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1. Introduction

1.1. The influenza A viruses

1.1.1. History

Influenza A viruss (IAV)causean infectious disease known as the flu, which is common all over the
world today. The flu is responsible for several great epidemic and pandemic outbreaks worldwide,
with the first pandemic documented as the Russian flu in 1889. In modern history, |AMmias
occurred repeatedly after approximate(approx.) 30 years until todayh& most severe outbreaks
resulted in the pandemics of 1918 (Spanish flu), 1957 (Asignl®6B (Hong Kong flu1977 (14'
century Russian fluynd 2009 (swine flu)Among tlose, the Spanish flu, affecting approx. one third

of the human population, was the most severe IAV pandewé known. It caused a huge death toll

of at least 50 million people in one year, due to lack of therapeutics and supported by ongoing
circumstancs of the first world war, with massive troop movements and bad life conditions driving
virus spread and susceptibility of the people. At least for the soldiers, it is known that in lethal cases
most often secondary bacterial infections were present. Treeealso reports about different other
outbreaks, which did not result in whole pandemics, but major epidemiay. (947 pseudo

pandemic; 1978&wine flu)(Kilbourne E. D. 2006; Peteranderl C. 2016)

1.1.2. Clinical aspects of IAV
1.1.2.1. Flu as disease

The flu comes with a two to eiglaay (d) short, but often severe acute phase includiegdache,

cough, extremity pain, chills, fever, myalgia, malaise and in some cases also gastrointestinal illness
with diarrhea and vomiting. In general, healthy individuals can handle IAV infections and need no
therapy, while it might become lifthreatening for individuals of the so called risk group, containing
people with immune suppression, severe comorbidities, severe respiratory diseases, pregnant
women, women with baby and in geral individuals younger than twgears and older than 65
years. Especily people linked to the risk group may develop severe pneumonia, acute respiratory
distress syndrome (ARDS) and acute respiratory failure. Also remarkable, the flu often weakens the
respiratory tract of infected individuals, enabling other viruses or &agtto cause secondary
infections, which can be a threat for the life of the infected individual. Most common secondary

infections are based o8treptococcus pneumoniamd Staphylococcus aureBeteranderl C. 2016)
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1.1.2.2. Flu prevention and therapy

Today, only a few reliable therapeutics are known, which are only efficient in early stages of the
disease Hence, the early recognitivand a fast ini@ation is the primary goal in influenza therapy,
because enduring lung infections can do severe and irreparable tissue damage. Standard
therapeutics are the Neuraminidase (NA) inhibitors Oseltamivir, Zanamivir and Peramivir, while M2
proton channel inhibibrs are not recommended anymore due to high prevalence of resistant flu
strains. Among the NA inhibitors, Oseltamivir/Tamiflu is not recommended in some countries
because of high occrance of side effectsDirect antiviral therapeutics may be combined hvit
artificial respiration in cases of severe respiratory dysfunction. New therapeutics in clinical studies of
different stages target sialic acid (SA) residueghencell surface othe viral proteins M2, HA and

PB1 and are based on antibodies, sniaterfering ribonucleic acidsfRNA) or small molecular
inhibitors, among othersdmproving host immunity and controlling overshooting inflammation are in
special focus, as well as the support of lung regeneration after severe infeatignsvith stem cé

based approache@eteranderl C. 2016)

A big approach in modern medicine is the annually updated flu vaccination, depending on presently
ciraulating virus strains, which are monitored by the World Health Organization (WHO). Currently
approved vaccines are based on antigenic subunits from inactivated virus grown in chicken eggs or
cell culture (for intramuscular injection) or living, attenuatedrus (intranasal application for
children, adapted to 25C to limit spread in host). Actual trivalent or quadrivalent injection vaccines
contain antigens of IAV H1N1, H3N2 and Influenza B virus (IBV) Yamagata and/or Victoria strains

(Peteranderl C. 2016)

1.1.3. General aspects of 1AV

1.1.3.1. Influenza virus nomenclature

IVs are divided into the classes A, B, C and D depending on their viral ribonucleogvet&iR)
antigens. Additionally, the strains are identified by place of first isolation, strain number, year of
isolation and HA and NA surface antigen subtype. All known influenza strains are classified in the

influenza nomenclature today:
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[Virus type/VRN}/[location of virus isolatiofff number of straiff[year of isolatiof([subtype$)
(Chanock R. H. 1972)

Example”/Puerto Rict8/1934H1INJ).

1.1.3.2. Molecular biology of IAV

The 1A¥ belongo the family oforthomyxoviridae The RNA genome consists of eight sisgdlanded

(ss) RNA genes with negative orientation, coding for ten viral proteins and other accessory proteins
depending on the straifDou D. 2018)In the virus particles, those RNAs form vRNPs, mainly with the
viral Nucleoprotein (NP The 5'and 3' ends of all eight IAV RNAs are conserved and show partial
complementarity, resulting in the formation of a double strand (é#& RNA structure known as the

IAV panhandle. This structure is recognized by the viral polymerase (pol.), which is a heterotrimer
formed by the viral proteins PB1, PB2 and PA. A schematic depiction of the vVRNP is drigwrein
(Weber M. 2015; Dou D. 2018)he vRNHeomplexes are surrounded by the viral envelope, formed
from membrane remains of the previous host cell. At its inner side, M1 proteins are supporting the
envelope, while M2 proton channels as well as the glycoproteins neuraminidase (NA) and
hemagglutinin (HA) cover its outer side and are important for vianget cell adhesion and entry in

the host cells. HA and NA are also important antigens. The schematic of an IAV particle is shown in
Figure2 (Weber M. 2015)

PA
Panhandle
PB1

NP

RNA

PB2

Figurel: Schematiaepiction of an IAV VRNP.
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Figure2: Schematiaepiction of an 1AV particle.

1.1.3.3. Natural influenzareservoirs

While the influenza B virus (IBV) strains Victoria and Yamagata only circulate in humans, just a few
IAV strains do so (HIN1 and H3NZ2), while additional large reservoirs in wild and domesticated
animals like birds, waterfowl and swine existg HSN1 and H7N9 avian type@arber M. R. W.
2010; Peteranderl C. 2016; Dou D. 20T8)ose strains usually cause asymptomatic infections in their
natural hosts, but by new mutations, they might also cause their déBémber M. R. W. 2010Pue

to this natural IAV reservoir, there is ongoing risk that virus jumps over to domesticated and less
resistant animals. For example, 1AV strains from wild birds are often lethal for domesticated chickens,
because they lack the important antiviral protein RI@s baseline defense initiatgBarber M. R. W.
2010) There is also a risk that strains from the natural reservoir acquire matations and jump

over to humans, resulting in a zoonotic infection. In rare cases, this may lead to an epidemic or even
a pandemic. Of special note are swine here, because they carry IAV receptapatible to human

and aviaradapted strains in their spiratory tract. This makes them ideal hosts for reassortment of
human, swine and avian IAV strains, which happened in the 2009 swine flu pan@eteiander| C.

2016)



Introduction 5

1.1.3.4. Virus adaptation and the zoonotic swordf Damocles

The main reason for influenza being a threat to human health lies in its potential to acquire new
mutations and hence host adaptations very fast, which enables it to challengendmmalian
immune systems. This potential originates from two molecular features of IAV. First, the IAV
polymerass have a very high error rate (1:20Q@000 per bp), which leads to multiple slight
changes in proteins and hence to formation of slightlyedént virus particles. This leads to a high
number of mistakes in virus particles, but a few of those may have advantages in the host compared
to the original virus particles, which is the key to sustainable virus circulation in populations. This is a
reason why IAV is able to adapt to a host very {&8eberGerlach M. 2016b)The polymerase may
create a mistake during viral replication, which leadste mutation of an antigenic protein. This
may not cause a loss of its functionality, but may enable the virus to bypass a host immunity, which
was established during previous infections (antigenic diidju D. 2018)Seconty, if an individual is
infected with two different virus strains, single cells may get infected with virus particles from both
strains. Due to the segmented RNA genome of IAV, a genetic recdinhitetween two or even

more virus strains is possible, resulting in new strains with the strongest features of both original
strains combined (antigenic shift, reassortment). Those recombined strains have a huge potential in
bypassing established immurdefenses of a host population, may also have enhanced infection
potential and are responsible for the more severe epidemics and pandemics of influenza studied in
the last decade$¢Weber M. 2014, Peterander| C. 2016; Dou D. 2018)

Today, the bird virus stias H5N1 and H7N9 are linked to the highest risk to cause a severe flu
course during a zoonotic infection, if they get an adaptive mutation. In such a case, the resulting flu
can easily become dangerous, with reported mortalities of approx¥&r H5N1 ad 40 % for

H7N9. By this reason, it is very important that those cases are recognized and quarantined, to stop
the spread of new strains as fast as possible, limiting the chance for a new pandemic. Enhanced risk
appears where humans and domestic animalse in close proximity with limited care for disease
transmissions, like on the big animal markets in Asmong others)It stays important that we learn

from history and see with open eyes in current pandemics like COVID19 and, most important, spread
this knowledge in society. Infectious virus diseases have to be taken serious and prevention
strategies as well as alert plangavJe to be examined and executdd reduce the risk of new
pandemics as much as possible. Especially today, with still rising huwpaiation and international
fluctuation, big pandemics are more dangerous than in the past, eventhdtthuge approaches in
modernmedicine. Worldwide, IAV infects approx. 1 billion people per year, of which approx65200
thousand people digFrank K. 2020)The economic burden by VAcaused disease in the USA,

resulting in prevented working days, delayed production and capiedad for therapies, is
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estimated 26 billion U8ollars per annum, an incredibly high number which would be worth in many
regards to put time and resources in to reduigeall over the world. By thoseeasons, it stays

important to deepen the knowledge abt disease and host responses on clinical, molecular
biological andpharmaceutical level to find more versatile, reliable and diverse therapeutics and

treatment strategies to prevent and treat flu wav@eteranderl C. 2016)

1.1.4. 1AV infection, replication cycle and antiviral defense

1.1.4.1. Entry in body and first line defense mechanisms

IAV is mainly transmitted by droplet infection between individualshef same or different species.
Droplets containing virus particles enter the organism mainly through open mouth and through
nostrils. After entering the nose and the throat, they face the first row of the host innate immune
system. The surface of the reggiory tract is covered with a surface epithelium producing mucus,
which contains mucins with glycans and SA residues, to which IAV patrticles bind, leading to their
(temporary) neutralizatiorfDou D. 2018)Additionally, the mucus contains antibodies of the immune
globulin (Ig) A type, which can mediate neutralization of pathogens directly by agglutination and
indirectly by opsonization or complement activation. Thtleelial cells further form a barrier with

tight junctions, not letting pass most substances and particles uncontrolled. Nevertheless, some virus
particles may manage to enter cells of the mucosa of nasal cavity, throat or even trachea, dependent

on the ntegrity of the innate immune barrier and the amount of incoming virus patrticles.

1.1.4.2. Entry

If virus particles are not neutralized by the first line defense and reach a cell surface, the HA proteins
can bind to terminal SA residues of glycoproteins (attachme®gince there are many different SA
containing glycoproteins and not all are sufficient entry receptors for 1AV, the particles have to
"search" for a sufficient receptor. The viral NA cleaves the terminal SA residues of the surface
glycoproteins and, byhis, enables the virus to bind to other -§Acoproteins of the cell. The "right"
SAglycoprotein is currently expected to differ between IAV strains and it is possible that there is
more than one that is sufficient. If an IAV particle binds to its saffic6Aglycoprotein, the process

of endocytosis is triggered by clathwitependent pathways or macropinocytosis, mediating uptake of

the virus particle inside an endosome (ent(ipou D. 2018)
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1.1.4.3. Uncoating

After uptake, the endosomal pihalueis decreased by the influx of protons from the cytosol. This
physiological process triggers the conformational switch of winal HA protein, which brings both

virus surface andendosome wall in close proximity. Now it is important that at some point HA was
cleaved by a Serirgrotease like TMPRSS2 or Trypsin. If HA was cleft, its membrane fusion domain is
exposed now, mediating membrane fusion. Additionally, the acidivgdtleactivates the M2 proton
channel, leading to decrease in plue of the inside of the virus, which causasonformational
change of the M1 protein. This causes the release of the VRNPs, which can now enter the cytoplasm

of the attacked cell (uncoatingpou D. 2018)

1.1.4.4. vRNP nuclear translocation

In the cytoplasm, VRNP transport to the nucleus can differ dependent on host cell types, but the
bestdescribed mechanism usghe importinh k i A YLI2Z NI LI Kol &d ¢KS @ANI €
viral NP proteins and thpolymerasesubunits, which expose nuclear localization signals (NLS). Those

attract binding of importil" | YR KSy OS NBONHZA §YSy G rRifpotinKk E (NI y &
which mediates transport of the vRMNRportin-complex to the nuclear pores and nuclear
transloation. While it takes approxXL hour (h) from virus particle adhesion until arrival of vVRNPs in

the nucleus, uncoating takespprox.10 minutes (n) andthe transport to nucleus the remaining

time. Since high efficiency in importin system activation is crucial for successful IAV infections, NP

adaptations to host importin machinery are very importgBou D. 2018)

1.1.4.5. Replication and mRNA transcription

In the nucleus, IAVagative strand (8) RNAs have to be transcribed into positsteand (ps) RNAs.

This works with an unprimed tmacription, in which the firstwo nucleotides have to bind randomly

to the 3' ends of viral RNAs, ttagt elongation. The completespRNA is then released and complexes
with viral NPs and one copy of viral polymerasesulting in the formation of aomplementary vVRNP.

The primingmechanism of ps RNA transcription back to ns RNA is not completely solved yet, but it is
expected to happen similar tas RNA transcription into ps RNA, with an unprimed transcription

(replication)(Dou D. 2018)

The mRNAranscription from ns RNA and p\R is different as well asore efficient than
replicationand it startsearlier (WeberM. 2015; Dou D. 2018)tis a primed mechanism, which uses

host cell MRNA Raps. The PB2 subunit of the IfAwlymerasebinds 5' ends of cellular mRNAs,
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which are complementary to the ends of IAV RNAs. The PA subunit endonuclease activity then
cleaves the hostmRNA ends 123 nt downstream. After a rotation of the PB2 subunit, thosel B0

mers bind to the ends ofhie IAV RNAs and serve as prini@r mRNA transcription, in the PB1
subunit. At the end, th@polymeraseadds a polyadenin (polyA) tail tothe mRNA by a process called
"reiterative stuttering”, resulting in capped and pedgenylated RNAs. In high eukaryotes, the
MRNAs are &apped and have a pok tail, which enhances their stability and prevents them from
recognition and degradation bgellular defense mechanisms. Hence, the viral RNAs with the stolen
modifications also become completely masked for antiviral defense mechanisms. Further, 1AV
MRNAs have splicing sites like host mMRNAs, resulting in alternate expression of NS (NS1 arti NS2) a
M (M1 and M2) proteingDou D. 2018)

1.1.4.6. Synthesis and modification of viral proteins

Followed to synthesis in the nucleus, viral mMRNAs are exported to the cytopladntranslated

either at cytoplasmic ribosomes (PB1, PB2, PA, NP, NS1, NS2, M1) or endoplasmic reticulum (ER)
ribosomes (membrane proteins HA, NA, MZhe vral proteins NP, PA, PB1, PB2, NS1, NS2 and M1
all carry NLS and translocate into the nucleusesgtthey support viral replication and translation or
support VRNP export to the cytoplasm, among other individual functions. In the cytoplasm, vVRNPs
with masked NLS bind to Rab11 mediated by PB2, leading to transport to the cellular membrane with
the micotubule system. The future surface proteins HA, NA and M2, synthesized by the ER
ribosomes, carry hydrophobic targeting sequencghich are recognized by the signal recognition
particles (SRP) of the ER and hence translocate into it. In the ER, theodmamghediates
organization of HA, NA and M2 into membranes in dependence of their respective transmembrane
domains (TMD). Further, HA and NA receive multiplenkéd glycans, whose amount and position

can differ between IAV strains and subtypes. The glyae important for the recruitment of the
lectin-chaperones calnexin and calreticulin, mediating correct protein folding, as well as the
oxidoreductase ERp57, which drives intramolaculand intermolecular disulfidbonding.
Intermolecular disulfidébonds are important for M2and NAhomotetramerization and HAomatri-

and homooligomerization. The different oligomerizations require high protein synthesis rates in the
ER to achieve local proximity of the monomers, which drives the risk of triggiengRunfolded

protein stress respons@ou D. 2018)

To achieve full functionality, HA needs to undergo a cleavage. Depending on IAV strain, it carries a
monobasic (mosmammalianadaptedstrains) or multibasic (high pathogenic aviataptedstrains)
cleavage sites. The cleavage has to occur at a time point between synthesis and start of uncoating

and has no effect until HA nformation is changed by low pHilieu. Inavian the serineprotease
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furin in the transgolgi, expressed ubiquitously, is cleaving multibasic HA sites. In mammalians,
airway-epithelialcell serinetransmembraneprotease TMPRSS2, trypdile protease HAT of upper

airway-epithelium, or eventually MPRSS4, all targeting monobasic HA cleavage sites, do the job. This
is suggested as a major reason why mammalian flu is restricted to the respiratory tract, while it can

replicate in the gastrointestinal tract of birds additionglou D. 2018)

1.1.4.7. Assembly

Since the envelopes of IAV carry enriched amounts of sphingolipids and cholesterol, compared to the
average of cell membranes, it is suggested that new IAV particles bud from lipid raft areas of their
host cells, which are linked to exocytogBalain C. 2004)lo deliver the newly synthesized 1AV
components to those membrane regions, the components need special labels. For example, HA gets
lipid modifications at its @rminal cysteine residues, while NA gets lipid modifaagi in its TMD.

Those modifications are key signals for the cellular transport mechanisms and determine the target
location. M1 and M2 proteins are expected to be complexed with cytoplasmic domains of HA and NA
in the golgi membranes and reach budding kbmas viahitchhiking The vVRNPs are transported to

the budding regions by Rab11 and bind to M1 (assentblgy D. 2018; Noda K. 2018)

1.1.4.8. Budding

In the last step of the IAV replication cycle, the newly assembled virus components need to get
packed into the virus envelope and exit the host cell. For this process, IA\diffeeent mechanisms
known from the process of exocytosis. To achieve membrane curving or protrusions, cells can attach
curved proteins to a membrane, form protein clusters in one side of a bilayer, use the cytoskeleton,
as well as concentrate corshapel lipids like lysophosphatidylcholine or lysophosphatidic acid at the
outer side or inverted conshaped lipids like phosphatidic acid, diacylglycerine,
phosphatidylethanolamine and cholesterol at the inner side of the membrane. While the process of
exiting the cell is nbsolved for IAV in detailthe current opinion is that IAV uses a mix of the
mentioned mechanisms to achieve that aim. The oligomerized surface proteins HA and NA enrich in
the outer membrane layer of lipid rafts, with the effect of membeacurving. At the inner layer,
incoming M1 oligomerizes, leading to formation of curved structures, bending the membrane from
the inner side. M2 also has membrasbaping abilities. Additionally, the 1AV proteins have affinity to
membraneshaping lipidswhich suggests eecruitment potential. In the next steps, the vVRNPs bind

to M1. In detall, the different vVRNP segments group in a characteristic 1+7 configuration (one vRNP in
the middle is surrounded by the other seven, comp&igure2), hypothetically through structure

based specific interaction. In contrast, the nonstructural (NS) proteins NS1 and NS2 areiptacked
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the forming structurein low anounts, suggesting that this may happen by chance and that it is
sufficient that they are newly synthesized after infection of new cells. By those processes, membrane
protrusion enhanceswhile more proteins assemble to the complex until a last bottleneckaies,

which is cut by M1, completely separating virus particle and host cell (buddog)D. 2018)

1.1.4.9. Release

Finally, the 1AV is in a similar position as in dsesion stage, with H&olecules eventually bound to
surface SAylycoproteins. The NA can cut those remaining connections to the host cell (or-to SA
residues on NA and HA of other IAV patrticles) to dislodge thevies particle, whichsetsit on

track fa the infection of other cells (releas@)ou D. 2018)

1.2. Antiviral immunity
1.2.1. General interaction between immune cells

1.2.1.1. Cellular virus responses in the lung

In the 1AV nfected lung, airway and lung epithelial cells are the primary target of IAV. As response,
the epithelial cells detect viral antigens pattern recognition receptors (PRR). In the following,
innate antiviral reponses via IFNs amytokinesare initiated, as well aantigen presentation via
major histocompatibility complex class | (MijQoroteins. Apoptotic cells and virus particles are
taken up by resident alveolar macrophages via phagocytosis and antigens are presented to cluster of
differentiation (CD)4+ -lymphocytes (icells) or CD8+ cytotoxic-CElls, which in turn activate -B
lymphocytes (Bells) or drive infected tissue cells into apoptosis. Natural killer cells (NK cells)
supportthe eradication of infected cells via apoptosis,hibge cellsfail to present seHantigens have

IgG antibodies bound to their surface dadif they secrete a lot of cytokine<Chemokine release by
infected cells and resident macrophages attracts neutrophilic granulocytes, dendritic cells (DCs) and
monog/tes from blood vessels and surrounditigsue to the spot of infectionThese cellenhance

virus neutralization, eradication of infected cells and antigen presentation after differentiation and
maturation, eventually at the cost of tissue damage durimgaing inflammation. DCs are the most
versatile professional antigen presenting cells and are able to migrate to local lymph nodes upon
antigen uptake, to stimulate large amounts of CD4+ and CE&t s CD4+-Tells can be activated

by antigen presentatin via MH@I, which ismediated by DCs, macrophages ecdlls. The activated
CD4+ Tcells in turn can activate-Bells, leading to lasma cell maturation and biggale production

of specific antibodies. High amounts of specific antibodies usletyto clearance of the infectian
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Additionally, activated -Eells and Bells can become memory cells, which can circulate in the body
for years and shorten the establishment of a humoral immune response in case-oifaaon with
known antigens significdly. In case of a virus infectiongk for an efficient immune response as
fast recognition of foreign antigens by innaRRs ando bring all the important antiviral
components in line fastThis enablesto achieve a rapid clearance of thdrus and the re-
establishment of tissue barriers, before follayp-infections occur. If this fails, enduring activation
especially of innate immune cells can lead to irreparable lung dajrsg®ndary bacteria infections
and hence to the severe syndromes like ARDS acute respiratory failurg/Akira S. 2006;
Peteranderl C. 2016; Evesper B. 2020; Frank K. 2020)

1.2.2. Antiviral activities of pattern recognition receptors
1.2.2.1. Detection of IAV by PRRs

Main actors of the innate immune system are tRRRsa diverse family omembrane bound or

cytoplasmic receptors, which can detect a broad range of different ligands that are usually
components of pathogens. IAV is detected by at least five PRR$; RIB3, TLR7, TLR8 and NLRPS3.
Depending on the cell type, expression of thasan vary and they may play different roles in

activation of downstream signaling pathways. In human macrophages and dendritic cells, for
example, NLRP3 and TLR7 detect viral genomic RNA, while in human lung epithelial cells, mainly
RIGI, TLR3 and NLRB® involved In both, the ligand recognition by PRRs activates innate immune
signaling pathways containing the transcription factors nuclear factor -© b €X AYGSNFSH
regulatory factors (IRF), activator protein 1 {BP signal transducers and activatoof transcription

(STAT) or nuclear factor of activateadlls (NFAT). These transcription factors control the expression

of components of the innate immune system, like {ENproinflammatory cytokines and also induce

further signaling cascades likel2 and IL18, which lead to the induction of IFN | YR G KS | Ol A ¢
of the components of the adaptive immune systéRothlichet J. 2013; Almatruk S. 2021)

1.2.2.2. Toll-like receptors- overview

Toltlike receptors (TLR) are membrabeund PRRs. Today, 13 different TLRs are known in
mammals, which all differ in expression, antigen specificitg dawnstream signaling, sometimes
even between different mammals. Overall, the cell surface bound TLR1, 2, 4, 5, 6 and 10 are known,
as well as the endosomal TLR3, 7, 8, 9, 11, 12 and 13. Humaes®dtse TLRs 1 to 10, while mice
also have the TLRs 12 and 13, while lacking TLR10. Additionally, some of the ligands recognized by
the TLRs differ between humans and miéd&ira S. 2006; Malik G. 2020)LRs are evolutionarily very
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old structures highly conserved from nematodes to mammals, which even exisdats. They are
integral membrane glycoproteins with a cytoplasmic signaling domain and detect extracellular
pathogens or those trapped in endosomes. They are broadly expressed on different immune cell
typeslike antigen presenting dendritic cells and engphages, as well as on different rommune

cells like epithelial cells and fibroblasts. TLRs represent a broad pattern recognition spectrum, which
closes gaps well with the other PRRs to identify the very most of relevant-axdrantracellular
pathogens (Akira S. 2006)

1.2.2.3. Toll-like receptor signaling

Binding of a ligand to a TLR leads to hemoheterodimerization, followed by recruitment of FIR

domain adaptor proteins (MyD88, TIRAP, TRIF or TRAM) to the cytosolic domains of the receptor.

The bound TLR ligand affects binding of the respective adaptor and can also lead to variation in
downstream signaling. Like ftie IL-1 receptor (IL1R), the kinase IRAK4 is crucial for TLR signaling.
Recruited IRAK4 phosphorylates IRAK1,cwhassociatesvith TNFreceptorassociated factor 6

(TRAFB). TRA associates with an ubiquitilation complex, leading to seifbiquitinylation and
ubiquitinylation of NF . Sa &Sy dAlf Y2RdzZ F2NJ 6b9ahvod ¢KAA& LJ
TAK1 complex and phoisorylation of IKK X a A-actvalef yrotein kinase 8 and p38, which

activate the transcription factor AR. plIkkK A ada Y SSRSR (2 AylFIOGA@GIGS L°. =
NFS . @ -@ furthe activates the transcription factor I which contrad cytokine genes. Taken

together, the transcription factors IR, ARLand NF . = O2y GNRffAy3 Oed21AyS
can be activated after TLR stimulation. TLR3, 4, 7 and 9 activation can result in TRAM/TRIF
recruitment. In the following, TRIF cativate RIP1, leading to NF. | QG A @I GA2Yy > YR
further supports NF . | Ol A @I -8 dn@ \RF phygsRhorylatiéh, leading to IFN type 1 (EN

mainly IFN' | y R 0L Gt LINGBaES: 2086)

1.2.2.4. NODLRR receptors and the NP3 inflammasome

The Nucleotidébinding oligomerization domain leucifrich repeat (NOELRR) receptor family is a
group of cytoplasmic PRRs, which detect a broad range of daassgpeiated molecular patterns
(DAMPs) and pathogemssociated molecular pattes (PAMPs). Their signaling containssNF | Yy R
the expression of cytoking@\kira S. 2006)The closely related PRR N{iK& receptor family, pyrin
domain containing 3 (NLRP3) is special because this PRR alone has a very broad spectnas.of liga
Those include DAMPs like crystallized molecules, cyclic guanosine monophesatiet®sine
monophosphate GMRAMP), neutrophilic extracellular traps, alum and nanopartidsswell as

PAMPs of viral, bacterial and fungal origin like lipopolysaccohdti®S), ds RNA and mannan. Upon
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ligand binding, NLRP3 can form a mammalian inflammasome with ASC and Caspase 1, enabling
Caspase 1 autocatalysis activation and hetheecleavage of prdl-m i brg-IR18 to the mature

and active variants 4 | | -¢8BRDinkrgllo C. A. 2018; Swanson K. V. 2019)

1.2.2.5. cGASSTING

The cGMRAMP synthase (cGAS) is another innate PRR detecting cytosolic -tiésoxicleic acid
(DNA). Upon DNA binding, it gets activated and produces e@WIP, the ligand of stimulator of IFN
genes (STING). Activated STING mediates phosphorylation and antigatiRF3 and IRF and
hence IFN signalin@chneider W. M. 2014)

1.2.2.6. RIGIike receptors

The family of the cytoplasmic RI&e recetors contains retinoic acid inducible gene |
(RIGI/DDX58/ISG56), melanoma differentiatiassociated gene 5 (MDA5) and Laboratory of
Genetics and Physiology 2 (LGE)lakofsky D. 2012RIGI and MDAS play important roles ilfNR
detection. MDAGS is the main detector of polyinosinic:polycytidylic acid (&} to RI&@ and TLR3)
and also detects long ds RNA fragmersy. of picornaviruses, leading to activation dfie
mitochondrial antiviral signaling proteifMMAVS. LGP2eems to be a positive regulator of MDA5 and
a negative regulator of RHZBarber M. R. W. 2010; Web&erlachM. 2016a)

1.2.3. The cytoplasmic pattern recognition receptor RtG
1.2.3.1. RIGI: general aspects

An important antiviral protein of basal innate immunityR3GI, which consists 0825 amino acid

(aa). It is expressed in the cytoplasm of most mammalian cell types on a low level and remains mostly
in an inactive state of autmhibition. Its basal character is also reflected by its very primal origin: it is
conserved among invertebrates like spoagend nematodes, as well as vertebraf&®olakofsky D.

