafigeblich reduzieren kann und dass dies unabhdngig von nachweisbaren
T-Zell Antworten war. Eine Analyse der humoralen Immunantwort zeigt hohe IgG
Titer, unterscheidbare IgG Subklassen-Profile gegen verschiedene IAVs und vor
allem eine Aktivierung des murinen FcyRIV. Dieser ist dafiir bekannt AntikOrper-
vermittelte zellbasierte Zytotoxizitdt und -Phagozytose durch alveoldre
Makrophagen auszuldsen. Auflerdem konnte keine Schutzwirkung durch eine
Immunisierung mit M1 beobachtet werden, was mit der Abwesenheit von
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AntikOrpern korreliert. Dieser Aspekt verdeutlicht erneut, dass die verabreichten
Antigene keine T-Zell vermittelte Schutzfunktion ausiibten, die in unseren
Experimenten falschlicherweise nicht detektiert worden ware. Obwohl AntikOrper
gegen interne Proteine schon vor Jahrzenten beschrieben wurden, wurde ihnen
bislang wenig Beachtung geschenkt. Der Hauptgrund dafiir ist die Lokalisation der
internen Proteine, da diese Fragen iiber den Schutzmechanismus durch humorale
Immunantworten aufwerfen. Sie wurden daher in der Vergangenheit haufig
vernachldssigt oder ignoriert. Obwohl keine Neutralisation der Viruspartikel
stattfinden kann, konnen diese Antikdrper jedoch Fc-vermittelten Schutz gegen
homologe und auch heterologe Viren hervorrufen und so vor einem schweren
Krankheitsverlauf schiitzen. Unsere Resultate bieten tiefere Einblicke in diese
Mechanismen und korrelieren mit dem beschriebenen Potential von NP und M2
schiitzende AntikOrperantworten auszulésen. Die vorliegenden Daten verdeutlicht
daher, dass die beschriebenen Immunantworten bei der Entwicklung von

zukinftigen IAV Impfstoffen nicht ignoriert werden sollten.

Im zweiten Projekt dieser Dissertation wurden zwei verschiedene Zellkultur-Systeme
genutzt, um den Effekt von ADARI1 auf die virale Replikation des IAV zu
untersuchen. Wir konnten einen proviralen Effekt der Isoform ADAR1p150 in HeLa
Zellen nachweisen, was mit bereits publizierten Daten aus anderen
Zellkultursystemen tibereinstimmt und das Konzept des proviralen ADARI1p150
beziiglich IAV festigt. AuRerdem haben wir den Effekt von verschiedenen ADARI1
Isoformen in IAV infizierten MDCK Zellen charakterisiert, die mittels
CRISPR/Cas9n gentechnisch verdndert wurden. Dabei haben wir eine signifikante
Hemmung der viralen Replikation in Abwesenheit von ADARI1p150 gezeigt. Des
Weiteren fiihrte eine IAV-Infektion in ADAR1-defizienten MDCK Zellen zu einem
reduzierten Zelltod, was ebenfalls fiir ADARI als ein vielversprechendes Ziel eines
Medikaments spricht. Patienten, die an einer IAV Infektion versterben weisen eine
starke Schidigung des Lungengewebes durch eine iiberschieffende Immun- und
Entzindungsreaktion auf, die zum Zusammenbruch der epithelialen
Barrierefunktion der Lunge fiihrt. Unsere Ergebnisse, dass eine Inhibition von
ADARI nicht notwendigerweise zu einer angeborenen Immunaktivierung fiihrt, in
Kombination mit Hinweisen auf einen verringerten Zelltod, bilden eine
vielversprechende Basis fiir die weiteren Untersuchungen von ADARI als Ziel

antiviraler Therapeutika.
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