2012) Since it is not described in other organisms étazoaand of those also in sponges, its
evolutionary origin seems to be somewhere between 5@DO0 million years agdbefore sponges
separated from othemnimaliaand in relative close proximity to the Cambrian explosibrspecies

(Nettersheim B. J. 2019)
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1.2.3.2. Variation of RIGI expression in birds

The red jungle fowl Gallus gallus, galliformg¢sfrom which modern domesticated chicken lines
descend, is very special in its feature to have no genes encoding for-lhaR&Bgue, while the
closely related duckAhas platyrhynchos, anseriforme{presst (van Tuinen M. 2001; Barber M. R.
W. 2010) There is also no RIGn the DFL chicken fibroblast cell line, whickspondswealy to I1AV
due to this deficiency, but restoring RIGexpression with a duck variant can replenish immune
responses. The RliGanalogue ofAnas platyrhynchosdliffers from human RIBby 53% and from
zebra finch RIG by 78% but they all show the conservedrfational domains known from the well
investigated human RHK5 Nevertheless, not albmino acids 48 crucial for different RIG
mechanisms are conservéBarber M. R. W. 2010Chi&ens compensate their lack of RIGat least
partially, by MDAS daptations, enabling MDASTINGnediated recognition of viral RNAs during
later stages of IAV infections, but this signaling is also inhibited by NBXY&ing viral counter
mechanisms, li&in RIA signalingWeberGerlach M. 2016b)

1.2.3.3. RIGI ligands

Like the other RIdke receptors, RIGis localized in the cytoplasm. Most affine ligadRIGl are

dsor dslike RNA structures with 5' triphosphatés'ppp) (Weber M. 2014)A dslike RNA structure is

a ss RNA which has partial setindementarity, leading tothe formation of partial dsstructures.An
example are thdAV RNA genome panhandiguctures(similar tostemloop structure$, formed by

5'/3' end selfcomplementarity of the eight IAV genome segmeminimum requiremenfor a RIG

ligand is alunt-ended 1020 nucleotide (nt) 5'ppp ds RNA, but also longer RNAs of about 200 base
pairs (bp), even without blunt ends or 5'ppgre recognizedrurther, RIG is able to directly bind the

viral RNAs even if they are present as VRNP, so it is abiadahem right after viral entry, before

start of viral transcription and replicatiofWeber M. 2013; Weber M. 2015n sumnmary, natural

RIGI ligands are functional, viral genomes associated with VRNPs (especially A/U rich regions in 3'
untranslated regions), defective viral games, virus replication products and RNase A or L cleavage
products with a 2',3tyclic phosphate and a-@uadruplex containing sequence motifolakofsky D.

2012; Weber M. 2014; Webdberlach M. 2016b; Jung S. 202@uch RNA structures exist in
influenza, vesicular stomatitis, Ebola, Rift Valley fever, mreeasind hepatitis C viruses or are
generated upon RNaseA and OAS/RNaselL system activation. Reports about ss RNAs 46 be RIG
ligands remain controversial and may result from ds RNA side products of ss RNA synthesis
(Kolakofsky D. 20}2
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1.2.3.4. Specificity of Rl1A to detect foreign RNA

While RIE detects different kinds of foreign RNA and is localized in the cytoplasm, expressing cells
need tomask their ownRNAs like ribosomal RNA (rRNA) and messenger RNA (mRNA). It is expected
that this is realized due to cellular RNA modifications, which semeses can mimic. Host cell
7-methylguanosine caps do not alter RNA recognition by-IRWhich is important for translation. In
contrast, 2' Gmethylation of the first and/or second base af &®NA significantly reduces its affinity

to RIGI, most likely due to interference with RIB30H. This modification also reduces RKI Pase
activity. 2' O methylations are generated by 2n@thyltrasferases and some viruses like Ebola,
yellow fever ad Marburg evolved methods tomodify their RNAs, by hijacking host
methyltransferase or coding their own on@Sevarkar S. C. 2016Jhe masking can l®ercomeby
cleavage of selRNAs by RNases during pathologic conditions, resulting in production of poteht RIG
ligands(Jung S. 2020; Steinberg J. 2021)

1.2.3.5. RIGI structure

The Nterminus of RIG carries two caspase recruitment domains (CARDSs), which are important for
the interaction with signaling partners upon activation. The center is a DERB¥HRNA helicase
domain (wo functional helicase motifs irmo subdomains and one nonfunctional helicase motif,
Hel2i), which enables RIGo bind RNA. The first helicase subdomain also carries an ATPase domain,
which plays a significant role in ligadépendent conformational switch. Thet€&minal domain
(CTD) arries a zinc ion and is important for 5'ppp binding, like depicte&igure3 (Takahashi K.
2008; Kolakofsky D. 2012)

N-terminus K271 C-terminus
Signaling RNA interaction, RNA unwinding 5'ppp binding

Figure3: Domainstructure of the PRR RI5
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1.2.3.6. RIGI mediatedIFN induction upon RNA binding

The bestinvestigated antiviral function of RIGis its ability toenhancelFN1 production after
binding of RNA ligands. In inactive state, the CARDs are interacting with the Hel2i motif and no
signalingoccurs If a 5'ppp RNAs bound by the CTD, lieads the structure to the helicase domain,
which surrounds the RNA structuf&olakofsky D. 2012)n case of IAV, RiGnteracts withthe
panhandle structure(Weber M. 2013; WebeGerlach M. 2016a)The RNAbinding leads to a
conformational switch significantlyenhanced by ATBinding at the ATPase domain, resulting in
dissociationof the CARDs. This process can be completely inhibited by the point mutatiod hRIG
K270A (and accordingly murine K271A), resulting inl Ri€ufficiency to activate downstream AN
productionupon ligand bindindYoneyama M. 2004)mportantly, other mutations in the RilGgene

do also inactivate Remediated signalinge.g.the RIGI S1831 mutationwhich presents separation

of the CARD domains, resulting in a similar effé@othlichet J. 2013)Additionally, but not
essentially, if the bound RNA has a 3' overhabgnt; the Helicase domain can unwind the RNA
under consumption of ATP, but this effect is not correlating with immunogenicity of the ligand
(Takahashi K. 2008)After dissociation the CARDs can interact with -E$ase tripartitemotif
containing 25 (TRIM25), which passes K63 bound ubiquitin to K172 of the CZd&rR3V. U. 2007)

By this, theCARDs of fouRIGI moleculescan become linked via polyubiquitinylation, leaditg

RIGI tetramerization. The mitochondrial membrane chaperoneld s y 2 g RANBOGa (KS
mitochondria, where the CARDs can interact wMAVS, whichleads to MAVS aggregation
(Kolakofsky D. 2012)n the following, MAVS aggregatectivatethe kinases IKiKand TBK1, which
phosphorylate and activatéhe transcription factorsIRF3, IRF7 and NF . & ¢ K2aS 02y i NZ
expression of the IFMl group andthe expression of inflammatory cytokinékolakofsky D. 2012;
Schneider W. M. 2014)

1.2.3.7. RIGI can block the access to the IAV panhandle for the viral
polymerase

A second and ledavestigated antiviral mechanism of RI@ its ability to block the IAV panhandle.
Despite it is well known that Ribinds the panhandle structure, this was not seen as direct antiviral
action until describedby Michaela WebeGerlach and Friedemann &lder in vitro (WeberGerlach

M. 2016a) RIGI has the potential to bind the panhandle directly after virus entry aad even
disassemblepolymerasesubunits from it, leading to inhibition of viral replication before other
antiviral mechanisms take action. The effect is further supported by the ability ef RIGind to all
three viral polymerasesubunits, so it has aiys close proximity to the panhandle, even if not

binding to it directly at firs{WeberGerlach M. 2016a)This eftt depends on the PBRolymerase
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genotype:While the PB2627Epolymerasevariant, common iravian is outcompeted by RHIGit fails
to outcompete the PB®B27K variant, common in mammaliarf§Veber M. 2015) So far, the

relevance of this effect has not been confirmedviva

1.2.3.8. RIGI can recruit the mammalian inflammasome

The third antiviral function of RIGis its ability to contribute tdhe activation of the mammalian
inflammasome. RIEG MAVS, CARD9 @rBcl10 together stimulate N¥F :mediated expression of
pro-ll-mi ¥ @&hAaldKbe induced by IFNsignaling. Further, RilGeontributes to a complex
containing the adaptor protein ASC and Casghbst® form the inflammasome, similar to NLRP3. In

this mmplex, Caspase autocatalysis is enabled, leading to its activation and hence the cleavage and
activation of prell-m i &v2 U[&a 6Stf | & -18ikKSsimHa@nadrhed -k 2 ¥ a2 A SONB 0
rapidly from the cell by different mechanisms comiaig exocytosis, pyroptosis and inflammatory
cytokine release. Since mice lacking important inflammasome components show enhanced weakness
to 1AV infection, recruitment of the inflammasome is another important antiviral function oflRIG
Importantly, sine the activation of the inflammasome by RlI@quires its sighaling capabilities, the

RIGI K271A variant should be deficient for bothe describedvariants to contribute to Hli
production(Pothlichet J. 2013; Web&erlach M. 2016a; Dinarello C. A. 2018)

1.239.1L-ur OECT Al ET C

ILmi & A 3 yfKs birdilgr B TBResignalingMli. A & | Y S M ay®oNde saily ank S key [

factor of innate immunity, which binds t@n IL-1R1/3 heterodimeic receptor to mediate
proinflammatory signalingor to an IL-1R2/3 heterodimeic receptorto mediate antinflammatory

signaling. The {L receptors share structural similarity with the TLRs, both usingaled Toll

interleukin-1 receptor (TIR) domains, which mediate the activation of MyR8Bpare chapterd. c)

1.2.2.3. Thus, K1 receptor and TLR signaling activate similar downstream elements of innate
immunity like the expression of cytokines, chemokines or nitric oxide productiem.IL & SNBSS & | 2
signaling molecule between epithelial cells and monocytes during establishment of early
inflammation and it also plays a role in establishment of the silapmmune responseAdditionally,

ILmi AYRdzOGA2Y A& atvarigntod Riic prégaminiedNcRIILdéahi pithelial cells

secrete Ilmi 02 &adAYdzZ I §S adz2NNRBdzyRAy3a OSffta (2 LINRRAzO
replication and to produce CXCL8, an attractant for neutrophilic granulocytes and mediator of
inflammation. Asa downside, Ik | Ad | YSRAFG2NI 2F OKNRBRYAO AY

atherosclerosis and contributes tihe development of some cancer types. Besides the mentioned
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effects upon virus infections,- i Yl & | f a2 KIFI@S STFSOG aPahiches LIA (1 KSf

J. 2013; Dinarello C. A. 2018)

1.2.3.10.RIGI as tumor suppressor and therapeutic target

A lessinvestigated function of RIGis its role in tumor suppression. Upon foreign RNA detection,
besides activatiomf MAVS, RI& can interact with Caspas® a potent inducer of apoptosis. Some
recent experimental approaches the development of new cancer therapeutics used 5'ppp siRNAs.
One of those 5'ppp siRNAs gats the apoptosis inhibitor BZL leading to sali induction of
apoptosis in melanoma cellm vitro and in viva Those effects are caused byGR-mediated
Caspas® activation, educed block of apoptosis by BCland additional inductionof IFN1
expressiorand inflammation, leadig to innate immune adtation atthe site of the tumor. A second
5'ppp SiRNA against TGFMZ g KA OK KlFa Fy AYLR2NIIYyd NRtS Ay
used in mouse models to significantly induce tumor cell apoptosislIpiféduction and CD8+¢ell
recruitment. Furthe, selective induction of apoptosis by classic -Rl§and like 5'ppp RNA or
replicationdeficient virus particles was observed for cells of prostate cancer, mammary carcinoma,
lung cancer and glioblastoma, while nonmalignant cells seem to be widely spared freinidiig
induced apoptosis, interestingly. Reversely, -Rtigficiency mediatepredisposition of hepatocytes

to hepatocellular carcinoma development and RIGnockout (KO) mice often developed
myeloproliferative disorders, which could be rescued by restoration of8lRRkpression(Li X-Y.
2014) Taken together, those approaches show a huge potential for newlRE&d therapeutics,

especially in combination with new approaches in RNA delivery systems.

Some different and even less studied functions of-R&@ also remarkabld-irst, RIG is important

for phagocytosis of bacteria and immune cell migration, both independent of viral RNA but
dependent on interaction with the cytoskeleton. Second, the PxxP motif upstream of the first
Helicase domain of RilGinteracts with Srcni an inactivating and STAT1 in an activating manner.
Those interactions happen in inactive conformation to mediate antitumorigenic eff@gts<Y.
2014) Third, RIG seems important for the conttaf grarulocyte maturation, since RH=deficient

mice tend to develop a progressive myeloproliferative disorder and-lIRES upregulated in

proliferating myeloid cell&Zhang NN. 2008)

1.2.4. IFN signaling and stimulated genes

IFNs belong to the group of cytokines, which are a core element of innate immune signaling and can

LJ

be separated in three ajor classes, IFN, -2 and-3. The IFM2 group consists of IFNS g KA OK 0 A Y |
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to areceptor consisting of the IFNGR subunits 1 and 2. The& Idup, containing IFN M 3 and
IFNL4, binds to a receptor consisting of therlo wi -4 Yy RN L B (afangyHA201)

The largest class of IFNs, namely type 1, contains theFBs® ¥,-. = |-y R Y2y 3ald L Cl
and4s ' NB R2 YA YOG @ SL QAR ERhicRF 1 LR H OFy 06S RA
even more subtypes. Nevertheless, all {ERytokines bind to the IFM receptor (IFNAR), which is a
heterodimer consistentf an IFNAR1 and an IFNAR2 subunit and located at the cell surface. With

only a few exceptions, most body cells can producelFNI4y R 06 dzi RdzZNAYy3d Ay FSOGA 2
dendritic cells produce the majority of themer cell The general effects of IFNare antiviral,
antiproliferative and immunomodulatory and they play, next to induataf antiviral effects in virus

invaded cells themselves, a very important role in inducing similar antiviral responses in neighboring

cells via IFNARddus kinase (JABSTAT signaling and ithe recruitment of immune cellsipon

secretion(Schneider W. M. 2014; Li-X. 2014; Wang H. 2017)

After IFN1 binding to IFNAR, receptassociatedJAKland Tyrosine kin&s?2 (TYK2) get activated

and phosphorylate multiple receptdyrosineresidues, leading to phosphorylation of STAT proteins
(STATH, 5a and 5b, 6) proteins, which heterodimerize (STAT1 and 2 in majority). In the following,
they complex with IRB, translaate into the nucleusand drive the expression of IFtimulated

genes (ISGg¢pchneider W. M. 2014This large group of genes ispensible for the activation of the
antiviral state of the expressing cell, containing chemokine signaling components, immune regulatory
proteins, driver proteins for apoptosis, as well as antiviral, antibacterial and antiparasitic proteins.
Remarkably, #ot of the PRRs and their downstream signaling components are also ISGs, leading to
seltinduction upon initial activation and hence multiplication of innate immune signaling caphrcity.
addition to JAK/STAT signaling, IFNs can also activate NF | y1Rignaling. The signaling of 2N

and IFN3 receptors works similarly to the IFNreceptor signaling, but all pathways contain
variations as well as subsets of the target genes can vary. In general, IFNs mediate innate antiviral
effects, where the IFN andIFN-3 groups are inducers of first line responsi&sN2 is also a mediator

of cellmediated responses and contributes to the initiatiof an adaptive immune response. Here is
also to mention that RIEMDAS5 downstream signaling elements, containing -IFNignaling, are
shared between TLR, NQRR and RLR pathways, leading to comparable innate immune responses
which are activated in symgy upon recognition of PAMRAKkira S. 2006; Kolakofsky ZD12; Weber

M. 2013; Schneider W. M. 2014; Wekgerlach M. 2016b; Wang H. 2017; Kopilarala N. 2017)

The most potent antiviral ISGs are M¥nhdmin like GTPase 1 (MX1), diRbuced transmembrane
protein 3 (IFITM3), protein kinase R (PKR),-IREhd the 25'-oligoadenylatesynthetase
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(OAS)/RNaseL system. Mx1 binds to IAV NP together witb®&And URHA49, leading adblock of
VRNP access to the nucleus and headdock of viral replication and transcription of the bound
VRNR, but NP bindingan beinhibited by some NP mutations. Gthproteins of the Mxamily are
expected to mediate sepation ofviral PB2 and NP proteins from VRNPS, also leading to inhibition of
viral replication and transcription. IFITM3 is enriched in endosomes and can inhibit the fusion of virus
and host cell membrane, preventing virus entry, whimakes it a mediatofor IFN1-induced
protection of neighboring cells. The ds RNA binding PKR can inhibit virus RNA translation and
activates NF . d@ditibnally, ISG15should be mentionedone of thestrongestinduced ISGs. It is
comparable to ubiquitin and can be linked atently to different proteins, of which a lot are also
ISGs. ISG15 linkage, also known as ISGylation, can enhance or reduce protiéinadmalfeven block
protein function. Hence, it contributes to sustained innate immune signaling after linkage tamsote
like TRIM25 and IRF-or halt of the cell cycle by mediating degradation of cyclif®zhneaier W. M.

2014; WeberGerlach M. 2016b)

1.2.5. The OASRNaselL system as IFN downstream target

1.2.5.1. The OASRNaseL system

OAS has three different variants, OAS1, 2 and 3. All variants are inducediby IFNy R LJS2 R dzO S
oligoadenylate (OA) oligomers from ATReafactivation by ds RNA, but they differ in the synthesis

rate and the amount of monomers they put together. RNaseL is constitutively expressed in the
cytoplasm, but inactive without its ligand OA. Upon ligand binding, RNaseL monomers dimerize.
Active RNseL dimers cleave ss RNAs downstream of UU and UA sequences, leaving small and often
duplexed fragments with 3hosphoryl groups, which can form cyclic phosphate groups by release of
water (Malathi K. 2007)During IAV infection, RNaseL cleaves mas#yPA, PB1 and PB2gments

among the IAARNAgenome, which are the largeshes Among the cellular RNAs, RNaseL cleaves
ribosomal RNA(rRNAs), transfer RNAs (tRNAs) and messenger RNAs (mMRNAs), but remarkably not
the mRNAs of IFll and IFNB, as well as ISGs. This leads swéch between standard metabolism

and an antiviral state of the cell: The expressidmousekeeping andiral poteinsisreduced while

the expression oéntiviral proteirsis highly enhance@Cooper D. A. 2015; Chitrakar A. 2018)

1.2.5.2. The RIGI IFN-1 OAS/RNaseL positive feedback loop

The activation of RKGinduces IFNL productionand hence activation of the OAS/RNaseL system,
which in turn cleaves RNAs with thesult of producing more RH3igands. Hence, RIGDAS/RNaselL

signaling is a positive feedback loop. It enhances thellfi¥oduction during viral infection
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significantly, establishes an antiviral metabolic state and boosts ISG prodidaiathi K. 2007;
Chitrakar A. 2018)This loop is negatively regulated by the-@ggrading 2dhosphodiesterasd?2
(PDE12), LGRihd the ubiquitin ligase RNF125. It can also get interrupted by suppressor of cytokine
signaling (SOCS) 1 an@thlichet J. 2013)Additionally, RIG is an ISG itse{Schoggins J. W. 2011;

Xu L. 2017)The finding that RI activation correlates with the amount of viral replicatigiveber

M. 2015)suggests that this positive feedback loop may serve organisms to quantify virus infections

and scale their grade of antiviral regpse.

1.2.5.3. The nature of a seHRNA derived RIG ligand

Remarkably, RNaseL cleaves viral RNA as well antlugenous RNAAmMong those viral and also
cellular RNA fragments, there are different RIgands, which are known for their ability émhance

IFN-1 production (Malathi K. 2007)The detailed nature of the RliGigand of cellular origin has long
been unsolved. Recently, the structure and function of an endogenid Riénd (eR), which is
generated as a result of RNase activation, has been unraveled. The ligand is a gudeogaiye
binding aptamer, which originates from the internal transcribed spacer 2 region (ITS2) of the 45S pre
rRNA. The cleavage of the ITS2 by eiRiaseL or RNasefeates a @ich ss 72mer RNA fragment

with a 5' hydroxyl group and a 3' phosphoryl group, which can form a cyclic phosphate. The 72mer
forms a complex sterAoop structure, characteristic for Rlidigands, which enhansethe half-life of

the molecule Less characteristic for RIBgands is the lack of a 5'ppesidueand theoccurrence of

a cyclic phosphate, which was found to be important fov immunostimulative potential(c. c.
1.2.3.3. In the end, it was found that the 72mer carries a guancsjnadruplex containing sequence
motif, enabling the fragment to bind GMP, GDP and GTP, with GTP resulting in a sufistithee
missing 5'ppp residue. Among guanosine derivatives, GTP is the most prominent in the cell, leading
to the conclusion that the 72meBGTP complex is majority, which mediates -RKg&tivation. This
connection depicts a sensor for RNA degradation amthaced rRNA processifidung S. 2020)n a

recent study, it was shown that the eRL is formed in cells upon IAV infection and has a significant
effect on IFNL induction next to direct sensing ®RNPs, independent of apoptosieediated RNA
degradation. Despite iderication of this eRL, there are hints for additional, different RRIi@ands

generated from cellular RN{Steinberg J. 2021)

1.2.5.4. New approaches in IAV vaccination

Current research on this area aims to fitite ideal combinations of vaccine and adjuvant to
maximize safety and immune protection, which is challenging due to a high variety in human immune

stimulation. Hence, it is of great importance to gain detailed knowledgauabmpact and crosstalk
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of PRRmediated immune signaling, immune cell interaction and their individual variation. With the
aim to reduce vaccination side effects as much as possible, virus subunit vaccines got more and more
popular. The drawback of those vaccines is the weakness ofetdting immunogenicity Thus,
vaccination adjuvants are commonly used to boost the immune reactions triggered by the vaccine

itself. In the last decades, Aluminium hydroxide (alum) based adjuvants have been used intensively.

Since alum based adjuvant®dst Fhelper 2 supported IgG1 production, alum adjuvants are no
reasonable choice for boosting production of antibodies targeting intracellular pathogens, which is
supported by Thelper 1 cells. A newer approach in vaccination vs. intracellular pathageres to
trigger different TLRs in dendritic cells to stimulatbelper 1 cells, with success vs. human papilloma
virus. Since activation of nucleic acid receptors like cGAS andifti&e strong immune responses,
those receptors are further interestintargets for the development of modern adjuvants. A very
challenging aspect in finding the correct adjuvant is that it requitésg in the gap between too low

and too high immune responses. pl:C is a very good inducer of innate immune signalingebiecaus
activates TLR3MDA5as well asRIGI, resulting in antigen presenting cell (APGhelper 1 and
cytotoxic CD8+ cell activation, but it is not a safe adjuvant because it can cause a cytokine burst as
side effect, which may be leth&iegler A. 2017)

So far, ss RNA was not investigated intensively for its potential as adjuvant. This may be due to low
durability in comparison with other molecules and the lack of sufficient pharmacodelivery in the
body cells, which changed ingHast years. In a recent study, a 547 nt uncapped, noncoding ss RNA,
in complex with disulfiderosslinked cationic peptides, namely RNAdjuvant, was shown to have
promising abilities as an adjuvant. In combination with the IAV subunit vaccine Influvadjurant
significantly enhances the survival of mice infected with IAV, comparable to pl:C and with
significantly lower cytokine production. Further, the RNAdjuvant effect was depending on MAVS and
MyD88. The combination stimulatedhElper 1 and 2 celldpllowing virusspecific IgG 1, 2b and 2c
antibody production, showing that RNA based adjuvants are able to boost induction of humoral

immune responses targeting intracellular pathogéaiegler A. 2017)

In this context, it seemseasonable and important to enhance understanding of the-Rl@&ctions in
the immune system,d ease investigation of new RMNased vaccines and adjuvants and to predict
and understand possible occurring side effects. Additionally, the mentioned RNaskRNaselL

derived RIG ligand may be a potential candidate for a new vaccination adjuvant.
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1.2.6. IAV evasiomand adaptationstrategies for RIGI

After millions of years, in which viruses and their hosts evolved and adapted to each other, both
developed a huge arsenal pathogenicity factors and defeasmechanisms. Still, after millions of
years, with a huge difference in complexity between viruaed vertebrates, it is astoriitng that a
system composed of eightRNPs encapsulated in a membrane, combined with a handful of
structural proteins, is able to challenge and eventually overcome huge organism systems. Thus, it is
no surprise that all compeents of the 1AV have more than just one functioelpingto invade and

abuse potential hosts for their own propagation. Hence, it is hardly possible to go into detail with all
known IAV protein functions, but some examples with relevance for this stuniyicdtbe explained.
Nevertheless, many known IAV protein functions are listed in a table at the end of the chapter

(compareTablel).

1.2.6.1. Adaptations in IA/ replication

Because of the disadvantage of facing -RiGthe cytoplasm, VRNPs evolved to translocate into the
nucleus and replicate there. The IAV yrokrase next to its replication function, also has an
endonuclease function, which enables it to aclechost caped mMRNAs and use it as prirmer own
replication. This endonuclease function is also suggested to cause significant reduction in host cell
protein production(Dou D. 2018)To hinder RI& binding, there is a tight balance for bp mismatches

in the viral panhandle structures, leading to selection of the perfect possible balance between lowest
RIGI detection and efficient binding of owmpolymerasedependirg on the current host. Besides the
already mentbned functions of the viral polymerastheir components are also able to interact with
MAVS and inhibit its function. As already mentioned above, most of the viral proteins expose NLS,
translocate into the ocleus and support nuclear export of vVRNR&ber M. 2014; WebeGerlach

M. 2016a, 2016b; Dou D. 2018)

1.2.6.2. The PB2627 polymorphism: birdhuman adaptation

An importantexample for IAV host adaptation is the before mentioned PB2 aa 627 polymorphism (
c.1.2.3.7. Whik in aviaradaptedlAV strains, the PB@27E genotype imost frequent(32 % PB2
627K in H5N1 and H7N%rains)(Peteranderl C. 2016)n mammalians usually the variant PB27K
is predominant Today, two different factorare known, which cause this diversifyirst, IAV PB2
627K has a higher affinity to viral NP and the panhandle tAaPB2627Ein mammals enabling it
to compete with RIG binding affinity to this structe. This leads to reduced Rl&nediated
signaling and higheeplication rates during IAV PE827K inéctions(Weber M. 2015)Secondy, the
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IAV PB2627E genotype haan advantage in aviamue to interaction with ANP32A, leading to
stabilization of the virapolymeraseand increased functionality, whilomeavianlike chickens even
have no RI& (Barber M. R. W. 2010; Long J. S. 2016; Mistry B. 28%0)hose reasons, RIGs
treated as one of the host factors theause tls diversity(Weber M. 2015)and so is ANP32A.

1.2.6.3. The Swiss knife of IAV: nonstructural protein NS1

The seemingly most versatile IAV component is the NS1. It is remarkable, because it has even more
different functions than the average IAV proteins, supporting the virus and antagonizing host
responses. It is expected to form homodimers, which is crucial to utiieléull potential, and even

able to form oligomers when high concentrations are achieved aela(Hale B. G. 2014NS1 is
packed in low numbers in virus particles arath for example inhibit RHemediated IFNL induction

by blocking of TRIM25, PACT and Riplet, by repressing IRF31i¢Eiated gene expressiand also

by inhibition of host antiviral proteins via direct interactioa.d.the OAS/RNaseL system and PKR)
(WeberGerlach M. 2016a, 2016b; JHZ.2021) To study IFN responses upon IAV infection, virus

variants lacking functional NS1 may be sufficient, dependintheexperimental setting

1.2.6.4. Nonstructural proteins on alternate reading frames

In addition to the IAV standard components HA, NA, M1, M2, PB1, PB2, PA, NP, NS1 and NS2, some
IAV strains can express further nonstructural proteiftsose factors are only nmtioned briefly and

for completion of the overview. An alternate reading frame on the PA gene encodes 6r &A
RNAendonucleasé¢hat functions as an inhibitor of innate immune signaling by cleaving host mRNAs
Another accessory protein derivinfom an alternate reading frame is the PBE2 protein, which
interacts with MAVS, leading to mitochondrial membrane potential decrease and hence insufficient
IFN induction(WeberGerlach M. 2016b)

1.2.6.5. The evolutionary tradeoff of evasion strategies

A study passaging IAV on IFN signaliedicient cells with subsequent virus sequencing shows
mutations in all viraRNAgenes, leading to reduction of antiviral functeoand/or enhanced ability to
induce IFNoroduction(PérezCidoncha M. 2014)Thisshowsthat the interaction of multiple antiviral
functions and immune evasion strategies of the virus are required to overcome the complex host
antiviral defense mechanisms. The many different existing and circulating virus genotypes and

defense sdings sugges that there is always a tradeoff between defense, speed and proliferation,
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which is under consequent and newvemding adaption and radjustment, leading to constant

coevolution.

1.2.6.6. Known IAV proteins and their different functions

As an overview, known effesof all IAV proteins are catalogizedTiablel.

Tablel: IAVproteins and their functions.

Virus Known functions Souces
protein
HA Binding of SA residues on cell surfaces (Dou D. 2018)

Closing range between virus and host ¢ (Dou D. 2018)
membrane (conformationawitch)

Induction of virus and host cell membrar (Dou D. 2018)
fusion (fusion peptide)

Support of budding by membrane shaping (Dou D. 2018)

Outer domains can mutate for immun (Dou D. 2018)

evasion
SRP target sequence for ER uptake (Dou D. 2018)
Serine protease cleavage site (Dou D. 2018)

Lipid modifications for targeted delivery t (DouD. 2018)
lipid rafts

Suppresses STINGediated IFNL signaling  (WeberGerlach M. 2016b)
Mediates IFNAR degradation (WeberGerlach M. 2016b)

NA Cleavage of terminal SA residues on surf (Dou D. 2018)
glycoproteins

Driver of budding by membrane shaping (Dou D. 2018)

Outer domains can mutate for immun (Dou D. 2018)
evasion

SRP target sequence for ER uptake (Dou D. 2018)

Lipid modifications for targeted delivery t (Dou D. 2018)
lipid rafts
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M1 Adaptor between surface proteins and vRNI (Dou D. 2018)
Curvedprotein, drives budding (Dou D. 2018)

Cuts budded virus particle from ce (Dou D. 2018)
membrane

Changes conformation in acidic pH to unlee (Dou D. 2018)

VRNPs

NLS for nuclear translocation (Dou D. 2018)

Masks NLS in vVRNP complexes (Dou D. 2018)

Links VRNPs to nuclear export proteins (Dou D. 2018)
M2 Supports membrane curving (Dou D. 2018)

lon chanml, controls pH during entry phase (Dou D. 2018)
SRP target sequence for ER uptake (Dou D. 2018)

PA Polymerase  subunit: replication  ar (Dou D. 2018)
transcription

endonuclease (Dou D. 2018)
NLS (Dou D. 2018)
Can block access to panhandle forR(@ol.) (WeberGerlach M. 2016b)

Downregulation of ISGs via DR1/R (Weber-Gerlach M. 2016b)

polymerasél
Can inhibit MAVS (WeberGerlach M. 2016b)
PB1 Polymerase  subunit: replication  ar (Dou D. 2018)

transcription
NLS (Dou D. 2018)
Can block access to panhandle forR({@ol.) (WeberGerlach M. 2016b)

Downregulation of ISGs via DR1/R (WeberGerlach M. 2016b)

polymerasél
Can inhibit MAVS (WeberGerlach M. 2016b)
PB2 Polymerase  subunit:  replication  ar (Dou D. 2018)

transcription

Binding of host mMRNA (Dou D. 2018)
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NLS (Dou D. 2018)

Mediates VRNP transport to budding sites ' (Dou D. 2018)
Rab11 binding

Can block access to panhandle for4R({@ol.) (WeberGerlach M. 2016b)

Downregulation of ISGs via DR1/R (WeberGerlach M. 2016b)

polymerasél
Can inhibit MAVS (9D genotype) (WeberGerlach M. 2016b)

NP Binds and masks viral RNA (WeberGerlach M. 2016b)
NLS (Dou D. 2018)

NS1 IFN antagonist (Weber M. 2014; Dou D. 2018)
Direct RIG@ antagonism (Pothlichet J. 2013)
TRIM25 inhibition (Weber M. 2014)
ds RNA binding and masking (anti ©, (Hale B. G. 2014; Min¥. 2006)
RNasel)
OAS/RNaseL and PKR inhibition (WeberGerlach M. 2016a)
Host mRNA transport and processi (Weber M. 2014; Noda K. 2018; M
inhibition J-Y. 2006)
NLS (Dou D. 2018)
Links VRNPs to nuclear export proteins (Dou D. 2018)

Inhibition of host antiviral gene expression v (Hale B. G. 2014)
CPSF30 inhibition

Promotion of virus replication via PI3Kina (Hale B. G. 2014)
Ly pi Aaz7T2NY

Downregulation of IFNAR (Peteranderl C. 2016)
NS2 NLS (Dou D. 2018)

Links VRNPs to nuclear export proteins (Dou D. 2018)
PAX Host mRNA cleavage (WeberGerlach M. 2016b)

PB1F2 MAVS interaction, IFN signaling repression (WeberGerlach M. 2016b)
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1.3. Mouse models for the understanding of human pathologies

Mice andhumans are both mammals arelolutionaryrelated close enough to allow comparisons
Since mice have, in comparison to other mammals, low requirements for their habitat and reproduce
very fast with a high resistance to inbreeding problems, they are an ideal species as mammalian
model organism to get new insights in some pathologidsch share similarities with the respective
human diseases. Mouse models of acute lung infection are well established and are sufficient to
draw conclusions on human pathologies. In the past, they were often used to gain the necessary
basic knowledge to devah new therapeutics and also to perform initial tests for their effects and
side effect(Graham A. 2021)ntranasal mouse lung infgon with 1AV causes diffusetiistributed
bronchaointerstitial pneumonia in single lung lobes. Chaeaistic pathologic changes in the lung
were alveolar necrosis, inflammatory cell infiltration, alveolar edemas as well as hemorrhage in

alveoli and interstitiun{Dietert K. 2017)

1.4. Aims of this study

Since direct effects dhe RIGI panhandle block, enhancement oflL productionand enhancement

of IFNproductioncan be investigated well in cell culture, the effect and relevance of those functions
in the workflow of the whole immune system cannot ineestigated with that easélhe main aim of

this study isto validate the impact of the different RilGfunctions in the defenseagainsta
mammalianadapted andan avianadapted influenza strain. For this, mouse models expressing
different RIGI variantsin infection experiments with recombinant 1AV straiwwgl be usedto screen

for differences in thdlu-mediated disease coursedepending onthe mouseRIGI genotypes, with

the aim to draw conclusions on the underlying molecular mechanisms.

The frst am is to generate mouse lines thakpresg(i) wild type WT) RIGI, (ii) a RIG variant with a
K271A point mutation deficiento enhance [FNh | y=-Wi prbduction or (i) no RIG. The
establishedmouse lineswill be validated for their differential R expession and altered IFN | y R

IL-6 inductionin dependence on different ligands of PRRs of the innate immune system.

Second aim of this study is to generate and characterize recombinant IAV strains to determine RIG
functions in anin vivo mouse iffiection gudy. Therefore, the mammaliaadapted IAV/PR/8 PB2
627K strain was ches, which usually causes a we#scribed course ofigease. Additionally, the
avianadapted IAV PB&B27E version of this straiwas chosenwhich showsa lower potency to
compete with RIG for the access to the viral panhhandle structuresallow a more detailed study

of RIGI effects on the virus function (c. £.2.3.7.
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The final aim is to perform a mouse infection study with the established mouse lines and the
characterized recombinant virus strains. The hypothesis is, thail REEant expression in mice
affects parametersin the course of a flu infectionOf those, theparametersweight and body
temperature will be monitored daily. At the endpoint of the experimental course, whole blood,
bronchoalveolar lavage fluid (BALF) and the h&arg circulation will be harvestefibr histological
analysis With these samplesparameterslike lung barrier integrity virus titer in the BALF, vis
abundance in the lung tissuas well as the expression of IFNs and cytokines in the BALF will be
determined. By this, it is aimed to draw conclusions on the impact of itherent RIGI functions in

the defense againshuman and aviaradaptedlAV strainsin a complete mammalian organisras

summarized irFigure4.

" TAV PB2 | " 1AV PB2
_ B27K __B27E

RIG-I panhandle
blocking function

" RIG-T

\ RIG-1 KO \ e ‘RIGIWT‘
\\ >‘< / RIG-1 signaling
functions
IFN -a and
IL-1B

Severity of infection

Figure 4. Overview of theexpected RIG¢CIAV strain interactions.Supported by the literare, it is
expected that RI&mediated IFN' and Il-1i inductionis dysfunctional in the RHGPM and KO mice.
The suggested panhandle blocking function is not present in thd R{@®mice, but in the RIGNT

and PM mice. An increaseoinding affinity of the IAV PB&7K strain to the viral panhandle
structures mayprevent binding of RI&Gto thisstructure. This is not expected for the aviadapted

IAV PBB27E variant, which should be more susceptible to-Riffects. At last on this IAV strain, a
RIGI-mediated block of the viral panhandle structures for the ascef the viral polymerase should
result in a difference between RIGPM and KO mice. In general, the highest severity of infections is
expected for the RIGKO mice and the lowest for RIGVT mice.
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2. Material
2.1.

Table2: Consumables.

Product

1.5 and 2.0 ml
container

reaction

15 ml reaction container

50 ml reaction container

Bacteria container

Bacteria inoculation loops

Black 96well pates

Cell culture dishes coated

Cell culture dishes nowroated

Cell culture flasks

Cell strainer 70 um

Cryo container cells

Filtertips

PCR stripes

PCR stripe lids

Petri dishes for agar

Pipette tips

Consumables

Brand name

15 and 2.0 ml
container

reactior

15 ml reaction container

50 ml reaction container

14 ml culture container rounc
bottom, Falcon

Bacteria inoculation loops

Microlon Fluorotrac 200 -F

bottom, half area

cell culture dishes coatec
Primaria

cell culture dishes noooated
Corning

TC Flask Standard T25, T
T175

Sterile cell strainer

CryoPure 1.6 ml

ultra point graduated filtertip
10, 100, 1000 pl

LowProfile PCR Tubes-t8be
strips clear

Optical Flat 8Cap Strips for O.:
ml tubestrips

Petri dish 92x 16 mm with camr

pipette tips 10, 200, 1000 pl

Company of origin

Sarstedt Numbrecht, Germany
Greiner Bieone,
Frickenhausen, Germany
Greiner Bieone

Corning, Corning, USA

Sarstedt

Greiner Bieone

Corning

Corning

Sarstedt

Thermo scientific, Waltham

USA
Sarstedt

Starlab, Hamburg, Germany

Bio-Rad Laboratories Inc

Hercules, USA

Bio-Rad

Sarstedt

Sarstedt
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SDSPAGE ready to use gels
SDSPAGE ready to use ge
alternative

Serological pipettes

Syringe

Syringe tips

Syringe with hose

Throwaway gloves

Trachea katheter
Vessels for virus storage

WB-membrane

6-well plates cell culture

96-well plates cell culture
96-well plates ELISA
96-well plates Ubottom
96-well plates \¢bottom

Whatman paper WB

2.2.

Table3: Laboratory hardware.

Gear
Bacteria clean bench
Bacteria Incubator

Bacteria Shaker/Incubator

RunBlue SDS Protein Gelsl2
%

TEQTricine Precast Gel

RunBlue £209%12-well
serological pipettes 5, 10, 25 n
1 and 5 ml Omnifix

24G and 27G Microlance

21G safety multifly

Semper Care Premium Lat:
Powderfree

Vasofix Safety 18G vena canu
2.0 mIMicro Tube

ImmobilonP PVYDF membrane

6-well standard -F

bottom

plates

96-well plates Foottom

96-well Immuno plates Nunc
96-well plates Wbottom
PSmicroplate, 96well, V shape

Whatman paper GB003

Laboratory hardware

Model
Integra 2F 1241 GS
Cytoperm

innOva 4200

Expedeon, Swavesey, UK

Abcam, Cambridge, UK

Sarstedt
Braun, Melsungen, Germany

Becton Dickinson, Franklir

Lakes, Germany
Sarstedt

Sempermed, Vienna, Austria

Braun
Sarstedt

Merck millipore, Darmstadt

Germany

Sarstedt

Greiner bieone
Thermo scientific
Sarstedt

Greiner bicone

Schleicher and Schuell, Keer
USA

Company of origin
Heraeus, Hanau, Germany
Heraeus

New Brunswick  Scientific

Edison, USA
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Breeding chamber

Bond Il IHC staining system

Cell culture clean bench

Cell incubator 5.00CQ
Cell incubator 7.836CQ

ELISA washer

Gel Imager

Laboratory centrifuge
Laboratory centrifuge
Laboratory centrifuge

Light microscope
Luminescence imager
Multimode plate reader for
fluorescence measurement
Multiplex plate analyzer
Multiplex wash station
PAAEIlectrophoresis chamber
PCR thermal cycler

Plate photometer

Power unit for AGE

Power unit for Electrophoresis
RNA clean bench

Semidry blotter

Leica Biosystems, Wetzle

Germany

Hera safe

HeraCell 240i
HeraCell 240

Skan Washer 400

GelStick Imager
Rotanta/RPC
Multifuge 1 LR
Biofuge stratos

Leitz Labovert

ChemiDoc MP

Tecan i control infinite 200 pro

Bio-plex 200 system
Bio-Plex HTF
DCX700 CBS
iCycler

Emax

EC 105

PowerPac Basic
Lamin Air HLB2448

TE77XP Hoefer

Grumbach Brutgerate Gmbt
ARlar, Germany

Bond Il IHC staining system

Thermo scientific, Waltham

USA
Thermo scientific
Thermo scientific

Molecular Devices, San Jos
USA

Intas, Gottingen, Germany

Hettich, Kirchlengern, German

Heraeus

Heraeus

Leica Microsystems Gmbl
Wetzlar, Germany

BioRad Laboratories Inc.

Hercules, USA

Tecan Trading AG, Méannedo
Switzerland

Bio-Rad

BioRad

Thermo scientific
Bio-Rad

Molecular Devices

Cambridge scientific

Watertown, USA
Bio-Rad
Heraeus

Thermo scientific
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Shaker IKASchuttler MTS4 IKA Labortechnik, Staufel
Germany
Slide scanner Aperio AT2 Leica Biosystems, Wetzle
Germany
Spectrophotometer NanoDrop1000 Thermo scientific
Tabletop centrifuge Mikro 200R Hettich
2.3. Stimuli
Table4: Cell culture stimuli.
Substance Effect Concentra | Concentra Vector reagent Company of
tion stock  tion final origin
3p-hpRNA RIGI agonist 100 ng/ul 100; 50; 25 Lipofectamine  Invivogen,
po/ul 2000 Toulouse, France
5'ppp dsRNA RIGI agonist 200 ng/pl 1 ng/ul Lipofectamine  Invivogen
2000
CpG 2216 TLR9 agonist 500 uM 1uM none TIB Molbiol,
Berlin, Germany

Lipopolysacch TLR4 agonist 1 pg/ul 2 ng/ul none Bioz Inc., Lot
aride Altos, USA
mM-CSF Macrophage 10 pg/ml 20 ng/ml none Peprotech,

colony Hamburg,

stimulating Germany

factor
Pam3Cys TLR2 agonist 1 pg/ul 5 ng/ul none Invivogen
PlasmidDNA cGAS agonist 380 ng/pul 5 ng/ul Lipofectamine  in house batch
(pcDNA3.1) 2000
Universal Innate immunity 1000 U/ul 1 U/pl none PBL Assa
IFNh activator Science,

Piscataway, USA
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2.4.

Tableb: Buffers.

Buffer

ELISA

10x PBS

ELISA
buffer

blocking

ELISA
buffer

substrate

ELISA wash buffer

Buffers

Component

KCI

KHPQ

NaCl

NaHPQ
autoclaved water
10x PBS

Bovine serum
albumin (BSA)
Fraction V

Tween 20

GHeO;

NaHPQx 2 HO
autoclaved water
OPD tablet (30
mg)

H,0, 30 %

10x PBS

Tween 20

autoclaved water

Quantity or final
concentration

209
20g
80.0¢g
115¢g
TolL

1x

1%

0.05%

739
11.87¢g

TollL

1 mg/ml
0.03%
500 ml
2.5 ml

Fill to 5 ml

Company of origin

Carl Roth, Karlsruhe, Germany
Carl Roth
Carl Roth

Carl Roth

Carl Roth

Bernd Kraft
Germany

GmbH, Duisburg,

Carl Roth

Carl Roth

SigmaAldrich, St. Louis, USA

Carl Roth

Bernd Kraft GmbH
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Others

Bicarbonate
buffer

0.5M EDTA pH 8.

Erythrocytelysis
buffer

Lavage buffer

10 %
Paraformaldehyde

RNase free water,
2x autoclaved

50x TAE buffer

NaHCQ

NaOH
DEPG@reated
water

EDTA

NaOH
Autoclaved water
NH,CI

KHCQ@

EDTA
autoclaved water
DPBS def.
cOmplete Mini

protease inhibitor

EDTApH8.0,0.5M

Paraformaldehyde
PBS def.
Diethyldicarbonate
(DEPC)
Autoclaved water
TRISbase

Acetic acid

EDTA (pH
8.0),0.5M

autoclaved water

84¢g
Adjust to pH 9.2

Fill up to 200 ml

0.5M

To pH 8.0
Fillup
0.8%(wW/v)
10 mM
0.1 mM
Fill up

10 ml

1 tablet

2mM
10%(w/v)
Fill up

1ml

Filluptol L
242 g
5719

100 ml

Fill up

Carl Roth

Carl Roth

Carl Roth

Carl Roth

Merck, Darmstadt, Germany
Carl Roth

Carl Roth

PAN biotech, Aidenbach, German

Roche, Basel, Swizerland

Carl Roth
PAN biotech

Carl Roth

Thermo scientificWaltham, USA

Carl Roth



36 Material

1x TAE buffer AGE 50x TAE buffer 1:50 dilution
autoclaved water Fill up

Tail lysis buffer TrispH 8.0, 1 m 10 ml
EDTA pH 8.0, 0.5 M 50 ml
NaCl, 5 M 20 ml
SDS, 1% 50 ml
Autoclaved water  Fillto 1 |

Single cell infection assay

4 % Paraformaldehyde 4 %(w/v) Carl Roth
Paraformaldehyde
DPBS def. Fill up PAN biotech
SCIA wash buffer DPBS-/+ PAN biotech
Tween 20 0.05%
SCIA DPBS +/+ PAN biotech
permeabilization
buffer Triton X 100 0.3% SigmaAldrich
Glycine 20 mM
Westernblotting
1 % Triton X cell Triton X 100 1% SigmaAldrich
lysis buffer
DPBS def. Fill up PAN biotech

EDTA pH 8.0,0.5M 0.005M

Halt protease Thermo scientific
inhibitor 100x 1x
N&V(Q,20 mM 0.2 mM

NaF 0.5 M 0.02 M
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6x Lammli buffer

1x Run Blue buffer

Western blot

wash buffer

Western blot

block buffer

20x NuPAGE
transfer buffer

1x NuPAGE
transfer buffer

SDS

i -Mercapto-ethanol
Glycerol

Tris Base pH 6.8

Autoclaved water

Adjust to pH 6.8

with HCI

Add Brom Phenole

blue

20x RunBIug"

buffer

autoclaved water
10 x PBS

Tween 20

10x PBS

Tween 20

Skim milk powder
Bicine

BisTRIS

EDTA
Ultrapurifiedwater
20x NuPAGE
transfer buffer
Methanol (100%9

Ultrapurifiedwater

12 %(wiv)
12.5 % (wiv)
60 % (v/Vv)
375 mM

Fill up

0.06 %

50 ml

TollL
1x
0.1%

1x

0.1%

5 % (w/v)
10.2g
13.1g
0.75¢

To 125 ml

2.5ml
5.0 ml

Fill to 50 ml

Merck
Carl Roth
Carl Roth

SigmaAldrich

SigmaAldrich

Abcam, Camebridge, UK

Bernd Kraft GmbH

Bernd Kraft GmbH
SigmaAldrich
SigmaAldrich

SigmaAldrich

ELITechGroup, Zottegem, Belgiun

Thermo scientific

Carl Roth

Thermo scientific
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2.5. Media, agar and components

Table6: Media, agar and components.

Medium Ingredient Volume/ final Company of origin
concentration
Agarose gel 1% Agarose LE 19 Anprotec, Bruckberg, Germany
(wiv)
1 x TAE buffer 100 mi
Deadhesion FCS 3% Anprotec
buffer
EDTA 2 mM Carl Roth
DPBS def. Fill up PAN biotech, Aidenbach, Germany
DMEM complete DMEM High Glucose 500 ml PANbiotech
(comp.)
4.5 g/l
FCS 10% Anprotec
Penicillin/Streptomycin 1% PAN biotech

(P/S) 10000 U/ml P 10

mg/ml S
L-Glutamine (Q) 1% PAN biotech
200 mM
i -Mercapto-ethanol 0.1% PAN biotech
50 mM
DMEMinfection DMEM High Glucose 500 ml PAN biotech
medium (IM)
4.5 g/l
P/S 1% PAN biotech
Q 1% PAN biotech
BSA 3%6in DPBS def. 0.1% SigmaAldrich, St. Louis, USA
DPBS w CaMg** PANbiotech
DPBS w/o C3d PAN biotech

Mg®* (DPBS def.)
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LB liquid medium

LB solid agar

Opti-MEM I
Gibco

RPMicomp.

RPMI freeze
medium

RPMHM

RPMIMEF

TPCHKreated
Trypsin

1x Trypsin

LB medium Lennox
Ampicillin 200 mg/ml
Autoclaved water

LB agar Lennox
Ampicillin 200 mg/mi

Autoclaved water

RPMI
FCS

P/S

FCS
RPMIMEF
DMSO
RPMI

P/S

Q

BSA 386in DPBS def.

RPMI
FCS
P/S

Q

1 mg/ml

10x TrypsiFEDTA

DPBS def.

2 %wlv

To 100 pg/mi
Fill up
3.5%wl/v

To 100 pg/ml

Fill up

500 ml
10%
1%
1%
0.1%
50 %
40 %
10 %
500 ml
1%
1%
0.1%
500 ml
10%
1%
1%

1 pg/mi

1x

Fill up

Carl Roth

Carl Roth

Carl Roth

Carl Roth

Thermo scientificWaltham, USA

PAN biotech
Anprotec

PAN biotech
PAN biotech
PAN biotech

Anprotec

Merck, Darmstadt, Germany
PAN biotech

PAN biotech

PAN biotech

SigmaAldrich

PAN biotech

Anprotec

PAN biotech

PAN biotech

SigmaAldrich

PAN biotech
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2.6.

Table7: Cell lines and bacteria.

Cell linébacteria strain

Chicken erythrocytes

DF1

Escherichia coli DH5
HEK?293
Huh7.5

MDCK

MEF from C57BL/6J RIGVT
MEF from C57BL/6J RIGM

MEF from C57BL/6J RIKKO

2.7.

Table8: Mouse lines.

Mouse lines

Cell lines and bacteria

Original organism

Chicken whole blood

Immortalized chicker

fibroblasts

Bacteria strain

Human embryonic kidney cells
Human hepatocyte carcinoma

Madin-darby canine

(dog)

kidney

Murine embryonic fibroblasts
Murine embryonic fibroblasts

Murine embryonic fibroblasts

Derived from

LDG Laboratory Diagnosti

Germany GmbH, Cuxhave
Germany
Friedemann Weber

In house

In house

In house

In house

In house

In house

In house

Description Notes Company of origin

C57BL/6J RIGWT RIGI WT The Jackson Laboratory, B
Harbor, USA

C57BL/6J RIGPM RIGI K271A point mutation Founder mice commercially
generated by the Institute of
Laboratoty Animal Scienc

C57BL/6J RIGKO

RIGI KO

University of Zurich, Stzierland

Founder mice commerciall
generated by the Institute o
Laboratoty Animal Scienc

University of Zurich, SwitzZaend
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2.8. Virus strains

Table9: Virus strains.

Virus description Medium Origin

IAV/PR/8/HININNS1 chicken egg allantois fluid Peter Staheli, Institute o

IAV/PR/8/H1N1 recombinant

IAV/PR/8/H1IN1
recombinant

IAV/PR/8/H1IN1
recombinant

Sendai virus

2.9. Reagents

Table10: Reagents.

Reagent
DOTAP transfection reagent
Eosin Y solution, alcoholic

Fluoresceinrb-isothyocyanate
albumin

(FITC)

Forene (Isofluran) 100ov/v

Isopropanol 100%

Ketamin 10%

Lipofectamine 2000

NacCl for infusion 0.9%

Proteinase K, recombinant, PCR grade
Restore PLUS Westebiot stripping buffer

Rompun 2%

CaCozsell culture supernatant

PB27K DF1 cell culture supernatant

PB®27E DFL1 cell culture supernatant

chicken egg allantois fluid

labele

Virology University Hospite
Freiburg, Germany

In house

Generated with  &lasmid
system(Hoffmann E. 2002)

Generated with  &lasmid
system (Hoffmann E. 2002)
PB2627K to -627E mutation
generated with primer
mediated mutagenesis

In house

Company of origin
Carl Roth, Karlsruhe, Germany
SigmaAldrich, St. Louis, USA

SigmaAldrich

Abbvie, North ChicagdJSA

Carl Roth

belapharm GmbH u. Co. KG, Vechta, German
Thermo scientific, Waltham, USA

B. Braun, Melsungen, Germany

Roche, Base§witzerland

Thermo scientific

Bayer, Leverkusen, Germany
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2.10. Kits

Tablel1l; Kits.

Kit Company of origin

Bio-Plex Pro Mouse Cytokine 28ex Group | Bio-RadLaboratories Inc., Hercules, USA
(M60009RDPD)

Bond Polymer Refine Detection Kit Leica Biosystems, Wetzlar, Germany
cOmplete Mini protease inhibitor Roche, Basel, Switzerland
DreamTaq Green PCR Master Mix 2x Thermo scientific, Waltham, USA
EcoRl, cont. buffer R Thermo scientific

ExtractMe Total RNA kit Blirt, Danzig, Poland

GeneJET Gel Extraction Kit Thermo scientific

GeneJET PCR Purification Kit Thermo scientific

GeneJET Plasmid Miniprep Kit Thermo scientific

GeneRuler 1 kb DNA ladder Thermo scientific

KPL TrueBlue Peroxidase Substrate Sera Care, Milford, USA

Mph11031, cont. buffer R Thermo scientific

Page ruler prestained protein ladder Thermo scientific

peqGOLD Total RNA kit VWR International GmbH, Darmstadt, German
Phusion Hot Start II| HF DNslymerase Thermo scientific

Pierce BCA Protein Assay Kit Thermo scientific

Pierce ECL Westebliotting substrate kit Thermo scientific

RevertAid First Strand cDNA Synthesis kit Thermo scientific
SuperSignal West Dura kit Thermo scientific

T4 DNALigase kit Thermo scientific
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2.11. Plasmids

Tablel2: Plasmids.

Plasmid name

pcDNA3.1

pHW2006HA
pHW2000NA
pHW2000M
pHW2000NP
pHW2000NS
pHW2006PA
pHW2006PB1
pHW2000PB2 (627K)

pHW2006PB2 (627E)

2.12.

Tablel3: Antibodies.

Antibodies

Origin

In house

(Hoffmann E. 2002)

Edited with primemmediated
mutagenesis

Used for

Stimulation of CcGASTING

signaling

Generation of recombinant 1A'
PRS8 strains

Generation of recombinant 1A'
with PB2627E mutation

Antibody Origin and target Dilution Company of origin Reference

number
ELISA mIFN
Capture Rat anti mouse 1:2000 PBL Assay Scienc 221001

Piscataway, USA
Standard mIFNh & G | Yy R 500 U/mL, 1:2 In house
dilution row

Detection Rabbit anti mouse  1:1000 PBL 321001
Enzyme Goat anti rabbit HRP 1:5000 Jackson Immunc¢ 111-035-045

conjugate

Research, Ely, UK
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ELISA mIFN
Capture 1:250
Standard Duo Set mouse IFN 10 ng/ml, 1.2 R & D systems DY 82345
dilution row Minneapolis, USA
Detection 1:400
Enzyme Streptavidin HRP 1:5000
conjugate
ELISA mib
Capture Rat anti mouse 1:500 R & D systems MAB 406
Standard Murine IL6 10 ng/mL, 1:2 R & D systems 406-ML
dilution row
Detection Biotin rat anti mouse 1:500 R & D systems BAF 406
Enzyme Streptavidin HRP 1:5000 Roche, Basel 11089153001
conjugate Switzerland
Immunohistochemistry
Primary antibody Rabbit anti 1AV NI 1:5000 Therno scientific, PA532242
polyclonal Waltham, USA
Secondary Polymer antirabbit 25 pg/mi Leica Biosystems DS9800 (Kkit)
antibody poly-HRP IgG Wetzlar, Germany
(Bond polymer
Refine Detection
kit)
Single cell infection assay
Primary antibody Mouse anti NP 1:5000 Abcam, Camebridge 43821
monoclonal UK
Secondary Goat anti mouse HRI| 1:2000 Jackson Immunc¢ 115035062
antibody Research
Virus M protein semguantification
Primaryantibody HB64 hybridoma cel 1:25 In house
supernatant anti 1AV
M
Secondary Goat anti mouse HRI| 1:5000 Jackson Immun¢ 115035062
antibody Research



Material

45

Western blot mRIG

Primary antibody Rat anti mouse 1:500

Secondary Rabbit anti rat HRP = 1:5000

antibody
2 Sa0SNy oMcthi KkY |

Primary antibody Mouse anti human  1:1000

Secondary Goat anti mouse HRI| 1:5000

antibody

Enzo Life Science ALX804-960
Lorrach, Germany 0100 (clone
SS1A)

Abcam Ab6734

SigmaAldrich, St. A2228 (clone
Louis, USA AG74)
Jackson Immunc 115-035-062
Research
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2.13. Software

Tablel14: Software.

Software

Basic Local Alignment Search Tool (BLAST)

BioEdit
Bio-plex Manager vers. 6.2

ChromatQuantitator

Google Translate
G*Power v.3.1.9.2
GraphPad Prism 9

ImageJ

Image Lab version 6.1

LAS software version 4.12

Office 2016analysis) and 2007 (writing)
Oligo Analyzer

PONS online dictionary

QuPath version 0.2.2

Reverse complement

SoftMax Pro v5

Tecan icontrol version 1.10.4.0

Company of origin

National Institute of Health, Bethesda, USA
Ibis Biosciences, Carlsbad, USA

Bio-Rad

Mullins Lab, University of Washington, Seat
USA

Alphabet Inc., Mountain View, USA
Heinrich Heine University, Dusseldorf, German
GraphpadSoftware Inc., San Diego, USA

Wayne Rasband @National Institutes of Hea
Bethesda, USA, open source

Bio-Rad Laboratories Inc., Hercules, USA
Leica Microsystems, Wetzlar, Germany
Microsoft, Redmond, USA

Integrated DNA technlogies Inc., Coralville, US
PONS8_angenscheidt GmbH, Stuttgart, Germar
Open source softwaréBankhead P. 2017)
Bioinformatics.org

Molecular Devices, Sunnyvale, USA

Tecan Trading AG, Mannedorf, Switzerland
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3. Methods

3.1. Generation of mouse lines with RilGvariants

To validate the RKEmediated blocking function of the viral panhandle structures and to investigate
the impact of the different RIGmediated antiviral effectin vivg threemouse lines differing in their
RIGI functionalitywere generated While WT RIGis able tanducelFNproduction IL-1i production

and to block the IAV panhandle structures for the access of the viral polymerase, the muride RIG
K271A variant (analog t§270A in human) is deficient in sigraaitivation but may still block the

panhandle structured-orRIGI KO, altlescribedfunctions are lost.

The generation and propagation of RIBM and KO mice wgermitted by the Regierungssidium

Giel3en (eference numberG962017for RIGI PM and G&019for RIGI KO).The mouse lines were
destined tobe used foran infection studywith recombinant IAV strainsThe genetically modified

mice were generated on the C57BL/6J strain backgrounaooperation with tke Institute of
Laboratory Animal Science of the University of Zurich. To generate founder mice, a plasmid encoding
for the guide RNA and the Cas9, together with an oligonucleotide serving as template for the
homology directed repair mechanism, were injattnto fertilized zygotes. The oligonucleotide
carried a RI&nt 811 A to G and a 812 A to C substitutiorRNA nt positionyeplacing the aa K at
position 271 with A (AAA lysine> GCA alanine}urther, it carries additional wobble mutations in

the two codons following the codon 271, which do not alter the aa sequence, but prevent the
cleavage of the oligonucleotide by Cas9. After the CRISPR/Cas9 application, the zygotes were
incubated 0. n. and injected into pseugwegnant female mice, whiclgave bith to potential
founder mice. Biopsies derived from the offspring were genotyped for genetic alterations in the
targetedareaof the RIG gene as decribed in the following chapterBy thisa heterozygouRIGlI

K271A founder mouse and one with a RIGt 803807 deletion(mRNA nt position)leading to
frameshift and knockout of this gene (RIGO), were generatedhe detailed genotypes will also be

described in the following chaptérs

The founder micavere bred with C57BL/6J WT mice and the resulting offspriag genotyped. The
heterozygousmice were interbred and genotyple again in search for homozygous mice. All
heterozygous and homozygousice of the PM and KO line were visually inspected weeklytfaad
weight of a subset ofmice was determined and protocolled weelly investigate a potential
burdening by their genotype Final examinations validating the burden were performed by
comparison of weight curves and pub mortality with data from Jacksbrabd irhouse averages.

Some homozygouRIGI WT nice resulting from the breedingere used to generate a RIGNT line
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closely related to the RGPM and KO lines. All mice were bred under specific pathogen free (SPF)
conditions in individually ventilad cages (IVC). Mice for the infection experimenése bred from
either homozygou®RIGI WT, PM or KO mice and transferred frime highest priority SPF breeding

lab to the lower priority SPF S2 laboratory between one day and one week before starting the

infection experiments.

3.2. RIG| mouse genotyping

To determine the RKEgenotype of mice, tail biopsies were harvested and lysed with 0.5 ml of a tail
lysis buffer containing proteinase K o. n. at 56 °C. Afterwards, the lysis reaction was vortexed and the
reaction was centrifuged at 500RCHor 5 min in a tabletop centrifuge to spin down undigested
debris. In the following, the supernatant was transferred to 0.5 ml %8opropanol, the reaction
waswell mixedand put on ice to precipitate genomic DNA. Inddé DNA wasrappedwith a pipette

and transferred to 100 plltrapurified Up) water. After solution of the DNA abom temperature

(RT), the DNA concentration was measured with a NanoDrop device (Thermo).

For amplification of the DNA region flankingetRIGI 271 codon, olymerase chain reactio(PCR

was performed by using the DreamTaq Green PCR Master Mix (Thandahe primerlisted in
Table15. The PCR protocol and the cycler program are summarizédbitel16 and Tablel7. The
resulting PCR product hadsize of approx. 400 bp. Afterwards, the PCR reaction was purified with a
GeneJET PCR Purification Kit (Thermo) accordlithge tnanufacturer’ananual. The PCR product was
eluted with up water and the DNA concentration was determined with a NanoDrop device. In the

following, the DNA was used for Sangeiuencing, as described in the following chapter.

Tablel5: The primerused in the RIG genotyping procedure.

Primer Sequence Melting temperature
RIGI fwd. TGGACAGCGATAAGGAGGG 57.7 °C

RIGI rev. TGCCTGCTGCTCATAGACAC 57.1 °C
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Table1l6: DreamTaq Green PCR composition.

Component Quantity
DreamTaq Green Master Mi2x) 15 ul
Primer RIG fwd. (10 uM) 1.5u
Primer RIG rev. (10 uM) 1.5l
Genomic DNA 150 ng

Up water Fill to 30

Tablel7: Cycler program for RKGgenotyping PCR.

Step Temperature (°C)  Duration Cycles
Initial denaturation 95 3 min 1
Denaturation 95 30s
Annealing 57 30s 30
Extension 72 1 min
Final extension 72 15 min 1
Conservation 10 infinite

3.3. Sangersequencing

To validate the sequence of nucleic acids like genomic DNA or PCR prdadactgmmercially
availableSangersequencingervice of the Microsynth Seglab GmbH (Géttingen, Germaag)used.

The method uses electrophoresis and the incorporation of fluoneseéabelled, strand terminating
dideoxynucleotidesto determine the sequence of a template DNA. While Saisgeuencing is
usually used to validate the sequence of a purified, homogeny DNA, it can also be used to analyze the
heterogeneity of one or morspecific positions, because the peak intensities at a specific position
can be used to quantify the distributionf eachnucleotide (t). Inthe following both applications

were used.
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In this study, a genomic paadjacent tothe RIGI 271codon of mice was sequenced, as welttzes
plasmid sequence dhe RNA sequencencoding forthe IAV PB2 gene. For the first, the mentioned
part of the genomic DNA was amplified with a PCR reaction as descdbatpdre chapterd. c)
3.2). For the second, purified plasmid DNA was ampliigdPCRFor the latter, isolated viral RNA
was reversdranscribed into cDNA and amplified with a PCR reacts described later orc.(c.
3.13.7. Forall, 80 ng of therespective purifiedPCR product were sequenced by the Microsynth
Seqglab GmbH (Gottieg, Germany) with the respective sequencing primer (comJaigle15 RIGI
fwd. and chapter 3.13.1.1 Table 26 PB2 Seq fwdor PB2 Seq rek. The sequencing reaction is
described inTable18. The sequencing results were compared to the-RWT sequence or the
IAV/PR/8 PB2 sequence to detect differences in the nucleic acid sequetiica BLAST alignment
tool (NIH)

Tablel18: The master mix used for Sangsequencing.

Component Quantity

DNA 20 ng per 100 bp
Sequencing prime(10 puM) 3l

Up water Fill to 15 pl

Tablel9: The RI@ genotype variantf the three mouse lines (starting atodon-4 downstream of
codon 271 of C57B&J RIGI WT).The codon 271 is markerteen One option of the 5 nt loss in the
RIGI KO mouse is markectd (GTTGT deletion is possible as wdlhe location where the 5 nt
deletion was located in the RIGKO mouse is markediue. The wobble mutations preventing
targeting of the repaholigonucleotide are still found in the RIGPM genotype and are marked
orange

Genotype Seguence
RIGI WT AAA GA TGT GGA AAA ACC TTT GTG
RIGI PM AAA GA TGT GCA GCAACA TTC GTG

RIGI KO AAA GGGAAA AAC CTT TGT G
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34. 4EA AI PIEEEAAOCEITT 1T &£ ! 670270

An important tool of IAV immune evasion is the NS1 protein. It potently represses irmatene
signaling pathways like th&~N1 response. To study Rl@nediated IFN responses due to 1AV
infection, initial experiments with a recombinant complete IAV strain suggested the requirement of
using an AV strain lacking the NS1 pro@ih ! + k t S&)kSince pAYINS1 strainglo not replicate

well in cell lines with functional innate immune respossé was required to use a system without

mature innate immune response. Hence, chicken eggs were used forpriopagation

Fertilized eggs from SPEIld chickens (Valo Biomedia GmbH, Osted8i1harmbeck, Germany) were
incubated at 37 °C for seven days in a breeding chamber (Grumbach), in which eggs were turned
around automatically inintervals. An infectiorof the eggs at day seven is necessary toveng
maturation of important components of the chicken immunity, which is important for the successful
generation of the weakened IAV strain lacking the NS1 protéie.eggs were checked with a Schier
lamp for the presence of an embryo and eggs withoubeyos were removed. Eggs with an embryo
were turned upsidedown, a hole was drilled into therachamber of the egg and 100&8 of virus
diluted in 100 ul of DPBS def. were injected into the allantois cave. Infected eggs were bred for
further 2 d at 37 °@ a cell culture incubator and then incubated at 4 °@.d.he next day, the eggs
were opened and the allantois fluid from infected eggs was harvested and batched into 1 ml aliquots.
The batches were stored &80 °C and the virus load was determinedhwa shgle cell infection assay
(SCIARs described later oft. ¢.3.13.2.

3.5. Extraction of primary mouse cells

For the validation if the RIGI mutationsare sufficientto inactivate the different functions of the
protein, initial experiments with primaryetls derived from the homozygousiouse lines were
performed.Bone marrow derived cellg/ere differentiatedto macrophagesn vitro and treated with

different innate PRRgonistgo investigate alterations in the respective signaling pathways.

RIGI WT, PM and KO mice were sacrifit®dcervical dislocation, fixed back down and disinfected
with 70% Ethanol (EtOH). Femur and iabwereextracted from the miceand transferred to a 10 cm

dish on ice. The bone caves were opened at both sides carefully, the bone marrow was rinsed out
with 10 ml RPMI cont. 106 FCS, 6 P/S, 1% Q and 0.1% -Mercapto-ethanol (RPMI comp.).
Following, the boa marrow cells were separated by rinsing with medium, transferred to a 50 ml
container and centrifuged @00 RCHn a laboratory centrifuge for min. The medium was removed

and then the cells were suspended in 3 ml erythrocigtsis buffer (comparélable5) for 5 min.

3



52 Methods

Afterwards, the reaction was stopped by addition of RPMI comp. and the suspension was centrifuged
at 500 RCHFor 7 min. The medium wagmoved and the cells were suspended in 10RRMI comp.,
mixed 1:2 with esin and counted in a Neubauehamber. At least two big corner quadrates were
counted and the mean cell count was calculated. The cell count per pl was calculated by multiplying
mean cell count with the dilution factor 2 and by 10 to derive cells percpimpareFormulal). In

general, 30 to 60 x f@ells per mouse can be expected.

Formulal: Calculation of the cell count per pl with a Neubauehamber.

3.6. In vitro generation and treatment of bone marrow derived
macrophages

To generate bone marrow derived macrophages (BragNtom bone marrow cellin vitro, 5 x 16

bone marrow cells extracted from the mice were seeded in 10 ml RPMI comp. containing 20 ng/ml
murine macrophageolony stimulating factor (INMCSF, Peprotech) in 10 cm dishes without coating
to prevent strong adhesion (Corning). The cells were incubate8 that 37 °C and % CQ and the

same dose of MMCSF was added again at day 3 after the first stimulation. After 5 days, the medium
was removed, the cells were washed with DPBS def. and then incubated for a minimum of 15 min at
37 °C with 5 ml deadhesidouffer (DPBS def. containing FCS and 2 mM EDTaso compare
Tableb). Afterwards, the cells were rinsed with a 1 ml pipette from the plate aaddferred to a 50

ml container containing RPMI comphe cel werecentrifuged at500 RCFor 7 min at 4 °C in a
laboratory centrifuge, medium was substituted with 10 ml RPMI comp. and a samiple oélls was
diluted 1:2 with @sin. The cell concentrain was determined in a Neubauehamber as described

(compareFormulal).

BmdMs were seeded 0.1 x f@er well in 96well plates with flat bottom (Grieer) and incubated

for 1 h at 37 °C. Afterwards, the cells were stimulated with different ligands of innate PRRs, were
infected with a recombinanWTIAVPR/8/1934 (HIN1) strain, al\k t wk y k mcpon pb{m adl
chicken eggs or a Sendai virus strain frolicken eggs (compar€able4 for cell culture stimuli,
compareTable9 for virus strainsall ligands and virus istins are additionally summarized rable

20). Appropriate negative controls for the respective treatment conditions with vector reagents or
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for infections were chosen as well. After the treatment, the cells were incubated for 16 h at 37 °C and

5 % CQ. In the following, the cell culture supernatant was transferred tev@8l U-bottom plates

(Sarstedt) and stored at80 °C until further processing. Thmedium was analyzed for its
concentration of murine IR 6 YWLUCbF YR Y dzNRA Yy S -6)by BLSSNI Sdzl Ay ¢ O YL]|

Table20Y { dzYYI NB 2F (GKS G(NBFGYSyd O2yRAGA2YyA F2NJ (K.

Ligand/virus strain Used concentrations = Vector/ O ctrl. Function
CpG 2216 1uM None/ medium TLR9 agonist
LPS 2 ng/ul None/ medium TLR4 agonist
Pam3Cys 5 ng/ul None/ medium TLR1/2 agonist
Plasmid DNA 5; 1; 0.2 ng/pl Lipofectamine CGASTINGagonsit
5'ppp-dsRNA 1 ng/ul Lipofectamine RIGI agonist
3p-hpRNA 100; 50; 25 pg/ul Lipofectamine RIGI agonist
IAV/PR/8 complete 9: 3; 0.6 MOI None/ medium IFN induction
IAV/PR/8NNS1 9; 3; 0.6 MOI None/ allantois fluid IFN induction
Sendai virus 9: 3; 0.6 MOl None/ allantois fluid IFN/I11-6 induction
3.7. ELISA

For theinvestigation of differences in PRR activation depending onl RBBiant expression, the
IFNh and/or 11-6 level in cell culture supernatant of treated or infected BmdMas determined
with a respective enzymknked immunosorbent ssay (ELISA). Similatlye level of IFN and IFN

was measured in the BALF of IAV infected mice.

For murine IFN X -iLaDdb mlk6 ELISA, 9%ell ELISA plates (Thermo) were coated with the
respective antibody (compar€ablel3) in DPBS def. o. at 4 °C. Afterwards, the antibody dilution

was removed and the plates were blocked w20 pl ELISA blocking buffexompareTableb) for 1 h

at RT. Following, the buffer was removed, plates were washed with ELISA washing buffer (compare
Tableb) in an ELISA washer (Molecular Devices), standards were added in 50 |dl&tdiBgbuffer

and 50 pl samples were added (mHFN | iyj Rr diluted 1:5 in ELISA blocking buffer @@L
(compae Table5). After 1 h (IFN) or 1.5 h (IFM and IL6) of incubation at RThe samples and

standards were removed and the plates were washed wilts&lwashing buffer in th@asher. If the
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samples potentially contained infectious virus particles, the samples were manually removed and the
following wash step was performed manually, too. Afterwards, the respective detection antibodies
were added in 50 ELISA blocking buffer and incubated for 1 Hi()Lor 1.5 h (IFN and IL6) at RT.

In the following, the dilutions were removed, the plates washed with ELISA washing buffer in the
washer and the respective conjugate antibody carrying a horsadish geroxidase (HRP) enzyme
wasadded in 50 pl ELISA blocking buffer. After(IFNh | Y'dR 30 min (I46) incubation at RTthe
dilutions were removed and the plates were washed with ELISA washing buffer in the washer. 50 pl
ELISA substrate buffeontainng 1 mg/ml (w/v) ephenylenediamine dihydrochloride (OPD) and 0.03

% H,O, (compareTable5) were added and the plates were incubated for 10 to 20 min in the dark.
When the standard were well developed, the reactions were stopped wittM2H,SQ and the
absorption at 490 nm was meaed against reference absorption of 650 nm with an EMax plate
photometer (Molecular Devices). The result processing was performed with the SoftMax Pro v5

software (Molecular Devices), MS Excel (Microsoft) and GraphPad Prism 9 (Graphpad Software Inc.).

3.8. BCA

To quantify protein in cell lysates to adjuite input for Westernblots (WB), a BCA assay was
performed. For the generation of cell lysates,’ k&lls were suspended in 1.5 ml RPMI comp.
containing 1 U/l universal IFN 6 t . [ X Tabl@d)dnit sidsled in-Gvell plates (Sarstedt). The
following day, medium was removed carefully and tde#ls were harvested in 150 yiton X cell lys

buffer (OPBS def. containingrgtease inhibitor, NaF, N9Q,, EDTA and % Triton X 100; compare
Table5). The cells were harvested with help of a 1 ml syringe plug; then the cell suspension was
transferred to a 1.5 ml container andcubated byoverheadrotation for 30 min at 4£C. The protein
concentration was determined with a Pierce BCA Protein AssayTK&rmo)according to the
manufacturefs manual. The l@sorption by the dye compleat a wavelength of 490 nnwas
measured with an EMax hptometer (Molecular Devices) and the Soft Max P software

(Molecular Devices)
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3.9. Western Botting

Proteins can bélotted on membranes via electrophoresiad specific proteins can be detected with

a primary antibody. The resulting complex can be visualized by detection with a secondary antibody,
labelled with an enzyme like HRP. By the additidnaosubstrate dilutn, the HRHmediated
chemiluminescence can be detected on the membrane and marks the location of the detected

protein. By comparison with a marker, the size of the protein canlé®rmined

For WB, 260 ug protein were diluted in 20 pul DPBS def. and chiwith 4 pl 6x LAmmli sample
buffer (compareTable5). The samples were heated 10 min at 95 °C and put sodaimdodecyt
sulfate-polyacrylamide getlectrophoresis $DSPAGEreadyto-use gel (Expedeon or Abcam) with 1x
RunBlué" buffer (Abcam)SDSPAGHEvas started with 80 mV for 20 min anégformed with 110 mV

until the smallesimarker of the buffer reached the lower end of the gel. Afterwards, the borders of
the gel were cut and it was washed in 1x WB transfer buffer (compalde5). Three Whatman
papers (Schleicher and Schuell) were soaked with 1x WB transfer buffer and stacked ordaysemi
WB aperture (Thermo). An Immobiléh PVDF membrane (Mejckas activated in 100 methanol
(MeOH, Roth), washed in 1x WB transfer buffind stacked on the Whatman papers. The gel was
now stacked on top, as well as 3 additional soaked Whatman papers. It had been taken care that a
sufficient amount of 1x WB transfer buffer was in between the layers and that potential air inclusions
were removed. The blotting process was performed at 39 mA for 1h and 10 min. After blotting, the
membrane was blocked with WB block buffer (compdrable 5) for 1 h. After blocking, the
membrane was put upside down on a glass plate covered with 2 ml WB block buffer containing the
respective primary antibody (compareable13), in a humid chamber. The reaction was incubated
0.n. at 4 °C. The next day, the membrane was washed with WB wash buffer (congixes) three

times and then incubated in 9 ml WB block buffer containing the secondary antibody (cofrgdzee

13). After 1.5 h, the membrane was wad agan three times in WB wash buffer and transferred

into DPBS. For development, 2 ml Super signal west ECL or Dura (Thermo) substrate solution were
preparedreferring tothe respectivemanufacturer'smanual and added to the blot. Afterwards, the
membrane was covered with a transparent foil and the development of chemiluminescence was
detected with a ChemiDoc imaging system and the Image Lab softwareR#&B)o If the
chemiluminescence signal after dmation of the ECL solution was too low, the membrane was
washed with DPBS and the Dura solution was added, enabling a detection with higher sensitivity.
After chemiluminescence detection, a colorimetric picture of the ladder was taken, both images were

merged with the Image Lab softwa(Bio-Rad)
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Afterwards, the membrane was washed with DPBS and then stripped with the Restore PLUS Western
blot stripping buffer (Thermo). After 15 min incubation at RT, the membrane was blocked again with
WB block bufferThe membrane was then incubated for 1 h at RT with 9 ml WB block buffer
O2y G Ay Ay 3 I vy i-&tin Edib6dyyhkay 210808 Slilution (compardable 13). After

washing 3 times with WB wash buffer, the membrane was incubated with 9 ml WB block buffer
containing antimouseantibody conjugated wittHRP in a 1:5000ilution for 1 h at RT. After three

times washing with WB wash buffer, the membrane was ipto DPBS, treated with Super Signal

West ECL (Thermo) and chemiluminescence was analyzed with a ChemiDoc imaging system and the
Image Lab software, as described. Pictures from chemiluminescence and colorimetric were merged

again and saved as JPEG file.

3.10. WAB signal semiquantification

To get a more detailed result from a WB, the resulting band intensity can begeemitified with an

area under the curvéAUCYetermination. This method was applied by using the open source ImageJ
software (NIH).Using thisapproach the band intensity of the mRHGWBs and respectivie-actin

WBs was senmjuantified to compare the RKGandi -actin band intensity between RIGNT, PM and

KO mouse derived cells. The mean band intensities of three independently performednemtsr
were calculated and analyzed with #efst for significant differences. Thedst was performed with

the software GraphPad Prism9 (Graphpad Software (als9c. ¢.3.19.7).

3.11. Murine embryonal fibroblasts

To perform initialin vitro experiments with recombinant IAV strains to test their compatibiifyh

the mice murine embryonal fibroblasts (MEWwere generatedas norimmortal cell linesThe lines
were gaerated in house from homozygolRIGl WT, PM and KO mouse lines by Prof. Dr. Stefan
Bauer Mouse embryonal tissue was digested with 1x Trypsin for 20 min at 37 °C. The suspension was
well mixed afterwards to separate the cells from eathen. The digestion was stopped by addition
of RPMIMEF medium (compar@&able6). The cell suspension waslditionally passed through 70

pm sterile @ll strainer (Thermo)afterwards and centrifuged @00 RCF for 5 min. The supernatant
was remoed andthe cells were resuspended in RPMEF medium Afterwards, the cells were
seeded in T75 cell culture flasks and incubated at 37 °C in a 7.5 &6m©8plkere. The next day, the
cells were investigated for vialtiliby light microscopynd samples from the cells werseparated for
genotyping as well as protein analysis. Afterwards, the cells wpliged 1:2 to a new T78ask.
When they densely covered titasks, the cells were harvested, suspended in freeze medbdn¥/q

FCS, 40 % RPN, 10 % DMSO, compafable6) and stored in liquid nitrogen a196°C.
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3.12. Generation of recombinant AV

3.12.1. A plasmid system for the generation of recombinant virus

For 1AV infection experiments with the established mouse lines, recombinant IAV stithngell-
known characteristics and protein sequence®re generated Therefore, the eight plasmid system
introduced by Hoffmanret al. (Hoffmann E. 2000)nodified like described by Czuediatwich et al.
(CzudaiMatwich V. 2013}Jo code forlAMPR/8/1934 (H1N1), was used. The eight pHW2000 vector
based plasmids each de for one of the eight IAV RNgenes (HA, NA, NP, M, PA, PEZ2 Bnd NS
compare alsolable12). The original PB2 plasmid codes for #mino acid 48 627K variantThe
method of primermediated mutagenesisvas used for sequenceediting to generate a plasmid
variant coding for the aa 627E variant insteads@iK, which reflects a sequence common in avian
IAV strainsd. c.1.2.6.2). This can be achieved by substitution of the nt 1879 from A to G, leadang to
switch of the aa 627 from K to E.

Thedesired mutatiorwas achieved in two PCR steps. In the first one, thé&/pBDOPB2 plasmid was

used as template. Two different reactions weperformed in parallel (primeA and B; C and D,
compareTable21 primer, Table22 master mix andlable23 cycler progran, with primer A and D
carrying the target sites for a restriction enzyme #fph 1103l and D: EcoRI). Both enzymes cut the

PB2 gene and the veatonly at one site. The primé& and C are completely complementary to each
other and cover the location where the mutation needs to bacgeld. Additionally, both primer
contain a single nucleotide mismatch to the pHW2MEBR vector, which is the equivalent to the PB2

nt 1879 G., chaging the codon PBB27 from AAG (aa K) to GA&a B (compareFigure5). The
resulting PCR products were analyzed by agageselectrophoresis (AGE3ing 1%agarose gels, 1

X TAE buffer and the GeneRuler 1 kb DNA ladd@aermo)(compare Table6 gel andTable11
marker. Bands with the correct size of 607 bp (A + B) and 398 bp (C + D) were excised and purified
with a gel purification kit (Thermdpel image not shown)}or the second PCR stepe ttwo purified

PCR products from the first PCR step were mixed in an equal ratio and were used as template. The
PCR wagerformed with the two primercarrying the target site$or restriction enzymes (primeh

and D), to get the complelg covered sequencamplified. The PCR product was analyzed again by
AGE, the band with the correct size of 980 bp was excised and purified with a gel purification kit as

described(gel image not shownYhe complete process is gifified in Figure6.

In the next step, the original pHW20®B2 vector was cleft with the restriction enzymes Mph1103
and EcoRI (Thermo) in a restriction reactigith the buffer R (Thermo) at 37 °Cro.(compareTable

24) and also analyzed by A@mage not shown)The restricted plasmid was excised from thed
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and purified as described. Similarly, the purified PCR product was cleft with MpH Ab@3EcoRI at

37 °C on. Afterwards, it was purified fronthe restriction componentsvith a PCR purification kit
(Thermo). Both the purified restricted plasmid aifet PCR product were set into a ligation reaction
using a T4 DNA Ligase kit (Thermo), which was incubated for 10 min at 25 °C (cbaipa?®). In

the following, the ligation reaction was used to transfoEacherichia co(E. Co)i DHp " compare
Table7 for the bacteria strain) For this,bacteria were unfrozen on ice, mixed with the complete
ligation reaction and incubated 30 min on ice. Afterwards, the bacteria weredteatked for 20 sec

at 42 °C and incubated another 2 min on ice. The transformed bacteria were transferred {mgarLB
plate containing 100 pg/mlirapicillin (comparelable6) and spread over the plate in three sectors to
achieve different growth densities. As a negatoontrol, untransformed bacteria were spread on an
additional plate. The plates were incubated at 37 °C until single bacteria colonies were detectable. Six
colonies were picked separately and transferred to 3 ml liquid LB mediunaioorg 100 pg/mi
ampidllin in bacteria containers (Corning). The liquid cultures were incubated at 37 AiCwhile
shaking. The next day, containers were spub@ RCFor 5 min at RT in a laboratory centrifuge
(Hettich), the supernatant was removed and the plasmid DN# fitee bacteria was extracted with a
GeneJET Plasmid Miniprep kit (Therraofording tothe manufacturer’'smanual. The plasmid DNA
was eluted with 40 pl up water. The plasmid DNA concentration was determined with a NanoDrop

device (Thermo).
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Table21: The primerrequired for primermediated mutagenesis of the pHW208@B2 plasmidThe
primerwere derived from the Metabion GmbH (Planegg, Germany).

Primer name  Sequence

PB2627E_A TCCTATGCATCAACTTTTAAGACATTTTCA!

PB2627E_B CATTCTACTTTGCITGGTGGAGCG
PB2627E_C CGCTCCACCAGCAAAGTAGAATG

PB2627E_D TCCGAATTCTTTTGGTCGCTGT

PB2 Seq fwd. CAGTGGTCCCAGAACCCTAC

PB2 Seqrev. CGCAAGGTTGCTCAGTTCATTG

Table22: The master mix used for the PCR reactions.

Component Quantity
Phusion HF buffe(5x) 10ul
Primer fwd. (10 uM) 25ul
Primer rev. (10 pM) 25ul
dNTPY10 mM) 1l
DNA template 250 ng
Phusion polymerase 0.5 ul

Up water Fill to 50 pl

Melting
temperatur
e (°C)

57.0

59.6
59.6

57.1

57.0

57.0

Function

Contains
Mph11031
restriction site
Contains mutation

Contains mutation

Contains EcoR
restriction site

For sequencing

For sequencing
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Table23: The cycler program used for the PCR reactions.

Step Temperature (°C)

Initial denaturation = 98

Denaturation 98
Annealing 60
Extension 72
Final extension 72
Conservation 4

Codon PB2 627K

Duration

30 sec

10 s

30s

1 min

10 min

infinite

Cycles

25

Codon PB2 627E

nt 1879

Figure5: Overview of the 1AV PBB27 codon.The first nucleotide (1879) of the IAV P&27K codon
waschanged from A to G with primenediated mutagenesis to generate th&vV PBH27E variant.
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Figure6: A Schematic depiction of the primemediated mutagenesis sategy. The primerB and C

carry the PB2 nt 187futations for the PB2 codon 6K7to 627E mutation and are depictedolet.

The amplicons generated in the first PCR step are depieteand blue (with primer A + Band C +

D). Both thered and the blue amplicons are mixed and anneal by complementarity of wh@et

areas. In the second PCR step, the annealed amplicons are comgletechultiplied with the primer

A and D, which also contain target sites for the restriction enzymes Mphil1@8d EcoRI (ro

depicted), with which the complete PCR producian be inserted into an opedeoHW2000PB2

plasmid.

Table24: The master mix for the restriction reactions.

Component
Buffer R (10x)
Mph11031
EcoRlI

DNA

Up water

Quantity

3l

1 pl

1l

2 ul pHW2006PB2 or 25 pl insert

Fill to 30 pif required
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Table25: The ligation reaction.

Component Stock concentration Final concentration

Ligation buffer 10x 1x

T4 DNA ligase 1 Weiss U/l 0.05 Weiss U/l

Restricted pHW2000 BB 50 ng

Restricted PCR insert Fill to 20 pl
3.12.2. Virus assembly

To assemble virus particles, HEK293 ¢etimmpareTable7) were transfected with the eight plasmids
coding for the IAV proteins. Therefore, 3 ¥ HEK293 cells were seeded in T25 flasks and incubated
0.n. at 37 °C at 7.8 CQ. The transfection mix consisted of 1 pg from eachhef eightdifferent
plasmids in 1 ml OptiMEM containing Lipofectamine 2000 (Thermo) 1:20, which were incubated 20
min at RT together. Before transfection, the cells were washed with DPBS def. and tinén 4
OptIMEM and the transfection mix were added. After an incubation of 6 h at 37 °C, medium was
substituted with 4 ml DMEMM (containing 0.24BSA, 6Pen/Strep and 2o Glutamine, compare
Table6). Cells were incubated for further 72 h while B&bicarbonate buffer was added if the
medium turned towards yellow, to prevent a conformation chadgéhe HA After 72 h, the medium

was harvested and cetlebris was removed by a 10 min centrifugation5®0 RCFRnd 4 °C in a
laboratory centrifuge. The supernatant was batched in 1 ml atigjub pg/ml TPCKrypsin (Sigma
Aldrich) was added and the aliquots were incubated 1 h at 37 °C before stora@fe &t

3.12.3. Virus multiplication

To enrich the virus particles assembled in HEK293 cells, the Ttygetied cell culture supernatants
were used to infect different mammalian cell lines. Of those, onkl BRicken cells turned out to be
suffident host cells fothe IAV PB®B27E strain, while théAV PB&27K strain replicated efficiently in

all cell lines tested.

For the enrichment of both théAV PB&H27K and-627E strain, 1 x 10DF1 immortalized chicken
fibroblast cells were seeded in T25 flasks and incubated. at 37 °C in a 7.% CQ containing
atmosphere. HEK293 supernatants were mixed with 4 ml DNMEMSO pl 7.5% Bicarbonate buffer

and TPCHrypsin to a concentration of 1 pug/ml. Cells were washed with DPBS +/+ and the infection
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mix was added. The celiwere incubated for 72 h at 37 °C and ¥bBCQ, until medium was

harvested and processed as descriliethe previous chapter

To quantify the amount of virus particles in the supernatant, it was determined wBICEA, which
will be described later ofc. ¢.3.13.2. To validate enrichment of the correct virus particles, the PB2

codon 627 sequence was analyzed by Sasgquencingd. c.3.3and3.13.]).

In a second multiplication step, 7 x®IDF1 cells were seeded iifferent T175 flags, incubated on.

and the cell amounbf one flaskwas counted in a Neubaushamber (compard-ormulal). After
washing with DPBS +/+, the cells waénéected with recombinant IAV PBR227K and-627E strain
candidatesfrom DF1 cellsof a 0.001 multiple of infection (MOI, 0.001 virus particles per cell in the
flask) in 25 ml DMENM containing 70 ul 7.%Bicarbonate buffer and TPAKypsin (1 pg/ml). fer

30 h, a cytopathic effect was visible and cell culture supernatants were harvested, batched in 10 ml
aliquots and processed as described abowvec(3.12.9. The digested 10 ml aliquots were pooled
again and batched in 2 ml virus containers with screw top. Afterwards, the aliquots were frozen and
stored at-80 °C. The recombinant virus stocks were analyzed and compared for different quality

criteria as described in the following chapters.

3.13. The validation of the recombinant IAV PB2 stock quality

3.13.1. The validation of the IAV PBB27 codon with Sanger
sequencing

3.13.1.1.Basic procedure

As mentioned before, lao the sequence of the 1AV RB27 codon wasvalidated by Sanger
sequencingd. c.3.3). Therefore, 300 pl culture supernataoft the infected DFL cellswere used for

RNA isolation with an EactMe easy RNA kit (Blirt), which was executed as indicated in the
manufacturer’'smanual. The isolated RNA was used for a revaesescription with a Revert Aid first
strand cDNA kit (Thermo) and a primer complementary to the IAV-g&dAmMe segmentgHoffmann

E. 2001)for a more selective reaction (corage Table26 primer, Table27 master mix andlable28

cycler program Afterwards, the PB2 cDNA was amplified with a DreamTaq Green PCR Master Mix
(Thermo)(compareTable26 primer, Table29 master mix andrable30 cycler program) Finally, the

PCR products were purified with a PCR purification kit (Therthe)DNA concentration in the
samples was measured tiwia NanoDrop device as described and Sasgguencing was performed

by the Microsynth Seqglab GmbH (Goéttingen, Germany) as desdrédfeck (c. ¢.3.3).
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Table 26: Primer used for the IAV PB2 sequencing proce3$ie primerwere derived from the
Microsynth Seglab GmbH (Géttingen, Germany).

Primer Sequence Function Melting T (°C)
IAV RT primer AGCAAAAGCAGG Complementary to

IAV  RNA gene

segments

IAV PB2 Seq fwd. CAGTGGTCCCAGAACCCTAC PCR and sequencini 57.0

IAV PB2 Seqrev. CGCAAGGTTGCTCAGTTCAT PCR 57.0

Table27: The master mix used for the cDNA synthesis.

Component Quantity
RT buffer(5x) 4 ul
IAV RT primef10 pM) 4 pl
dNTP 2 ul
RiboLock RNase Inhibitor 1l
Reverse transcriptase 1l
Eluted RNA 8 ul

Table28: The cycler program used for the cDNA synthesis.

Step Temperature (°C) Duration
Annealing 65 5 min
Initialization 25 5 min
Reversetranscription 42 1lh
Termination 70 5 min

Conservation 10 infinite
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Table29: The master mix used for the PCR.

Component Quantity
DreamTaq Green Master Mi2x) 12.5 ul

Primer PB2 Seq fwd10 pM) 0.5ul

Primer PB2 Seq rey10 uM) 0.5 ul

cDNA 3.5 pl (undiluted)
Up water Fill to 25 ul

Table30: The cycler program used for the PCR reactions.

Step Temperature (°C) Duration Cycles
Initial denaturation 95 3 min 1
Denaturation 95 30s

Annealing 60 30s 40
Extension 72 1 min

Final extension 72 10 min 1
Conservation 10 infinite

3.13.1.2.Complete PB2 gene sequencing

To prove the genetic stability of the complete 1AV PB2 B&ie segment, itsequence was analyzed

by a combination of Sangsequencing reactions. This procedure was used to validate the PB2
seqence of the recombinant IAV PB27K and627E strains in the P1 and P2 stages during stock
generation. Fofurther analysis, only the PB527 codon containingreawasanalyzed as described

in the previous chapters

The isolation of virus RNA from cell culture supernatant and cDNA synthasigerformed as
described in the previous chaptefFhe amplification of the cDNA in a R@Rction was performed in
two pieces. The first half was amplified with themer 5' UTR fwd. and quart 2 rev. atige second

half with the primer941 fwd. and 3'UTR rev. (compar&able 31 primer, compare also chapter
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3.13.1.2. Next the PCR reactions weparified with a PCR purification kiTlfermo). The first half
was Sangesequenced with the primer SUTR fwd., 401 rev. and 717 fw@lhe second half was
Sangersequenced with the prime®41 fwd. and PB2 Seq fwthe Sangesequencing was ordered at
the Microsynth Seglab GmbH as describedt(3.3and Table31). The sequence datasere analyzed

with BioEdit (Ibis Biosciences) and ChromatQuantitator (University of Washington).

Table31: Theprimer used for the complete PB2 Sangsequencing.

Primer Sequence Use Melting T (°C)

PB2 5 UTR fwd. GGGAGCGAAAGCAGGTCAAT PCR and sequencir 57.9

PB2 401 rev. GCCAAAGGTTCCATGCTTTAG(C sequencing 57.1
PB2 717 fwd. GACTCAAGGAACATGCTGGG  sequencing 55.9
PB2 941 fwd. ATATGCAAGGCTGCAATGGG  PCR and sequencir 56.1

PB2 quart2rev. GGCCACAATTATTGCTTCGGC PCR andequencing 57.4
PB2 Seq fwd. CAGTGGTCCCAGAACCCTAC  sequencing 57.1

PB2 3' UTRrev. GTAGAAACAAGGTCGTTTTTAA PCR and sequencir 50.8

3.13.2. Virus titration with a single cell infection assay

For controlled virus infections, a virus titration is required. WitB@lAthe infectious virus particles

in a sample can be quantified.

Therefore, MadirDarby canine kidney cells (MDCK) were seeded by a quantity ofl®5cells per

well in a 96well plate and were incubated a. at 37 °C and 7% CQ. The next day, virus samples
were diluted 1:10 in DMENM in a 96well U-bottom plate and a 1:10 dilution row for 3 to 7
additional dilutions was prepared, depending on the expected virus load in 8peotive samples. A
previously analyzed virus sample was prepared similarly and used as a positive control. The medium
from the MDCK cells was substituted with the prepared sample dilutions or with IM without virus as
a negative control. Infected cells veemcubated for 1 h at 37 °C before the inoculum was substituted
with DMEMIM again. The cells were incubated for-18 h until medium was removed and cells
were fixated with 100 yl DPBS def. containingodaraformaldehyde (PFA) at 4 °C for 30 min.
Afterwards, the PFA was removed and cells were washed with DPBS +/+. In the next step, 100 pl SCIA
permeabilization buffer (DPBS +/+ containing &3riton-X 100 and 20 mM glycineompareTable
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5) were added for 30 min at RT to permeabilize the cell membranes of the fixated cells. Afterwards,
the solution was removed and cells were washed with SCIA wash buffer (DPBS +/+ contairfiag 0.05
Tween 20 compareTableb). In the next step, 50 pl SCIA wash buffer containing arN#htantibody

in a 1:5000 dilution (AbcapntompareTablel13) were added to the cell@fterwards, he cells were
incubated for 1.5 h at RT while shaking, the dilution was removed and the cells were washed with
SCIA wash buffer. Nex&0 pl SCIA wash buffer containing a gaati mouse antibody coupled to
HRP in a 1:2000 dilution was addedmpareTablel3). Following, the cells we incubated for 1.5 h

at RT while shaking, the dilution was removed and cells were wastied with SCIA wash buffer.
Afterwards, 50 ul True Blue substrate (KPL) containing &gs H,O, in a dilution of 1:1000 were
added and the emerge of the stainimgas investigated with a light microscope (Leica Microsystems
GmbH). After establishment of a dark blue staining in the positive control samples, the substrate was
removed and the cells were washed once with autoclaved and deionized water to conserwethe d
complexes. Following, the plates were stored protected from light. The next daystaimed cells in

wells with a reasonable amount of positive cells were counted, the means of the technical replicates

were calculated and the focal forming units pek {®FU/ml) were calculated (compdfermula2).

Formula2: Calculation of focal forming units per ml.
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3.13.3. Virus titration with a hem-agglutination test

A quantification of the virus load in samples is also possible by the determination of the agglutination
of erythrocytes by the viral HA protein. This titration variant is indicated eas-&gglutinating units
per ml (HAU/mI).

For a herragglutination test, chicken erythrocytes were derived from the LDG Laboratory Diagnostics
Germany GmbH (Cuxhaven, GermanyxstFa 1% (v/v) chicken erythrocyte suspension in DPBS def.
was generated. Second, 25 ul DPBS def. Viked in a 96well \tbottom plate (Greiner). In the next

step, 25 pl of virus containing samples were added to the first row and 1:2 dilution rows were
prepared, as technical duplicates. A previously analyzed IAV strain was used as positive control and

DPBS without virus was used as negative control. Following, 25 pl oRderythrocyte dilution was
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added to the wells, the plate was covered with faitd incubatel for 45 min at RT in an area

protected from tremor. Finally, the wells were analyzed for erythrocyte agglutination and the last
well with detectable agglutination was used for the determination of the HAU titer per ml, as
described inFormula 3. This titration variant was only done once because it did not deliver

significantly required additional information.

Formula3: The calculation of the HAU titer.

00 y
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3.13.4. Virus titration with a plaque assay

A plaque assay can be used to determine the amount of virus particles in a sample, which are able to
replicate. In combiation with other titration methods, the amount of defective virus particles can be

assessed

To quantify the replicating virus particles in the-DFirus stocks, a plaque assay on MDCK cells was
kindly performed by the group of Prof. Dr. Eva Friebertsbguat the Institute for Virology of the

PhilippsUniversity Marburg. The results were indicated as plague forming units per ml (PFU/ml).

3.13.5. IAV M potein semiquantification with Westernblotting

To investigate the amount of defective particles in the getertd AV strins, the 1AV M protein was
semiquantified. Therefore, a volume containing one, two or four mio. FFU of the respectise vir
strain was centrifuged at & 10" RCFin a laboratory centrifuge (Heraeus). The supernatant was
removed up to a remairf 30 ul. 6 pl of 6x Lammli buffécompareTable5) were added to the
samples, which were well suspended and heated for 5 min at 95 °C afterwards. Detection of viral M
protein with WB was performed as described previougly €. 3.9), with the respective antibodies
(compareTablel3). The semguantification of the band intensities was achievedhnvan AUC size
determination procedure, as described previousty ¢.3.10. The ratiobetween the size AUC of the

IAV PBH27E strain and627K drain was calculated for the amount of set virus particles separately.
In the end, the mean of the ratios for 1 x®#hd 2 x 18 FFU were calculated. The experiment was

only performed once because it does not deliver significantly important additiorahiraition.
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3.13.6. Competitive infection assay in MEF

For the purpose of comparing replication efficienogtween the recombinant 1AV PE27K and
-627E strain in MEF lines differing in their RI@xpression, a competitive infection assay was
performed. Therefore, cells were infected with different mixing ratios of both virus strains. The virus
particles in the infection mixes prior to infection, as lvaé the virus particles in the cell culture
supernatants at the endpoint, were Sangarquenced, to investigate a change of the ratio between

both virus strains.

RIGI WT, PM and KO MEF cells were seeded 6.5 xel@ per well in a-6vell plate (Sarstet) in
RPMIMEFmedium one day prior to infection. The next day, the recombinant PB2627K and
-627E strain generated in BF chicken cells under similar conditions were mixed in RRMio
different ratios: 100%to 0% 75%to 25 % 50%to 50% 25%to 75 %and 0%to 100%(%IAV PB2

627K to %627E), to achieve a MOI of 0.5 in complete. A sample from each infection mix was stored
for sequencing at 4 °C. Afterwards, the medium was removed from the MEF cells, they were washed
with DPBS +/+ and thafection mixes were added for infection. The inoculum was substituted with
RPMHM one h post infection. The infead cells were incubated for 4 before the cell culture
supernatant was harvested. The virus particles in the supernatants were concenina8ad pl by
centrifugation at8 x 1d RCFor 45 min in a laboratory centrifuge (Heraeus) before the viral RNA was
extracted with an ExtractMe Total RNA kit (Blirt). The RNA was retrarseribed into cDNA and
used in a PCR reaction to amplify the oeg flanking the PB@27 codon as described.(c.3.13.1.].

The PCR reaction was purified with a PCR purificatiofiokéiwing the manufacturers manual
(Thermo). Afterwards, the concentration of the purified PCR reaction was measured with a
NanoDrop device and Sangsgquencing was ordered at Microsynth Seqglab as described .3).

The n distribution at the position 1879 of the viral PB2 gene was red out with the
ChromatQuantitator opersource web tool (University of Washington) and the percentage nt
distribution was calculated. The nt 1879 of the viral PB2 gene is the first nt in theaP&27. An nt A

at the position results in the codon AAG, coding for th&62& (mammalian adaptation), while a nt

G at the position results in the codon GAG, coding for théé2& (avian adaptationjcompare
Figureb). For the generation of the airadapted strain, the nt 1879 A wasubstituted with G via
primer-mediated mutagenesis. The means of three independent experiments were calculated and
depicted as mean nucleotide percentage distribution in a stacked bar plot with the respective
standard deviationfor a description of the stacked bar plat, c.3.19.3. For statistical analysis, only

the samples from cells infected with both virus strains were compared for differences in the
nucleotide G percentage abundance, as indicated inréspectiveresult igure. Therefore, a-2Vay

ANOVA wasised to indicate significant effects of the factdiRIGI genotypé (and "infection mix
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ratio") on the variable’PB2 nt 1879 Gbundancé (for a more detailedANOVAdescriptionc. c.
3.19.8.

Additionally, MEF cells were infected with either A8/ PB627K or-627E virus strain alone (100

to 0% 0%to 100%). These were analyzed as negative controls, since no competftmuidsoccur

in these setings, indicated by no differences between the nucleotide distribution in the infection
mixes and the cell culture supernatants. These samples were also used for the validation of the
absence of a possible contamination of the vistisck preparations with the opposite virus strain or

for the occurrence of (back) mutationghich were found during propagation of thiAV PB2627E

strain in mammalian cell lineg.(c.4.3.2. Therefore, it was expected that a contamination or back
mutation in the aviaradaped IAV PBH27E strain to the mammaliaadaptedlAV PBH27K strain
would result in overgrowth of the first by the lattendicated by a change in the nt 1879 distribution

in the favor of A.

3.14. The mouse study plan

The mouse infection study waermitted by the Regierungsmidium Giel3en (reference numb&r-
2019). The aim ofthe study was to investigate the effect of the diffenteRIGI functions in the
defense vs. IAV. Therefore, mouse lines expressing functiondl(RIT), signaling inactive RIGPM)

or no RIG (KO)should beinfected with either an IAV PB&27K strain, an IAV PEB27E strain or
treated with PBS onlySincethe impact of RIG on the virus is dependent on different factors like
virus strain, mouse line or time post infectioms effecton different infectionparameterswas hard

to predict. Consequently, it was decided to initiate the investigation with @entation study
containing low n numbers but a high diversity of infection groups, to have the opportunity to
compare the impact of many different factors on the infectipgrameters In a possible second part
of the investigation, it was aimed to invegdite tendencies or small effects more detailed with an
adapted study concept. This track was also chdsemspect the guideline of reduction, refinement
andreplacement (3RjRussell W. M. S. 195@) limit animal experiments to the minimumecessary

extend.

The study groups contained two female and two male mice for any infection condition. Using the
open source software G*Power (Heinrich Helgieiversity, Disseldorf, German{gaul F. 2007}this
group size was calculated to be sufficient to determine significant diffeenéth a ttest between

two independent means, at a significance level of 0.05 and a power @f 80



Methods 71

RIGI WT, PM and KO mice were infected with either 1 XIAY PBH27K, 8.3 x T0AV PB&B27E or
were treated with PBSThe endpoints were seit 4, 7,10 or 14 days post infection (p.i.) and an
additional group wh O d p.i. was done for mock treatedhice, as a reference. All groups are
summarized irFigure7 and described more detailed ifable32. In total, 156 mice were used for the
generation of the data sets. The day 0 groups were used tdatalidirect effects of the infection

procedure and were not used féurther analysis.

(infection) control of weight and temperature at least daily

Endpoints: da d7 d10 d14 pi

Figure7: Overview about the edpoint schedule.

Table32: Thedifferent infection and control groups of the mouse study.

Mouse line RIGI WT, PM and KO
Infection Endpoint Sum
do d4 d7 d 10 d14
IAV PB2627K 0 4 4 4 4 52 of each
genotype
IAV PB2627E O 4 4 4 4
PBS mock 4 4 4 4 4

3.15. The mouse infectiomprocedure

For the infection experiments, mice of an age between three and four months were used. The mice
chosen for infection experiments were held in a laboratory permitted for animal keeping and S2
safety conditions. For the course of infection, it wasoritized to have two mice in one cage to

respect the appropriate keeping standards, if possible. For all the different infection groups, two

female and two male mice were chosen and analyzed for the respgudizaneters
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At day 0, theparametersweight and body temperature were determined prior to infection.
Afterwards, the mice were anaesthetized with &Bsoflurane/air mix derived from a vaporizer. The
anaesthetized mice were fixated in the neck to establish a straight track between nose, trazhea a
the lungs. 35 pl of DPBS def. pure (mock infection), containing 1 RFLO IA\PB2627K or 8.3 x 10
PFU IAWPB2627E were applied into the mouse nostrils for infection. Afterwards, the mice were
replaced to the cage and regain of consciousness olm®rved. From day 0 to the day of the
endpoint, body weight and temperature were determined and documented daily and mice were
checked up to two times daily for the fulfillment of abortive criteria to minimize animal suffering. To
prevent rapid weight los due to reduced hunger and dehydration during infection, up to 250 ul of
0.9 % sodiumchloride infusion dilution were injected subcutaneous up to four times daily to mice

sufferingfrom markedly weight loss.

At the day of the endpoint, the mice were takénom their cage and fixed in a fixation unit. The tail
was exposed to a relight lamp to enhance blood supply and 100 pl fluoreséeisothyocyanate
(FITG)abeled albumin (1 mg/ml) was injected into one of the tail veins of the mouse with a 27G
syringetip. Approx. one h after FITC application, the mice received a lethal injection of 240 mg/kg
body weightKetamine and 30 mg/kg Rompun in sterile NaCl infusion dilution (this represents a
three-fold overdose), which was applied intraperitoneal with a 24@nge tip. After the loss of
consciousness and the pain reflex in the legs, mice were sacrificed by bleeding of tegigfis
venosus The blood was collected in a 1.5 ml container and stored on ice. Mice were fixed on a
preparation fixture, disinfect#® with ethanol, and then skin and thorax were opened. The trachea
was punctuated and a Braun 18G trachea catheter was inserted. Following, the lungs were rinsed
once with 1 ml lavage buffer (compafable5) and then rinsed again two times with an additional 1

ml of lavage buffer. Both were pooled and stored on ice. Afterwards, a 21G Safety Multifly (Sarstedt)
was inserted into the heart to rinse the &g-lung circulation with 5 ml DPBS dEbllowing, 1 ml 4%

PFA were injected into the lung via the trachea catheter, the trachea was closed with a yarn and the
heartlung complex was excised from the mice and transferred to 14 ml & RFA in a 15 ml
container. Finally, a tail tip biopsy was taken from secrificedmouse for validation of the correct

genotype.
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3.16. The analysis of RIG variant effects on main infection
parameters

3.16.1. Analysis of weigth loss and body temperature upon IAV
infection

As describd in the previous chapter, the body temperature and body weight ofIR\G, PM and KO
mice were determined prior to infection or treatment and afterwards at least once daily until the
mice were sacrificed. In regard to the body temperature, the data waslyzed without
normalization. Concerning the body weight, the mean body weight of individual mice was calculated
from data points protgolled before the first weightlrop in response to the infection or treatment.
For the calculation of the percentagemaining body weight, laindividual weight data points were
divided by the mean body weight prior to weight drop and multiplyed with 100. For both the body
temperature and body weight, all available data for the respective infection group and timepoint p.i.
were used to calcuta the mean body temperature and the mean percentage remaining body weight
(dO-4: n = 16; d&: n = 12; d8L0: n = 8; d1414: n = 4). The data was depicted as superimposed
symbol plots (c. i3.19.9 with the respective standard deviations. The consideration of all available
data was used to enhance the robustness of the analyses withVay ANOVA (c. 8.19.8, which

was used to investigate significant effects of the factors "days p.i." andI"g¢@otype”, as well as

their interaction, on the variable "body temperature" or "remaining bodyigie', respectively.

3.16.2. Virus titer quantification in the BALF

For the quantification of the IAV titer in the BALF of the study mice, a SCIA was used. The virus
guantification was performed as described previously (3.t3.2. The data was analyzed with a
2-Way ANOVA to indicate significant effects of the factors "days p.i." andl'fdotype", as well as

their interaction, on the variable "BALFuartiter".

3.16.3. Virus detection in the Ilung tissue with immune
histochemistry

For the validation of successful lung tissue infection with the IAVE2BEK and627E strain, as well
as absence of unwanted contaminations with vinushe PBS treated mic¢he atundance of IAV NP
in the lung tissue of infected and moakfected mice was investigated with an immune
histochemical (IHC) staining. Thereforethe heartlung circulation system was harvested at the
endpoint and was fixated in % PFA. By the Neuropathalg department of the UKGM, the tissue

was embedded in paraffine and slices were prepared on slides for histological stainings.
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ThelHCdetection of viral NP was achieved with an automated protocol in a Bond Ill IHC staining
system (Leica Biosystems) witBond Polymer Refine Detection Kit (Leica Biosystems). The protocol
starts with a dewaxing, a peroxide block and NP detection with a polyclonal primary antibody
(Thermo), interrupted by washing steps. It continues with the application of a polyamer HFR-
coupled secondary antibody, the addition of a DAB substrate and finishes with a hematoxylin
counterstaining, again interrupted by washing steps (compbable 13 antibodies andTable 11
detection ki). The staining was performed and validated oy BErederik Helmprobst and Prdbr.

Axel Pagenstecher at thdéeuropathologydepartmentof the UKGM. The stained slides were scanned
with a Aperio slide scanner (Leica Biosystemsfh 20-fold magnification and transformed into a
digital format. The pictwe files were analyzed with the open source software QuRFBH#nkhead P.
2017) representative sectors of the lung tissue from one female and one male individual were
chosen in an additional fiviold magnification as image examples. Additionally, the percentage
amount of cells vith positive NP detection was determined in the complete lung tissue on the slides.
Therefore, a thresholebased semguantification algorihm was applied as indicated witQuPath
(compareTable33). The mean lung tissue virus titers were calculated for the respective infection
groups with n=4 and were depicted as histograms with the respective standard deviation. The
variable "virus abundance in the Ilgn tissué was investigated for significant differences in

dependence of the factor&ays p.i: and"RIGI genotype"with a 2Way ANOVAc( ¢.3.19.8.
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Table33: The QuPath algorithm settings for the determination of IAV positive lung cells.

Detection image Hematoxylin OD
Requested pixel size 0.5 um
Backgroundadius 8 um

Median titer radius O um

Sigma 1.5 pym
Minimum area 10 pnf
Maximum area 400 pnf
Threshold 0.1

Max background intensity 2

Cell expansion 5pum

Score compartment Nucleus DAB OD mean
Threshold 1+ 0.2

Threshold 2+ 0.4

Threshold 3+ 0.6

Additional settings
Split by shape
Include cell nucleus
Smooth boundaries
Make measurements

Singe threshold

3.16.4. Histological staining with H&E and PAS

The histological staining of lung slices witheamatoxylin and eosirH&B and aperiodicacid-Schiff
(PAS protocaol, as well as method validation, was performed by Dr. Frederik Helmprobst andProf.
Axel Pagenstecher at tHe¢europathologydepartmentof the UKGM. Later, the slides weaealyzed

with a light microscope (Leica Microsystems GmbH) ao&Dmagnification. Representative sectors
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of tissue from one female and one male individual of any infection group were chosen and a picture

was taken in 58old magnification with the LAS&ware (Leica).

3.16.5. The FITCGalbumin lavage to serum ratio as indicator for
altered lung barrier integrity

The lung barrier, formed by tightly connected lung epithelial cells, enables the exchangead O
CQ between air and blood, while it prevents the wrtrolled leakage of liquids. If its function is
altered, liquid may enter the alveolar lumen uncontrolled. After introduction of #db&led albumin

into the blood circulation, it is possible to detect alterations in the lung barrier function depending o
factors. Therefore, the FIT&bumin abundance in the BALF and the serum is determined by

measurement of the fluorescence production in these samples.

BALF and full blood of IANfected or mocktreated mice was harvested approx. onediter FITE
albumin application via a tail vein. Full blood was stored at 4 °C for complete ladsgu until
centrifugation at 400 RCHor 5 min in a tabldop centrifuge. The serum was separated from the
samples and transferred to a new reaction container. The BALF wasfuged at4000 RCFor 5

min as well, the supernatant was separated from the cells and transferred to a new container. 0.5 ml
of the BALF were separated and stored at 4 °C for RNA isolation at the following day, as described

elsewhere. Both the serum dBALF samples were stored-ad °C.

For the determination of the FIT&bumin lavage to serum ratio, serum was diluted 1:10. Therefore,
lavage buffer and 1@ PFA were added to achieve a final serum dilution of 1:10 and a PFA
concentration of 4% For he purpose of virus neutralization, 28 PFA was added to the BALF as
well, to achieve a final concentration oR4in the samples. This makes a dilution factor of 10 for the
serum samples and 1.2 for the lavage samples. The fluorescence emission inLtheui@Aserum
samples, as well as the blank, were measured as duplicates at 520 nm after excitation at 485 nm in a
half area Microlon Fluorotrac 200 Sgell plate (Greiner) with a Tecan i control fluorimeter (Tecan
Trading AG). The used settings are sumpeariinTable34. The FIT@lbumin lavage to serum ratio

was calculated as shown Formula4. The mean of the ratios of four mice per infection group was
calculated and depicted as histograms with the respective standard deviation. An increase of the
ratio indicates a disruption of the lung barriettegrity. Last, significant effects of the factdidays

p.i." and "RIGI genotype"on the variable"FITGalbumin lavage to serum ratlovere analyzed by

application of a 2Way ANOVAc( ¢.3.19.8.
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Table34: The settings for fluorescence measurement with the Tecan i control device.

Parameter

Mode

Emission wavelength start
Emission wavelength end
Emission wavelength step size
Emission scan number
Excitation wavelength
Gain

Number of flashes
Integration time

Lag time

Settle time

Z-position (Manual)

Setting
Fluorescence Top Reading
516 nm
526 nm
2nm

6

485 nm
100 Manual
25

20 us

O us

0Oms

20000pm

Formula4: The calculation of the FIT@bumin lavage to serum ratio.
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3.17. The analysis of RI% variant effects oninnate immune

signaling
3.17.1.

To investigate IFR I Y R

]

The determination of IFN levels in the BALF with ELISA

LINE RdzOG A2y Ay NBaLkRyasS G4

variant expression, the abundance of the IFNs was measured with ELISA in fhef Bfkcted mice.

The proceduresvere described irdetail previouslyd. c.3.7).
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3.17.2. The analysis of inflammatory cytokine concentrations in the
BALF with a multiplex cytokine assay

To quantify the concentration of 23 inflammatory cytokines, a Pro Mouse Cytokipie23ybkine
assay (M60009RDPD, Had) was performed. The detection system of the assay works with
phycoerythrinmediated fluorescence, which is compatible with remaining falBGmin in the
samples (emission maximum of PE 575 nm and of FITC 514 nm). Fosaheths BALF of two
female miceas well as two male e per infection group, were mixed to equal parts and@BSA

was added to achieve a final concentration of %550 ul of the samples were analyzed for cytokine
concentrations as duplicates thithe multiplex cytokine assay, guided Iy. Thomas Butterbrodt
from BioRad with a Biglex 200 device connected to a HTF wash station-Rith),according tathe
manufacturer’'smanual. The standard reference values were set as indicated in the assay kits. Th
raw data was processed with the Biex Manager software (BiRad). Of all measured cytokines,
the ones with a solid detection level at least at one time point were used for further analysis. The
mean of the two female sample replicates and the two nedenple replicates were calculated and
depicted as histograms, with the respective standardsidéons A 2Way ANOVA was used to
determine significant effects of the factotdays p.i: and"RIGI genotypé on the variable'cytokine

concentratior!, for each of the analyzed cytokines.(.3.19.9.

3.18. The IAV PB2 nt 1879 genotyping in the BALF

The IAV PBB27E strain turned out to be genetically unstable for tRB2627E mutation in
mammalian cell lines, while this genotype was stable inlRicken cells. To validate thergetic
stability of the IAV PB&27E strain during the course of mouse infectiorg thral PB2 RNA in the
BALF was analyzed with SangequencingTherefore, 500 pl of ceffee BALF were centrifuged at 8

x 10 RCF for 45 min in a laboratory centrifuge (Heraeus) to concentrate the virus particles in a
volume of 300 pl.The RNA isolatigncDNA synthesis and PCR were performed as described
previously(c. ¢.3.13.]) and the Sangesequencing was ordered at the Migynth Seqglab Gmbkis
described before . c.3.3). The PB2 nt 1879 percentage distributions were calculated for the
individual mice as describddr the competitive mfection assayq; ¢.3.13.9. The mean percentage

PB2 nt 1879 distributions was calculated for every infection group of the study and depicted as
stacked bar plot with the respective standard deviations. For statistical analysis, only the percentage
abundance of the PB2 nt 1879 G was used. Significant effects of the fadays p.i: and "RIGI
genotype"on the variable"percentage PB2 nt 1879 G wmlancé were detected with a 2Vay
ANOVAC. ¢.3.19.9.
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3.19. Statistical analysis

All statistical analysis and most of the data evaluation and depiction was performed with GraphPad

Prism 9 (Graphpad Software Inc.), if not indicated differently.

3.19.1. Histogram

For the result mean depiction of experiments with low n numbers and/or low data variation, the
histogram was chosen to give an overview about the data. All histograms in this study show the

mean and standard deviation of the respective results.

3.19.2. Box plot

For the depiction of results from experiments with high h numbers and high data variation, box plots
were chosen to give an overview about the data variation. In all depicted box ploiskers indicate
the lowest and the highest values, box borderditate the 25th and the 75th percentile and the mid

indicates the median.

3.19.3. Stacked bar plot

To show the percentage distribution of the four possible nucleotides at the PB2 nt 1879 position,
which is the first one of théAV PB2627 codon, a depiction as steed bar plot was chosen to
visualize differences in the nt distribution in dependence of factors. In all of the depicted staaked
plots, the mean percentage nt 1879 distribution is depicted with the respective standard deviation

for the four possible hoptions (the complete lack of a signal for single nt is possible)

Importantly, for statistical analysis by ANOVA, only the mean percerglgedance of thent Gfor
the respective infection condition or infection group was used to determine signifdiffierences.

The data groups used for the calculations are indicated in the respective figures.

3.19.4. Superimposed symbol plot

For the depiction of dependent data derived from repeated measurement of body weight and
temperature of the mice, the superimposedmsigol plot was chosen. This depiction directly indicates

the dependency of the data and depicts the high amount of data in a clear structure.
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3.19.5. Outlier analysis

Ouitliers highly differ from the gross of the data and can disturb the identification of satific
differences by statistical tests or even cause wrong positive indicatinrthis studyall data groups
were analyzedwvith a robust regression and outlier remov&@UTYest before further analysis. In
the results, it is only mentioned if outliersene indicated by the analysis and removed from the data
set. Most of the data groups were free from outliers, only threetlmus were removed from the
3p-hpRNA data (c. 4.2.2.]).

3.19.6. Normal distribution

Theideal for the analgis with a #test or an ANOVAf any kindis a normal distribution of the data in

a set.In general, it can be assumed that data samples derived from measurements in biologic
systems follow a normal distribution, if the amount olhambers is sufficient. Nevertheless, if the
method of measurement is inaccurate dod the n-number not sufficient for a robust data set, the
statistical analysis may create inaccurate results. Hettee normal distribution of the data should

be validated before application of a statistic test. This can be achieved with different tests for a
normal/ Gaussian distribution. In this study, the data sets were analyzed with both the Sk¥itkro

and the KImogorovSmirnov test, since these tests can analyze small data groupdyitisi.of the
compared data groups showed normal distribution, but in some cases snmlpgrfailed the
validation. Those are indicated in the results section and sudhasimportant findings need to be

validated with a sufficienamount of biological replicates

3.19.7. T-test

For the determination ofignificant differences betweelow amouns of data groups, usuallytests
were used. All data sets analyzed withtests were analyzel for normal distribution before
application of the #est. In this study, the alues indicating significant differences between the

compared groups are shown at bars indicating the compared data groups in the respective diagrams.

3.19.8. 2-Way ANOVA

To determire significant effects of different factors on a variable,-&/ay ANOVA is a useful tool.
This algorithm delivers three different-yalues: the first one indicates a significant interaction
between the two factors in their effects, the secoimdlicates a ignificant effect of he first factor on
the variable and the third indicates significant effect ofthe secondfactor on the variable. The

interaction can be either a synergistic effect or an inhibitory effect, which would result in a significant



Methods 81

interadion. If one or both factors mediate no effect or both factors mediate an effect independent of
each other, the ANOVA would not indicate a significant interactfaninsignificant interaction can
also indicate that a factor is not sufficient to completalyolish an effect by the other factor on the
variable. The 2Way ANOVA is an interesting tool for the analysis of more complex effects and
tendencies in big data sets with different factors. Further, it can $eduo reduce a big amount of
t-tests. For &periments, in which different quantities of a factor were used to effect a variable, the
ANOVA is more reliable than deist in correctly identifying significant effects thfe factors on the

variable.

In this study, a special focus was put on effedtRtGI variant expression on differentariables
Therefore, the RIGWT, PM and KO data sets were compared separately with one another, to derive

the most detailed information possible.
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4. Results
4.1. The establishment of a RIG WT, PM and KO mouse line

Potential founder mice derived from genetically engineered oocytes in Zurich were genotyped for a
RIGI PM or KO genotypeith Sangetsequencing ¢ompare chapterd, c) 3.2f.). Heterozygas mice

were bredto generatehomozygousanice. Later on, homozyges individuals were used foiurther
breeding A homozygouRIGI WT mouse line was receivéim heterozygousnice of the RI& KO

line. An example for every genotygequencing resulaligned withthe RG-| WT genotype is shown

in Figure8.

ARIGIWT

Sequence ID: Query_2099Length: 339Number of Matches: 1
Range 1: 186 to 339 Graphics  Next Match Previous Match

Alignment statistics for match #1

Score Expect Identities Gaps Strand
274 bits(148) 2e-78 151/154(98%) 0/154(0%) Plus/Plus
Query 1 tttttttttctetttt CTTCCCTACTAAAAGGTTGTGGAAAAACCTTTGTGTCGCTTCTT 60
TDTEDTEDTEOTED TR R L
Shjct 186 TTTTTTTTTCTTTTTTCTTCCCTACTAAAAGGTTGTEENCCTTTGTGTCNCTTCTT 245
BRIGI PM

Sequence ID: Query_18461Length: 143Number of Matches: 1
Range 1: 1 to 142 Graphics  Next Match Previous Match

Alignment statistics for match #1

Score Expect ldentities Gaps Strand
241 bits(130) 6e-69 138/142(97%) 0/142(0%) Plus/Plus
Query 17 tetttttttctttttt CTTCCCTACTAAAAGGTTGTGGAAAAACCTTTGTGTCGCTTCTT 76
AR R R
Shjct 1 TTTTTTTTTCTTTTTTCTTCCCTACTAAAAGGTTGTGGACATTCGTGTCGCTTCTT 60
CRIGI KO

Sequence ID: Query_31181Length: 326Number of Matches: 1
Range 1: 190 to 326 Graphics  Next Match Previous Match

Alignment statistics for match #1

Score Expect Identities Gaps Strand
219 bits(118) 8e- 62 134/142(94%) 5/142(3%) Plus/Plus
Query 1 tttttttttctttttt CTTCCCTACTAAAAGGTTGTGGAAAAACCTTTGTGTCGCTTCTT 60
LA T g
Sbjct 190 TTTTTTTTTCTTTTTTCTTCCCTACTAAAAG EEEIGGAAAAACCTTTGTGTCNCTTCTT 244

Figure8: Examples foa representative RIG WT, PM and KO genotypingn example fothe result
of a RIGI WT (A), PM (B) and KO (C) mouse Sasgprencing waaligned with the RIG WT
genomic sequence, with the NCBI BLAST web Td@. RIG codon 271 is markegellow. Thetwo
additionally introduced mutations at wobble positions in the RIEM mouse are markegkeen The
position where the five nt are lost in the RIGO mouse is mark@il.


https://www.ncbi.nlm.nih.gov/projects/sviewer/?RID=SMK8A04G114&id=lcl|Query_2099&tracks=%5bkey:sequence_track,name:Sequence,display_name:Sequence,id:STD1,category:Sequence,annots:Sequence,ShowLabel:true%5d%5bkey:gene_model_track,CDSProductFeats:false%5d%5bkey:alignment_track,name:other%20alignments,annots:NG%20Alignments|Refseq%20Alignments|Gnomon%20Alignments|Unnamed,shown:false%5d&v=179:346&appname=ncbiblast&link_loc=fromHSP
https://www.ncbi.nlm.nih.gov/projects/sviewer/?RID=SMJMZJ71114&id=lcl|Query_18461&tracks=%5bkey:sequence_track,name:Sequence,display_name:Sequence,id:STD1,category:Sequence,annots:Sequence,ShowLabel:true%5d%5bkey:gene_model_track,CDSProductFeats:false%5d%5bkey:alignment_track,name:other%20alignments,annots:NG%20Alignments|Refseq%20Alignments|Gnomon%20Alignments|Unnamed,shown:false%5d&v=0:149&appname=ncbiblast&link_loc=fromHSP
https://www.ncbi.nlm.nih.gov/projects/sviewer/?RID=SMKE23KS114&id=lcl|Query_31181&tracks=%5bkey:sequence_track,name:Sequence,display_name:Sequence,id:STD1,category:Sequence,annots:Sequence,ShowLabel:true%5d%5bkey:gene_model_track,CDSProductFeats:false%5d%5bkey:alignment_track,name:other%20alignments,annots:NG%20Alignments|Refseq%20Alignments|Gnomon%20Alignments|Unnamed,shown:false%5d&v=184:332&appname=ncbiblast&link_loc=fromHSP
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4.1.1.HomozygousRIGI PM and KO micelo not develop a burdening
phenotype

To determine if the generated RIGPM and KO mouse lines are burdened by their genotgpe
batches of RIG PM andtwenty batches of RIG KO mice were analyzed for their newborn loss.
Additionally,13 individuals othe RIGI PM and 37 individuals dfie RIGI KOline were analyzed for

their weight gain and phenotypic alterations once per warler a course of 24 weeks.

The average folost newborns with 7.04 %f the RIGI PM and with 17.8 % dhe RIGI KObatches
did not extend the exectations ofnewborn loss in theanimal facilityof the BMFZ in Marburgn
those batches, no youngice died during the window of sevatays pos{partum and the weaning
after 21 days pospartum. The weight determination and comparison wiHGI WT mousedata
deriving from Ja&son Labsfor the C57BL/6J lin¢data acces2019/08/11) showed anegligible
difference of 7.9 % for male RIGM mice and of 7.0 % of male RIKO mice after 20 weeks. Since
this difference was similar fa few investigatedRIGI WT mice irthe animal facilityof the institute
(data not shown) the differencegdo the data deriving from Jackson Laibest likely appeadue to
deviationsin the diet. The weight difference of female mice to the Jackson Lab datdowas, with
3.4%for RIGI PM and 1.7 % for RIG KO mice aftetwenty weeks.Further, there was no increased
susceptibility for diseases or enhanced mortality of the-RR®& and KO mice detectablEhe results
were interpreted as no burden of the RIGyenotype for the mice in a final examinatiah the
respective mouse lineconfirmed by the responsible department at the Regierungsprasidium Gielden,

which permitted the propagation of the mouse linempareSupplementary Figurd).

4.2. Mouse line RIG functionality tests

4.2.1.mRIGI protein expression is detectde with Westernblotting in
primary cellsfrom RIGI WT and PM mice, but noRIGI KO mice

To determine RIG protein integrity in the established mouse linesjnpary cells were extracted
from the bone marrow ofRIGI WT, PM and KO mide. c.3.5. RIGI expression was induceay
IFNh treatment. With Western blotting (WB)either RIG ori -actin expression wasletectedin the
cell lysategc. c.3.8f.).

The resultof the WBshowed that RIGI wasdetectable in RI&WT and PM mouse derived cells, but
not in RIGI KO mouse derived celll contrast,i -actin was detectable in all cell lysates with a
comparable quantity (comparEigure9). The result that the RKEPM band ran slightly faster in the

gel most likely results from the substitution of tlenino acid 43) lysine with alaninewhich changes
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the molar mass and the charge of the protein and may lead to the loss of a site fetrgpusaitional
modification of the protein, since the additionamino group of lysine is a common residue for

acetylation,methylation, SUMOylation or ubiquitinylatio(Kontaxi C. 2017)

WT PM KO RIG-I variant
kDa

170
130
— e MRIG-|

100

55

A -actin

40

Figure9: RIGI protein is detectable in primary cells from RIGNT and PM mice, but not in primary
cells from RIG@ KO mice Murine bone marrow cells were treated witlkFNh, WB was performed
with an anti-mRIGI antibody (Enzo AL-804-960-0100) or anti-i -actin antibody (SigmaAldrich
A2228)as loading controlThe result of one out of three independently pemfieed WB is showas
example.

For statistical analysighe WB signals were serquantified. For this, the images of the blotsere
analyzedor band size intensityith the software ImageXx(c.3.10. The meararea under the curve
(AUQ of three independent experiments werealculated and depicted as histogramsith the
respective standard deviationcdmpare Figure 10). An unpaired test was used to indicate
significant differences in BIL | 34dR&n expressionFor RI@ detection, he ttests indicatel no
significant differencén RIGI expressiorbetween RIGI WT and PM mouse derived celfs=0.47),
but a significant differencbetweenRIGI WT and KO mouse derived céfls=0.01) (compareFigure
10A0 & @c@rN\detéction, the ttests indicatel no significant difference between RIGVTand PM
mouse derived cells (0.37) and no significant difference between R Tand KO mouse derived

cells (p=0.28)(compareFigurel0B).

Taken togetherthese results suggest that the CRISPR/Cas9 apptichdiothe generation of the
RIGI PM mouse did not cause additional mutations leadinframeshift and protein loss. The band
size and intensity do not differ markedly, compared to the-Riand from the RIG WT mouse

derived cells. For the RIGKO mouse linghe lack of a RIGband indicates thathe five nucleotide
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(nt) deletion in theRIGI gene is indeed resulting in a RI®@nockout, as expectedhe lack of a
significant difference in -actin expressionshowsthe similarity of the protein concentration and

integrity in all three cell lysates.
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FigurelO: RIGI protein expression in cells from RHEKO mice, but not in cells from RIGPM mice,
is significantly altered in comparisoto expression in cells from RKGWT mice RIGI (A) ori -actin
(B) protein expression was detectadprimarybone marrowcells from RIG WT, PM or KO micby
WB. The WB images of liree independent experimentsvere semiquantified with the ImageJ
software, meansof the areas under the curvi@UC)Yrom band signalsvere calculated and depicted
in histograms with the respective standard deviations. Unpairddsts were used to etect

signifcant differences in RG ~ 2abtih protein expression ofells from RIG PM and KO mice, in
comparison tacells fromRIGI WT mice.
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4.2.2.RIGI-mediated signaling in RId PM and KO mouse derived
"I A-B EO AAT 1 EOEAAh xEEI A OEA OECT A
altered
To validate the functionality ofhe generated mous lines, RI&mediated IFN' induction was
investigate®& Ay inYeRpmnse to differenspecificRIGI ligands, IAV infeiins and Sendai virus
infection. Additionally, the cells were analyzed fpotential direct side effects of the genetic
engineerirg using CRISPR/Cas8 compensatory changes in the signaling of different PRRs of the

innate immune system in respse to expression of signaliagficient RIA or a RIG loss

4.2.2.1. RIGI signaling is altered in RIG PM and KO mouse derived
i A-BEh AORG) i74 |1 OOA AAROEOAA " | A-g

To hvestigate alterations in RiEmediated mIFN' SELINBa & A2y X 062y S YINNRG
from RIGI WT, PM and KO mice. The cells were differentiated inoiiMvitro and thentreated with
specific RI& ligands. Therefore, cells were transfected with Q LASRNA, three diffent
concentrations of 3gpRNAor the transfection reagent only. An ELISA detecting miIFNA Y (1 K S
medium from the treated cells was performed. (€.3.5ff.). The results of at least five independent
experiments were depicted as box plots (compkigurell). The data set of 3jpppRNA was analyzed
with ROUT outlier identification (compaBe19.5 and three outliers were identified (100 pg/{R6.7
U/mL; 50 pg/uL 766.7 U/mL; 25 pg/uL 425.0 pg/uL). Those values were excluded from the data set
before further calculationsTo indicate gjnificant effects of the factor$s'ppp-dsRNA concentration
or "3p-hpRNA concentratidhon the variable'mIFNh abundance; a 2Way ANOVA was performed
(c.c.3.19.8.

The results show thatoth the factors"p Q LdlsRNAconcentration"and"3p-hpRNAconcentratiorf
significantly enhanceéhe IFNn  SELINB & & A 2y Ay WT nyidebaittnot FFOREPM and KO
mice This isindicated bya significanteffect of these factors on the variable in the comparisons
including RIG WT cells (p at least 0.0046 for 5'p@pRNA and p at least 0,0086 for-BpRNA) and a
lack of a significant effect in the comparison between-RR® and KO cells. The inductionleih A a
abolished due to RIGPM and KO expression, indicated by a significant effect of the faRias!
genotypé on the variable (p at least 0.0054 for 5'pgdpRNA and p < 0.0001 for-BpRNA) and a
significant interaction between the factors (p &akt 0.0052 for 5'pppuisRNA angh at least 0.0084
for 3p-hpRNA)in the comparisons including RIGNT cells. The results also show that the -RIG
K271A mutation is sufficietid completely inactivate RiGmediated IFN' A Y RdzOG A2y X AYRA O
signifiant effect of the RIG genotype on the variable and no significant interaction between the

factors in the comparison between RIEM and KO cells (compdfegurel1l A and B).
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5'ppp-dsRNA concentration (ng/ul)
2-Way ANOVA RIG-I WT vs. PM RIG-I WT vs. KO RIG-1 PM vs. KO
source of p p value summary p p value summary p p value summary
variation value value value
interaction 0.0052 @ ** 0.0048 @ ** 0.4849 ns
5 6 p-gsgNA 0.0046 ** 0.0050 ** 0.6446 ns
RIG-I genotype 0.0051 ** 0.0054 @ ** 0.5795 ns
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2-Way ANOVA RIG-I WT vs. PM RIG-I WT vs. KO RIG-1 PM vs. KO
source of p value  pvalue summary pvalue pvaluesummary p p value summary
variation value
interaction 0.0084 @ ** 0.0070 @ ** 0.9969 ns
3p-hpRNA 0.0086 ** 0.0072 ** 0.9466 ns
RIG-I genotype <0.0001  **** <0.0001  **** 0.0738 ns

Figure 11: The effect of specific RKGligands to enhance mIFN production is abolished in

. YRavu T NEZ M and. KO micgein contrast to RIG WT cells Bone marrow cells were
extracted from RIG WT, PM and KO mice. The cells were differentiated into iMvitro and then
transfected with the specific RIdigands 8 LAJIRNA (1 ng/ul), 3ppRNA (100, 50 or 25 pg/ul), or
the transfection reagent only (O ctrl.). An ELISA detecting IFNA Yy  OSt f Odz i dzNB
treated cells was performed.he results of at least five independent experiments are depictedas b
plots (whiskers indicate lowest and highest value, box borders indicate 25th and 75th percentile, mid
indicates the median). A-@/ay ANOVA was used to show significant effects offdlators"p Q LJLJILJ
dsRNAconcentration"and "RIGI genotypé on the variable IFNh | & dzy" R\, gr @&factors
"3p-hpRNA concentratidhand "RIGI genotypé on thevariable'mIFNh | 6 dzy" (8). Th®@sults

of the ANOVAs are depicted in the table.
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4.2.2.2. A recombinant IAV/PR/8 strain lacking the NS1 protein
significantly induces mIFNJ expressionin dependence of RKB
variant expression, while a strain with functional NS1 protein
does not

Toinvestigate, if IAV infectiotriggered mIFN'  LINR RdzOG A2y RAFFSNE o0SG6SSy
marrow cells were extracted froRIGI WT, PM and KO mice. The cells were differentiated into M

in vitroand then infected with different MOI of either a recombinant IAV/PR/8 stvéth functional

NSlor a recombinant IAV/PR/8 strain O1 Ay 3 G KS b.{AMELISN&eteSing@ENLo pAby] m 0

the supernatant from infected cells was performexd ¢.3.5ff.).

For the IAV strain with functional NS1 expression, the results lefat six independent experiments

are depicted as box plots (compaFegurel12). A 2Way ANOVA was used to indicate significant

effects of thefactors"MOI 1AV infectioh and "RIGI genotyp€e', as well as their interaction, cte
variable"mIFNh | 0 dzy".Rlggh€ &, the meased IFN | 6 dzy R Yy OS camnpadied @S NE 2
induction by specific RHGligands (compar@revious chaptér. Hence, a detectio at the border to

the detection limit is expected. The results indicate no significant effeaheffactor "MOI IAV

infection" on the variable, for all comparisons between the groups. This and the lack of a significant
interaction between the factors sg@sts that the measured IPN £ S@Sf a | NS ol O 3 NER dz
ELISA. Hence, specific effects of the fatRIGI genotypé on the variable suggested by the ANOVA
analysesappear most likely due to differences in the background noise intensity, whigpendent

on the incubation time during ELISA development. Taken togetherrdsults suggest that the used

IAV strain ipoorlyinducing mIFN'  LIN2 R dzO (i A 2 o THisys mdosk IiRely.d0e Boahe function

of the viral NS1 protein, which is a poténhibitor of IFN1 signalingHence, an IAV strain lacking the

NS1 proteinwas used in another experimertb investigate Rl&mediated IFN' induction in

response to infection.
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IAV/PR/8 infection (MOI)
2-Way ANOVA | RIG-I WT vs. PM RIG-I WT vs. KO RIG-I PM vs. KO
source of p p value summary | pvalue pvalue summary p p value summary
variation value value
interaction 0.9875 ns >0.9999 ns 0.9931 ns
MOI IAV 0.9861 ns >0.9999 ns 0.9790 ns
RIG-I genotype = 0.2036 ns 0.5355 ns 0.0448 ~*

Figure 12: A recombinant IAV strain with functional NS1 protein does not induce miFN
productionA Yy . Y Bane rdarrow cells were extracted from RIB/T, PM and KO mice. The cells
were differentiated into Ms in vitroand then infected with different MOI of a recombinant IAV/PR/8
strain (9; 3; 0.6 MOI) or mock (0 ctrl.). An ELISA detecting-miRNell culture supernatanivas
performed. The results of at least six independent experiments are depicted as box platkéng
indicate lowest and highest value, box borders indicate 25th and 75th percentile, mid indicates the
median), a 2Way ANOVA was used to indicate significant effects of the fathd@ 1AV and"RIGI
genotypée, as well as their interaction, on theawable "mIFNh abundance! The results of the
ANOVAs are depicted in the table.

The results of at lest five independent experimentgsing an IAV strain lacking the NS1 prot@in
Ay FTSOG are WeRietad as box plots (compafigurel3). A 2Way ANOVA was used to indicate
significant effects of thdactors "MOI IAVNNS1 infectioh and "RIGI genotypé', as well as their

interaction, on the variablémIFNh abundance

At first, the data confirm that the assumption about the suppression offIFNA Y RdzOG A2y o0&
protein was correct. In detail, the results shedva similar IFN' A Y R dzO (i &s2hy¢ reduilks framS NJ/

the assays with the specific RIBgands. Thénfection induces IFK  LINE R dzO il WP fiousey wL D
RSNAOPSR . YRauvI ¢gKAOK A& YdzOK f 2 g-BmMEandk@aimouge i O2 Y
derived cells (unlike for specific RIGigards, compareprevious chapter This is indicated by a

significant effect of thdactor"a h L L ! + n b"{omtheivyiriatBdnlah @®yiparisons between
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the groups (p at least 0.0090) and a significant effect offéletor "RIGI genotypé on the variablén

the comparisons including RIGNT cells (p at least 0.0001), as well as a significant interaction
between the factors in the same comparisons (p at least 0.0208). Further, the results indicate that
the RIGI PM is suffi@nt to compleely inhibit RI@-mediated IFN' induction indicated by no
significant effect of the factor'RIGI genotypé€ on the variable and no significant interaction
between the factors in the comparison between the RIBM and KO mouse derived cells,
comparable wh the results of theprevious chapter Interestirgly, despite of RIB signaling
deficiency or KO, the virus waggnificantly inducing IFN production indicating that thisis also

mediated by other PRRs, but to a much lower extend (compayerel3).

100+
RIG-I WT
E 80~ =3 RIG| PM
2 3 RIG-I KO
S
c 60+
(]
©
c
2
o 40=-
.
T
= 20+
S gg
0 | | ?—L—-‘I‘-‘
9 3 0.6 0 ctrl.
IAV/PR/8 gNS1 infection (MOI)
2-Way ANOVA  RIG-I WT vs. PM RIG-1 WT vs. KO RIG-I PM vs. KO
source of p value @ pvalue summary p p value summary p p value summary
variation value value
interaction 0.0208  * 0.0165 * 0.9944 ns
MOI | AV 0.0003 = *** 0.0004  *** 0.0090 **
RIG-I genotype = <0.0001 @ **** 0.0001 @ *** 0.7797 ns

Figure13: Themajority of mIFN" induction upon infection witha recombinant IAV strain lacking
GKS b{wm LNRGISAY AY . Y:-RBooe mariow ¢efs1\bry éxBaytéd frényRIGv L D
WT, PM and KO mice. The cells were differentiated intoiMvitro and then infected with different

MOI of a recombinant IAV/PR/8 strain lacking the NS1 protein (9; 3; 0.6 MOI) or mock (O ctrl.). An
ELISA detecting mIFNin cell culture supernatantvas performed.The results of at least five
independent experiments ardepicted as box plots (whiskers indicate lowest and highest value, box
borders indicate 25th and 75th percentile, mid indicates the rapjl A2-Way ANOVA was used to
indicate significant effects of the factorMOIl IAVNENSI and "RIGI genotypé, as wellas their
interaction, on the variableémIFNh abundancé. The results of the ANOVAs are depicted in the
table.
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4.2.2.3. Sendai virus infectioamediated induction of mIFNy AT A
mIL-6 is significantly dependent on RKs  E | "I A- B

To investigateif mIFN" |y F5 prydudtion in response to Sendai virus infection differs between
the mouse lines, bone marrow cells were extracted from-RV&, PM and KO mice. The cells were
differentiated into My in vitro and then infected with different MOI of a Sendai virus strain. An ELISA

detecting mIFN' (A) or mIt6 (B)in the cell culturesupernatant was performed( ¢.3.5ff.).

The results of at least three independent experiments detecting MIFN2 N8 aveld¢picted as box

plots compareFigurel14). A2-Way ANOVA was used to indicate significant effects of the factor
"MOI Sendai infectichand "RIGI genotypé', as well as their interaction, on the variablelFNh
abundance'or "mIL-6 abundance’ The outcome of both the investigatiomsassimilar, lut in case of

mIFNh = G KS | b hsudgest that the &ndustian of the cytokiveasnot only dependent on

RIGI, unlike mIt6. Additionally, theesultsof the mIFN" |y lwhs&edysignilar to the one of the

L+ nb{m AyYyTSand heofdtcob& dfIBNRIE VEy similar to the one of the specific

RIGI ligands. In detail, the ANOVA analymdicate a significant effect of the facttMOI Sendai virus
infection" on the variable'mIFNh | 6 dzy',RlalyofHe comparisos betweenthe data groups (p

Fd fSIHaG nonndr0E aK2gAy3ad (GKFIG GKS SELINB&aAaA2Y 217
to infection. For mi6, the variable is only affected significarslyjows a tendency to significant
valueshy the factor"MOI Sendai virs infectiort in the comparisons including WT celts=0.0400/p
=0.0504 very close to a significant differerjcd-or the facto!RIGI genotypé, the data indicate a
signifi@ant effect on the variablemIFNh abundance"or "mIL-6 abundancg in the commrisons
including RIG WT cells (p < 0.0001 for m#N | y R LI F G f SR showmgtratn nv F 21
cytokine induction is significantiyeduced in RI& PM and KO cellsompared to WT cells. This is
further supported by the indication of a significantéraction between the factors for mIFN 6 LJ | {
least 0.0110) and a similar tendency for fBl(p at least 0.0726), in the comparisons including-IRIG

WT cells. The factdiRIGI genotype had no significant effect in the comparison between RIBM

and KOcells for both cytokines, showing again that RIBM is sufficient to repress the complete
potential of the protein to enhance mIFN | Y R | R R A6iprbdRigtidn (cdmpareFigufelsd A

and B)
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Sendai virus infection (MOI)
2-Way ANOVA | RIG-I WT vs. PM RIG-I WT vs. KO RIG-I PM vs. KO
source of p value pvalue summary pvalue pvaluesummary p p value summary
variation value
interaction 0.0110 * 0.0104 * 0.8417 ns
MOI Sendai 0.0087 @ ** 0.0092 ** 0.0077 **
RIG-I genotype  <0.0001 = **** <0.0001  ***=* 0.1485 ns
B
= 1.07
£ = RIG-IWT
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= B RIG-| PM
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o Bl RIG-| KO
8 0.5-
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S
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©
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< 0.0 “ “ “_;.+i_
9 3 0.6 0 ctrl.
Sendai virus infection (MOI)
2-Way ANOVA | RIG-I WT vs. PM RIG-I WT vs. KO RIG-I PM vs. KO
source of p p value summary p p value summary p p value summary
variation value value value
interaction 0.0726 ns 0.0595 ns 0.9660 ns
MOI Sendai 0.0400 * 0.0504 ns 0.8535 ns
RIG-1 genotype  0.0001  *** 0.0002 @ *** 0.5991 ns

Figure14: Sendai virus infection triggers the induction of mIPN | YRt YALY[ . YRauv I @ KA O
dependent on RIG. Bone marrow cells were extracted from RI&/T, PM and KO mice. The cells

were differentiated into Ms in vitro and then infected with different MOI ad recombinant Sendai

virus strain (9; 3; 0.6 MOI), or mock (0 ctrl.). An ELISA detectingmIFN ! 0 -6 @)\ cafl tulture
supernatantwas performed.The results of three independent experiments are depicted as box plots
(whiskers indicate lowest anbighest value, box borders indicate 25th and 75th percentile, mid
indicates the median). A-@ay ANOVA was used to indicate significant effects of the fati@l

Sendai virusand"RIGI genotypé, as well as their interaction, on the variableslFNh abundance”

(A) or"'mlL-6 abundanceé (B). The results of the ANOVAs are depicted in the respective tables.
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4.2.2.4. TLR signalingdoes not differ between RKEWT, PM and KO
mice

For the investigatiorof altered TLR signalingone marrow cells were extractefiom RIGI WT, PM
and KO miceThe cells were differentiateidito My in vitro and then treated witheither the agonists
CpG 221§TLRY)LPSTLR4)Pam3@s(TLR1 and r mock An ELISA detectinglifNh and/or mIL-6

in cell culture supernatant from treated cellsas performed ¢. ¢.3.51f.).

For the analysis ofTLR9 signaling, the resultd at least six indgendent experinents detecting
mIFN" (compareFigurel5 A) or sevenindependent experiments detecting Iln6 (compareFigure
15 B), usingthe ligand CpG 2216Gre depicted as box plots. AVay ANOVA was used to show
significant effects of the factor§CpG 2216treatment” and "RIGI genotypé, as well as their

interaction, on thevariables'mIFNh abundance'or "mlL-6 abundancé.

The datademonstratethat the factor "CpG 2216 treatmefitsignificantlyincreasedthe variables
"mIFN abundance'(p at least 0.0270and"mIL-6 abundancé (p at least 0.0005n allcomparisons
between theBmdMs @ ¢ K A & wasyioRgigaifican®yydependent othe factor "RIGI genotypé
and no significant interaction Iween the factors was indicated, in all comparisons between the
data groups Nevertheless, there seeed to be a slightlyhigher induction of IFN | yfLFS in RIG

PM mouse derived cellsompareFigurel5).
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CpG 2216 concentration (UM)
2-Way ANOVA RIG-I WT vs. PM RIG-1 WT vs. KO RIG-1 PM vs. KO
source of p p value summary p p value summary p p value summary
variation value value value
interaction 0.2965 ns 0.9178 ns 0.3911 ns
CpG 2216 0.0114 * 0.0270 * 0.0207 *
RIG-I genotype 0.4585 ns 0.7281 ns 0.6685 ns
B
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> - RIG-I WT
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S
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CpG 2216 concentration (UM)
2-Way ANOVA RIG-1 WT vs. PM RIG-1 WT vs. KO RIG-1 PM vs. KO
source of pvalue pvalue summary pvalue pvalue summary p p value summary
variation value
interaction 0.4561 ns 0.8092 ns 0.4215 ns
CpG 2216 <0.0001  *x=*x <0.0001  *x=*x 0.0005  ***
RIG-I genotype 0.4417 ns 0.8943 ns 0.5581 ns

Figurel5Y

and is not effected by expression of RIGzariants. Bone marrow cells were extracted from RIG

¢C[ wo

FOGADL GA2Y

0é

/ LID

HHMC Ay Y. RYIBValsy

WT, PM and KO mice. The cells were differentiaéol My in vitro and then treated withl uM CpG
2216 orleft untreated (0 ctrl.). An ELISA detectindfi¥h (A) or miLl-6 (B)in cell culture supernatant
was performed.The results of at least six (A) or se@)independent experimentare depicted as

box plots (whiskers indicate lowest and highest value, box borders indicate 25th and 75thtppercen
mid indicates the median)A 2-Way ANOVA was used todicate significant effects of the factors

"CpG 2218reatment" and "RIGI genotypé, as well as their interaction, on the variablelFNh
abundance'(A) or"'miL-6 abundancé (B). The results of the ANO¥Are depicted in theespective

tables.

AATYA
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The resultsof at least seven independent experiments usihg ligand LPS to show TERédiated
mIL-6 expressionor Pam3Cys to show TLR1/TuR&idated mIk6 expressiorare depicted as box
plots (compare-igurel6). A 2Way ANOVA was used to show significant effects of the fatld?$
treatment” or "Pam3Cys treatmentand "RIGI genotypé, as well as their interaction, on the

variable"mlL-6 abundancé.

Concerning LPShe data show thatthe variable"miIL-6 abundancé was significantlyincreased by
the factor"LPS treatmeritin all comparisongp < 0.0001)Further, herewasno significant effect of
the factor "RIGI genotypée' on the variable and nosignificant interactionbetween the factors

detectablein all comparisons between the data groups (congfaigurel6 A).

ConcerningPam3Cys, the redsl show that the variable "mi& abundance" was significantly

enhanced by the factor "Pam3Cys treatment" (p < 0.0001), but there was no significant effect of the

factor "RIGI genotype" and no significant interaction between the factors detectable, for all
comparisons between the data groups. Comparable to the CpG 2216 treatment, there was a
tendency to slightly higher mi& abundance inthe RIG t a Y2dzaS RSNAOSR . YRa
Figurel6 B).
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LPS concentration (ug/ml)
2-Way ANOVA | RIG-I WT vs. PM RIG-1 WT vs. KO RIG-I PM vs. KO
source of p value pvalue summary pvalue pvaluesummary pvalue pvaluesummary
variation
interaction 0.7874 ns 0.8530 ns 0.9573 ns
LPS <0.0001 =+ <0.0001  **** <0.0001  x*
RIG-I genotype 0.7856 ns 0.8343 ns 0.9751 ns
B =20
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©
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Pam3Cys concentration (ug/ml)
2-Way ANOVA | RIG-I WT vs. PM RIG-I WT vs. KO RIG-I PM vs. KO
source of p value pvalue summary pvalue pvaluesummary pvalue p value summary
variation
interaction 0.6487 ns 0.3608 ns 0.1263 Ns
Pam3Cys <0.0001 <0.0001  x* <0.0001  x*
RIG-I genotype 0.6457 ns 0.3845 ns 0.1377 Ns

Figure16: TLR4 activation by LR8 TLR1/2 activation by Pam3Cgshances mi6 production in

. YRauv I gKAOK A 3dalagklofiRIGh flrEt®r@litlySBone anarrow cells were extracted
from RIGI WT, PM and KO mice. The cells were differentiaténl My in vitroand thentreated with

either 2 pg/ml LPS(A), 5 pg/ml Pam3Cys (B) or were left untreated (respecfivetrl.). An ELISA
detectingmlL-6 in cell culture supernatanivas performed.The results of at least sevémdependent
experiments are depicted as box plots (whiskers indicate lowest and highest value, box borders
indicate 25th and 75th percdite, mid indicates the median). 2ZWay ANOVA was used to indicate
significant effects of the factord_PSreatment" or "Pam3Cys treatmentand "RIGI genotypé, as

well as their interaction, on the variablenlL-6 abundancé. The results of the ANOVAs are depicted

in therespectivetable.
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4.2.2.5. cGASSTING signalingis not different in RIGI WT, PM and
KO mice

To investigatedifferences in cGASTINGsignaling in the mouse lines,obe marrow cells were
extractedfrom RIGI WT, PM and KO mic&he cells were differentiatethto Mu in vitro and then
transfected with different concentrations ofplasmidDNA (pcDNA3.1 empty vectoj or left
untreated An ELISA detectinglRN" in the cell culture supernatantvas performed ¢. c.3.5 ff.).
The results of eleastfive independent experimentsvere depicted as box plot&compareFigurel?).
A 2Way ANOVA was used to show significant effects ofdhtors"DNA concentratiohand "RIGI

genotype', as well as their interactigron thevariable"mIFN" abundancé.

The results show thaactivation of cGAS/STIN@pon DNA treatment ledo mIFNh LINE RdzOG A 2y

whichAd &AYAEI NI Ay Fff . YRauv® th&fictor "DNA cohgériratidh G SR

hada significant effecon the variablan all comparisons between the groups (p at least 0.0012) and
that the factor"RIGI genotypé had no signifcant effecton the variable as well as there waso
significant interaction baeteen the factors, in all the comparisons between the groupsspite of a
slightly higher mIFN I 6 dzy’ R yI ®8 mdusé desived cellsp significantalterations in the
CGAS/STING systetmased on side effects of th€€RISPR/Cas8pplication or compensé#ory

upregulations in response ®RIGI function losswere detectable (comparé&igurel?).

0 ¢



98 Results

= 100+

E RIG-I WT

)

S 80+ =3 RIG-IPM

Q L

c -

S 604 3 RIG-I KO

©

c

3 404

©

; 20 I

T 1 B0

g O T T T il

5 1 0.2 0 ctrl.
pcDNA3.1 DNA concentration (ng/ul)

2-Way ANOVA  RIG-I WT vs. PM RIG-I WT vs. KO RIG-I PM vs. KO
source of p p value summary  pvalue pvalue summary p p value summary
variation value value
interaction 0.9944 ns >0.9999 ns 0.9948 ns
DNA 0.0001 = **=* 0.0012 ** 0.0009  ***
RIG-I genotype | 0.7277 ns 0.9407 ns 0.8172 ns

Figurel7: Alternative RIG variant expression does not affect mIFN A Y R dzO (i Aagtiyated & 5 b !
OD! { k{ ¢LbD &aA 3yBoheAmaFow kejfs wery exaastdd from RIG/T, PM and KO

mice. The cells were differentiateihto Mu in vitro and then transfected with different
concentations of plasmid DNA (pcDNA35t:1; 0.2 ng/pl)or the transfection reagent onlg0 ctrl.).

An ELISA detectinglFNN in cell culture supernatanivas performed.The results of at least five
independent experiments are depicted as box plots (whiskers indicate lowest and highest value, box
borders indica¢ 25th and 75th percdile, mid indicates the median). 2Way ANOVA was used to
indicate significant effects of the factot®NA concentratiohand "RIGI genotypé, as well as their
interaction, on the variableémIFNh abundancé. The results of theANOVAs are depicted in the

table.
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4.2.3.Summary: Innate immune signaling in the established RIG
variant mouse lines

To sum up the investigation of innate immune signaling in Bmdidrived from RIG WT, M and
KO mice,all observed RIBmediated effectsare depicted in one table (comparBable 35). The
experiments showthat WT RIGI-mediated mIFN" and mIL-6 releasein response to IAYINS1 and
Sendaivirus infections, as well as treatment with specific RIgands, is abolished in thRIGI
K271A point mutation and the RIGKOmouse derived B\dMu . Since TLR1; 2;ahd 9 signaling, as
well as STING signalirdp not significantly differ betweethe RGI WT, PM and KO BmdME (i K S NB
seemto be no offtarget effects by the CRISPR/Can@diated genetic engineeringor significant
changes in PRR expression as compensation fointpok defective RIG expressionRemarkably,
there might be some slight dédrences in PRR expression in the-RRB1 mouse derived cells, which
show slightly but insignificantlyhigher MFNh or mll-6 releaseafter stimulation with CpG 2216
Pam3Cys gplasmidDNA in comparison to RKEGWT and KO cells. Neverthele® findings validate
the established mouse lines as usafubdel for the invstigation of RIG-mediated effects in innate

immunity.
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Table 35: A summary of the results derived from the ELISA analySdse significant differences
betweenthe compared. Y R aio regard tothe effect of the factor RIGgenotypeon the respective
cytokine abundance is summarizebh all cases despite of IAV/PR/8 (in brackets), a significant
induction of the respective cytokine hdmken achieved with the used stimulus.

RIGI genotype

Treatment Cytokine WTvs.PM  WTvs. KO PMyvs. KO
5'ppp-dsRNA IFNhD * * ns
3p-hpRNA IFNh il il ns
(IAV/PR/8) IFNhD ns ns *
L! £kt wkIFNh ok ok ns
Sendaivirus [FNh Ak Hhxk ns
Sendaivirus IL-6 b K ns
CpG 2216 IFNhD ns ns ns
CpG 2216 IL-6 ns ns ns
Pam3Cys IL-6 ns ns ns
LPS IL-6 ns ns ns
PlasmidDNA [FNh ns ns ns

4.2.4.Validation of murine embryonal fibroblast cell lines

To performin vitro infection experiments with recombinant 1AV strains, MEF cell lines were
established from the generated RIGNT, PM and KO mouse lings c¢.3.11). Genomic DNA was
extracted from the cells to validate their RIGenotype with Sangesequencing (c. &.2). With the

aim tovalidate ther correct RIGI phenotype the expressiorof the protein was induced withFNh
(compareTabled). Afterwards,the RIGI andi -actin expressiorin the celllysateswere analyzed with
WB (c. ¢.3.8f.). Since the analysis was a validation of previous findisgsy primary bone marrow

cells from the mouse lingthe experiments were performed only onae €.4.2.7).

The results of the RH5genotyping with Sangesequencing showed thexpectedgenotypes for the
RIGI WT, PM and KO MEF lines (data not shosimilar as depicted irchapter 4.1). The WB
detecting mRIG shows that R>| protein expression wadetectable in the RIEWT and PM MEF
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lines, but not in the RIBKOMEF lin& ¢ K-actin Svasidetectable in comparable amounts in all
three MEF linegcompare Figure 18). These results weresimilar to the results of the protein
detection in primarybone marrowcells derived from the mouse lines. (c.4.2.1) and validate that
the different MEHRines expressd the expectedRIGI variants and coulde used for downstream

experiments.

kDa WT PM KO RIG-| variant
170 g
130

_— e mRIG-|
100 [——
55 -acti
o ’ M  D-actin

Figure 18 MEF cellsderived from the established RKE mouse lines express the correct RIG
variants. MEF cells derived from the established RMBT, PM and KO mouse linesre treated with
IFN to induce RIG. The cells were lyzed and WB was performed with a mR&@eting antibody
(Enzo AL-804-960-n1 m n n U -adil\tardeting antibody (Sigmaldrich A2228).

4.3. Generation and characterizabn of recombinant
IAV/PR/8 PB2627K andlAV/PR/8 PB2-627E strains

4.3.1.The generation of a plasmid encoding forhé PB2627E variant
with primer-mediated mutagenesis

A pHW2000 pismid encoding for the IAV PB2 RNA gene was gafigtengineered with primer

mediated mutagenesis to substitute the nt 1879 AtwiG, which changes the aa 627 from a
mammalian adaptatiorfK)to an avian adaptatiofE) E. coli5 | ph  Of 2y Sa LR UGSYGALl f £ &
engineered plasmids were picked from LB agar plates and propagated in LB liquid medium o. n
Afterwards, the plasmid DAN'was purified with a plasmid purification kit (Thermo), the engineered

DNApart was amplified with a PCR and purified with a PCR purification kit3cl2:1). In the end,

the DNA sequence was analyzed by Sasgguencing (c. @.3). The orrect plasmid sequence was

confirmed in different clones, one example f@& sequencing result of the P®B27 codon

complementary strand is depicted Figurel9. The clear peaks ifzhte a homogeneous genotype.
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Figure19: The Sangesequencing of the 1AV PB2 plasmid coding for the 627E versitwe. original
plasmid coding for the IAV PB2 gene carried the 627K genotype. The first nt of this codon was
changed from A to G using a primmediated mutagenesis technique to derive the FEZE
version.E. coli5 | ph  gSNBE (NI yaF2NY SR and khé fropapatedl vectbr iwasNS R
purified. The DNA sequence of the vector was Sasgquenced to validate the genotype. The
output of the sequencing chromatogram for the three nt of the FRZ codon is depicted with two
additional codons upstream (theequence of the complementary strand is depicted).

4.3.2.A recombinant IAV/PR/8 PB2627E strain does not replicate in
mammalian cell lineswithout adaptive mutations, in comparison to
an AV PB2627K variant

With the aim to geneate a recombinant IAV/PR/8 PB27K and-627E strain for mouse infection
experiments which share comparable stock qualities, different mammalian cell lines were
investigated as virus host¥irus assemlyl was achieved in HEK293 celils passage 1HEK293ell
culture supernatantgontaining the desired virugrere used to infect MDCKIuh7.5 RIG@ KO, CaCo2
or MEF RIGKOcells(c. ¢.3.12.2ff.). After one infection cycle hie resulting cell culture supernatants
were analyzedor infectiousvirus particles witha MDCKcell line basedsingle cell infection assay
(SCIAJc. ¢.3.13.2 and virus RNA was Sangmguencedafter reversetranscription into cDNAc. c.
3.3. Remarkably, nolAV PB&27E strain without mutations was generated on the different
mammalian cell lines, indicating that this virus variant is insufficient to replicaiger these
conditions All results are summarized ifable 36 and examples for codonindicating mutations

found by Sangesequencingre depicted irFigure20.

To overcomethe insufficient replication of théAV PBH27E virus in mammalian cells,-DEhicken
cells were used as virus hostelication of both virus straingas achievedn this cell line with no
adaptive mutations in the PB2 RNA gene of both straifisis shows tat the IAV PB&HB27E strain
couldbe rescued completely in BFchicken cells, while thi\V PB627K strairreplicates similar in

DF1 and mammalian cell lines.

LJt
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AMDCK cell®B2 627

B A G C A 0A A o T B A G L= A A A G T

Sequencing 1 Sequencing 2

B CaCo2 cellPB2 591

A A A T A C A G T A A A T oA o oA G T

Sequencing 1 Sequencing 2

Figure 20: The recombinant IAV PB@27E strain does not propagate in mammalian cell lines
without adaptive mutations. HEK293 cells were transfected with the eight plasmidodimg for the
different IAV RNAyenes to assemble the virus. The resulting cell cultupesatants were used to
infect MDCK or CaCo2 cells. The sequence of the PB2 gene wassegugeiced in the resulting cell
culture supernatants to validate the genotype. The output of the sequencing chromatogram for the
three nt of the PB627 codon andwo codons downstream in the strain from the MDCK cells (A) or
of the PB2591 codon and two additional codons downstream in the strain from the CaCo2 cells (B)
are depicted. Both mutationsesult in an alteration of the amino acid
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Table 36: A recombinant IAV/PR/8 PB@27E strain does not replicate in mammalian cell lines
without adaptive mutations, in contrast to an IAV PB&27K variant.

Cell line Replication of IAV PBB27K Replication of IAV PBB27E

MDCK yes Only with PB2 E62#kack mutation

Huh7.5 RIG KO yes Only with PB2 E627K back mutation
CaCo2 yes Only with PB2 E627K or PB2 Q591K mutati
MEF RIG KO yes Only with a high infection titer (0.5 MC

compared to 0.001 MOI)

DF1 (chicken) yes yes

4.3.3.Characterization ofrecombinant virus strainsgenerated in DF1
cells

After generation otthe second passage oécombnant IAV PB627K and627E virusin DF1 cells,
recombinant virusstocks were generatect(c.3.12.2f.). To secure a similar qualityhe stocls were

compared for different features.

4.3.3.1. The virus titration with SCIA indicates a comparable
infection potential for the IAV PB2627K and IAV PB2627E
virus stocks

At first, the infectious vius particles were quantifiesvith a MDCK base8CIANn the recombinant
virus stocks derived from BFcells Two aliquotsof each stockwvere analyzed per assay atittee

assays were performedhencesix stocks per virus straimere analyzedn total (n=6).The amount of
stained cells was counted in two Wseof each technical replicate atigde values were multiplied with
the respective dilution facrs to receive FFU/m(c. ¢.3.13.2. The mean counbf the technical
replicates wascalculated. The meanf the six biological replicatewas calculated for each dhe

invedigated stocksand depicted as box ot (compareFigure21). An unpairedt-test was used to
indicate significant differences between the virus titers of both recombinant \atoisks. The result

indicates no significant difference between the infectious titer of both stocksQ(97).
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Figure21: The infectious titer of both recombinantAV PB2627K and-627Evirus strains generated

in DF1 chicken cells is similalRecombinant virus stocks generated in-DIhicken cells were
analyzed dr infectious particles with a MDObasedsingle cell infection assayhe mearcount of
stained cells of the technicaéplicates was multiplied by the respective dilution factor, the meains

the technical replicates werealculated. The means of six biological replicates are depicted as box
plots (whiskers indicate lowest and highest value, box borders indicate 25t atdpercentile, mid
indicates the median). An unpaireedst was used to indicata significant difference betweetine
mean FFU/mI of the two analyzed virus strains.

4.3.3.2. A hem-agglutination test indicates similar amounts ofHA
protein expressionin both virus stocks

To compare theamount of HA proteinexpressionin the recombinant virus stocksa hem-
agglutination test was grformed. Two biological replicates of the recombinant virus stocks were
analyzed as duplicates for their ability to agglutinateckenerythrocytes (compares.13.3. The
mean of the duplicateswvascalculated and listed iable37. There was no difference between the

technical replicates, so no standard deviation is indicated.

Table37: Results of the herragglutination test.

IAV PB2627K IAV PB2627E

Hem-agglutination 320 HAU/m 320 HAU/mI



106 Results

4.3.3.3. A plague assay indicates similar amounts of virus particles
able to replicatefor an IAV PB2627K and-627E strain but a
reduced spread ofAV PB2627E particles

A plague assayor the detection of replicating vi particlesin the recombinant virus straingas
kindly performed by the group of Prof. Drri€bertshduserat the Institute for Virology in Marburg.
Theyreported similar amounts of foci for botthe IAV PB#527K (1.1 x 16 PFU/m) and IAV PB2
627E(9.5x 1 PFU/m) strainson MDCK cellshut a diameter ofapprox.3 mm forthe IAV PBB27K

virusmediated focivs.a diameter of approxL mm for thelAV PBZH27Emediated foci

This findingindicates a similar amount ofnfectiousvirus particles with theability to replicatefor
both strains On the other hand, ishows that the IAV PB2627E virus particledid replicate less
efficient in MDCK cells thdAV PB&27K particlesThis finding is in line with the result thétte IAV
PB2627E strain wasnsufficient to replicatein mammalian cell linesc( c. 4.3.2. The titers of
replicating virus partiles (PFU/ml) werapprox.four-fold less than the tites of infecting particles
(FFU/mI).This suggestthat a portion ofthe virus particles wadefedive, but to a similar extend in
both stocks For the djustment of infection doses for thenouse infection studythe titers of
infectious particlefPFU/ml and not FFU/mlyere chosen for the reason of éetter comparability
betweendata and experiencdrom the literatureand other groupgReppe K. 2015; Dietert K. 2017;
Lu J. 2018)

4.3.3.4. The semiquantification of recombinant virus stock M
protein suggeststhat IAV PB2627E virus stockscarry more
virus particles thanlAV PB2-627K stocks

Foran additionalanalysisof defectivevirus particles, viral Mprotein expressiornwasanalyzedn the
IAVPB2627K and627E virus stock€One, two or foummillion FFU virus were lgsl and investigated
by WB(c. ¢.3.9, also comparéigure2?2).

For direct comparison, the WB signals were sqoantified. Therefore, the images of the blots were
analyzed for band size ensity with the software ImageJXhesizes of theAUCwere catulated for
the different virusamountsand are shown inrable38. The values of the samples containing four
million virus particles were excluded frofarther analysis because of signal saturatitmthe next
step, the ratio between thesize AUC of théAV PB&B27E and627K strairs was calculatedor the
amount virus particlesin the end, the mean of the ratider 1 x 16and 2 x 18virus particlesvere

calculated €. ¢.3.10and 3.13.5for the procedursand Table38 for the results.
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Taken together, these results suggest that tA& PBH27E stocks contain an appimately 3.5fold
higher amount of virus particles than tHaV PB&527K stocksThis finding was not expected in
regard tothe previous findings, but may be explained widplicationdisadvantages of thtAVPB2
627E strain in MDCK celighich masls the true amount of virus particles. Thissadvantageshould
not affect the outcome of thehemragglutination test, so it is surprising that no differences in the
titer were found in this assayc( c.4.3.3.9. An explanation for this difference mae the lower

precision of the heragglutination test whichmight failto detect a 3.5fold difference.

1 2 4 1 2 4 x 10° FFU
- -— e E M-Protein
IAV PB2-627K IAV PB2-627E

Figure22: ThelAV PB2627E virus strain carries more {drotein than the IAV PB2627K virus strain.
IAV Mprotein was detected withWB using an in house made antibodiy virus stock lysates
containing 1, 2 or 4 milliomfectiousvirus particleFFU).

Table38: Semiquantification of IAV Mprotein indicates an approximately 3-50ld higher amount

of viral partides in thelAV PB2627E stackscompared to thelAV PB2627K stocks.

Sock FFW 1¢° Size of thearea under
the curve(AUC)

IAV PB2627K 1 4,143,004

IAV PB2627K 2 23,612,602
IAV PB2627E 1 16,093,773
IAV PB2627E 2 75,242,208

IAV  PB&B27Ef 1AV PB&H27E} Mean ratiosize AUC

627K 1x 10 627K 2 10
IAV PB2627EL627K

3.88 3.19 3.54



108 Results

4.3.4.Competitive infection ofRIGI WT, PM and KOEF cellswith both
IAV PB2627K and-627E strainssuggess slight, but not significant
effects of differential R1G expression on virus replication

To compare the replication of both thiAV PB&27K and-627E strains, acompetitive infection
experiment was performedRIGI WT, PM and KO MEF cells were infeced total of 0.5 MOfor
four dayswith a variableratio of either both strainsor one strainonly (AV PB527K to-627Emix
ratios: 100%to 0 % 75%to 25% 50%to 50 % 25 %to 75 % 0 %to 100%). The cell culture
supernatants from infected dis were havested and the viraRNA was analyzed by Sanger
sequencingafter reversetranscription into cDNAto determine te PB2 nt 1879 percentage
distribution (c. ¢.3.13.9. Themeanof three independently performed experimenis depictedwith
the respective standard deviatices stackedar plot (compareFigure23 A and chapter3.19.3. The
depictednt is the firstof the IAV PB227 codon and can be useddifferentiate IAV PBH27K (nt A)
from -627E (nt G)To determine significant differences in the replication efficiency between both the
IAV PB627K and-627E strain in the respective subset of the data (compkigure 23 B, only
samples from cells infected with both virus strains were compgarétk variable 'PB2 nt 1879 G
abundancé wasanalyzed for effects by the factotmfection mix composition” andRIGI genotyp"
with a 2Way ANOVA.

For the experiments, the infection mix ratio was only adjusted by infectious patrticle titration and did
not depend on a previous infection mix ratio sequencing result. Hetheeresultssuggesta low
variation betweenthe IAV PB®527K and-627E virus stocks, indicated by the finding that the
calculated virus ratiosloselymirror the nt distribution raticsin the infection mixes (compareigure

23"Mix" samples).

Further, the results suggest thdie abundance oPB2nt 1879G is markedly reduced in all samples
compared to the infection mixedndicating again that the nt 1879 A/&&27K variantdid replicate
strongerin mammalian cell lines than thet 1879 G/aa 627E varianThe finding that theactor
"infection mix composition'significantly affead the variableshows that the replicatioradvantage
of thelAV PBb27K variant wagsot strong enough to comptely overgrow thd AV PBB27E variant
in MEF cells ifour dayswith 0.5 MOI infectious doséHdowever the replication advantage might be
higher than the results suggest, since tRB2627K polymerasenay also amplify thePB2627E
variant in the cellswith both virus types presentMost importantly,the factor "RIGI genotypé
showed a tendency to affect thevariable "PB2nt 1879 G abundancg& but wasnot reaching
significancein the comparison between RIGKO andooth WT andPM MEFgp = 0.0559 and p =
0.1064) This findingsuggeststhat RIGI might be a factor thaiediatespositive selection of théAV
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PB2627K genotype over thé627E genotypebut not the only oneThesuggestion is underlined by
the finding that the losof RIGI wasnot sufficient to abolish the replication advantage of th82
627K genotype over th&27E genotype. This is indicated by a difference between the nt distribution
in the infection mix and the RHEKO sarples, still in favor of the PB&27K gnotype. Hence, there
seens to be at least one more factor driving positive selection of BR2627K genotype, which
might be a replication advantage by the enhanced binding affinity oPB2627Kpolymeraseto the

viral panhandle structures itself.(c.1.2.6.2.
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Data sets compared with ANOVAs
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2-Way ANOVA RIG-I WT vs. PM RIG-1 WT vs. KO RIG-1 PM vs. KO

source of variation p value p value p value p value p value p value
summary summary summary

interaction 0.9602 ns 0.8959 ns 0.8272 ns

inf. mix composition 0.0010 * 0.0001 roxk 0.0007 *kk

RIG-1 genotype 0.9795 ns 0.0559 ns 0.1064 ns

Figure23: IAV PB2627K has a replication advantage compared [#®V PB2627E in RIG& WT and

PM MEFs, which is slightly lower in RIBKO MEFDifferentIAVPB2627K to-627E infection mixes
were prepared % of mixratios|IAV PB527K to-627E:100 to 0% 75 to 25% 50 to 50% 25 to 75%

and 0 to 1009. A part of the infection mixes was dirgctored for analysis by Sang@rquencing
(Mix). The remaining infection mixes were used to infect eitherIRMG, PM or KO MERgth 0.5
MOl in total. After four days, cell culture supernatants were harvested from infected cells and the
samples were prepared for RNA analysis by Sasgguencing. Té&t mean percentage PB2 ©879
distribution with the respective sindard deviations of three independently performed experiments
is depicted as stacked baplot (A) A 2Way ANOVA was used to indicate significant differences
between the indicated subsefalues of'PB2nt 1879G abundance" as variablén dependence athe
factors "infection mix composition" antRIGI genotypé (B).
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4.3.5.The recombinantlAV PB2627K andIAV PB2627E virus strains
seem to be genetically stabl@ regardto the PB2 RNA gene

Due tothe finding that thelAV PBZ27E strain only replicateid mammalian cellgfter acquiringan
adaptive mutation, which hgpenedfrequently (c. ¢.4.3.2), the genetic stability of the virus stocks
generated in DA cells was validated. Therefortne complete PB2 RNA gene sequence of Ithe
PB2627K and-627E stock from passage one and twon DF1 cells wasanalyzed by Sanger
sequencingd. ¢.3.13.1.3. Of note no mutationsin the complete PB2 gene both passages of the
strains wee found which wereabove backgroundlevels(the complete sequencing is not shown,
compareFigure24 A for passages 1 and 2 of the IRB2 62K strain and-igure24 B for passages 1
and 2 of the IAV PB2 627E stjaiBtatic background signals are commonly found for most nt’s in
Sangersequerting and result from inaccuracy of the method. The results are supported by further
sequencing of the viral PB2 RNA gene sequence flanking the codon 627 several times before and
after an additional infection cycle using different cell lines in competitifection assays (as shown
for the PB2 ntl879 percentage distribution iMEF cells, compargigure23 A 100 to 0% and 0 to
100%samplesin the prevous chapter similar for A549 cell lines, data not showim.these results,

no markedchangeof the ratio betweenthe nt G and A was found, compared to the infection mix, if
the cells were only infected with one of the virus strains. Additionally, thendbnce of the nt A was
not higher than the average background noise in Sasgguencing, for thdAV PB&27E strain.
Since a fast overgrowth of theB2627E genotype byPB2627Kwas foundin early attempts to
generate an IAV PBR7E stockn mammalian cell lines, it @ssumedthat a small amount oPB2
627K genotypavould overgrowthe PB2627E genotype very fast. Based on thésumptionand the
finding that no overgrowth othe PB2627Estrain by PB2627K(or vice versa) occurreduringthree
tracked passages, both the recombinant virus strains were validias genetically stable faheir

respectivePB2 RNAequence
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A 1AV PBB27K
P1 P2 (stock)
A A G C A A A G T A 00A G i A A A [} T
B IAV PBB27E
P1 P2 (stock)
G A G C A A A G T G A G C A A A G T

Figure24: The validation of the genetic stability of the 1AV PB27 codon in the mammalianand

the avianadapted strain by Sangesequencing HEK293 cells were transfected with the respective
eight plasmids erading for the different AV RNAgenes to assemble either the IAV PBZK or-

627E strain. The resulting cell culture supernatants were used to infedt d@Hs. The sequence of
the PB2 gene was Sangsrquenced in the resulting cell culture supernatants to validate the
genotypeafter the first passage. The output of the sequencing chromatogram for the three nt of the
PB2627 codon and two additional codons downstream are depicted for the mammatiapted
strain (A P1) and the avialadapted strain (BP1). The same cell cultuseipernatants were used to
infect DF1 cells for a second passage of the virus, to propagate the virus. The procedure of
sequencing in the resulting cell culture supernatants was performed similarly. The output of the
sequencing chromatogram for the threet of the PB2627 codon and two additional codons
downstream are depicted for the mammali@uapted strain (AP2) and the aviaadapted strain (B

P2).
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4.3.6.Summary: Generation and characterization of recombinant 1AV
strains

A reconbinant 1AV PBB27K and627E strain were generated successfully inlDéhicken cells. Of
those, the latterdid replicateweakerin mammalian cells than the first, indicated by failure of stock
generation in mammalian cell lines, the results of a plaque assay and a competitivilomizssay.
Nevertheless, lie analysis bthe virus titers by SCIA, heagglutinaton test and plaque assay
showedthat both strains have a similar virus titer. The analysis of virardlein expresion by WB
semiquantification suggest that the IAV PB&B27E strain hadapprox. 3.5 fold more defective
particles than thelAV PB#&27K strain.Validation of the genetic stability of the PB2 Ridfea
carrying thecodon 627 in threesubsequentvirus passages suggests that both virus strains are
genetically stald andfree of mutations. Hencejespite the expected differences in the potential to
replicate in mammalian cell, is concluded that botHAV strains are comparabbnd suitable for

mouse infection studies

4.4, Mouse infectionstudy

4.4.1.Comparison of primary influenza infection parameters in
dependence of the RIGgenotype

To investigate the importance of the different antiviral functions of -RiG the context of a
organism, a mouse infection study with the established mouse linesenmmbinant 1A\strains was
performed. The RIEWT, PM and K@nice wee infected with either IAV PB27K,-627E orwere
treated with PBS only and monitored fdr 7, 10 or 14 days. At the last day of the infection course,
FITGlbumin was injected into a tail vein antle mice were sacrificeddne h thereafter Whde

blood, BALF, the lungsdthe spleen were harvested and stored until further preparationc.3.14

£).

In mice,the sex can affect the susceptibility for and outcome of 1AV infest(@elestino I. 2018;
Vermillion M. S. 2018; 8&kunnahar B. 2022)Initially, it wasconsideed to differentiate between
femde and male individuals for data analysis. After the generation of all data, it was found that most
of the experimental readouts included higher individual variation than assutheithg the planning

phase Hence, femalend male groups were pooled to enhe@ the robustness of thanalyses
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4.4.1.1. More 1AV PB2627E virus than IAV PB2627K virus is
required to achieve comparable infectioparametersin mouse
lung infection experiments

In a first setting, 2.5 x £®FU in 35 pl DPBS of one or the other virusrstrais applied intranasal to
achieve a moderate lung infection. During these infections, it was found that the dose is too high for
the IAV PB&27K virus, indicated napid weight lossAdditionally, the dose was too low for th&aVv
PB2627E virus, indidgad by no marked weight loss during the course of infection and no detectable
virus titers in the BALF (data not shown). Henbe, doses were adjusted to 1 x2PFUfor the IAV
PB2627K strain and to 8.810° PFUfor the IAV PB®527E strain which resulted in comparable
infections. This is a factor difference of 8.3 x*1But in regard tahe weakreplication of thel AVPB2

627E strain in all used mammalian cell linegas not surprising

4.4.1.2. Weight loss during IAV PB2627K and IAV PB2627E
infectionsin mice

Totrack the course of IAV lung infection, the weight of mice infected with eith®iPB2627K,-627E

or treated with PBSvas measured at least once daigtarting at the day of infection and ending at
the day ofsacrifice All weight datapoints for the indicated day p.i. of mice included in the study
were used to calculate thmean forthe respective time point (d@: n=16; d57: n=12; d810: n=

8; d1X14: n=4) to enhance the robustness of the datehe mean of the percentage remaig
weight was depicted in a superimposed symbol plot with connecting lines, with the respective
standard deviation(c. c.3.19.4. The data from BStreated, IAV PB5H27K infected and -627E
infected mice were depicted in separate grapfompareFigure25 A-C).A 2Way ANOVA was used

to determine significant effects of the factorslays p.i: and "RIGI genotypé on the variable

"remainingbody weight.

Taken together, the data indicates aathcteristic and significant weight loss of all mouse lines
infected with either the 1AV PB@27K or-627E strain, which reaches its maximum at day 7 p.i. in the
IAVPB2627Kinfectionsandday 8 p.i. in thdAV PBH27E infectionsThis is indicated bysagnificant
effect of the factor"days p.i on the variable in all comparisons between the groups (p < 0.0001).
The weight drop indicates an ongoing infection, of which mice start to recover from ratiehing

the maximum. The weight loss not observedn the PB3reated groups as expected. The indication

of significant effects in this data set suggested by the AN@W&ysesare probably due to
differencesin the weight variation of the WT mice in comparison to the nearly constant weight
measurementof the PM and KO mice. This may result from some individual feeding behavior of the

WT mice and cannot be explained by unwanted infections, indicated by the lack of detectable virus
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particles in BALF and lung tissue of this graupg4.4.1.4and4.4.1.5. Concernindhe factor"RIGI
genotypé, the ANOVA analysésdicate no significant effect on theasiable in thelAV PB®527K
context. In contrasta significant effect in the comparison between RI®/T and KO mice (p =
0.0061) and a similar tendency in the comparison betwedaIRVT and PMnice (p = 0.0572) was
found in the IAV PB&B27E context. Remarkably, also the average highesght loss in RKBWT
mice wasat day 8 p.i.,in contrast today 7p.i. for RIGI PM and KO micenithe IAV PB®527K
infections For both virus infectionsno significant interaction between the factors was detectable,
indicating that theeffect by theRIGI variant expressiois not very strongAs final remark, the data
presentation with decreasing numbers of micedirection of thelate time pointsseems nooptimal,
but was chosen to account to all data and to minimize the impact of individual variation atiesely

points.
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C IAV PB®27E infection
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2-Way ANOVA  RIG-I WT vs. PM RIG-I WT vs. KO RIG-1 PM vs. KO
source of p value significance p value significance p value significance
variation
interaction 0.7986 ns 0.6612 ns 0.9756 ns
days p.i. <0.0001  **** <0.0001  **** <0.0001  *¥*
genotype 0.0572 ns 0.0061 ok 0.3313 ns

Figure25: The infection of RI& WT, PM and K@nice with a recombinant IAV PB&@27K or-627E
strain causes a significant weight loss, slightly dependent on the-R¢@notype in thelAV PB2
627Einfections. RIGI WT, PM and KO mice weRBSreated (A) orinfected intranasalwith a
recombinantlAV PB&627K(B)or -627E (C)strain and monitoredfor a maximum of 14 days pAll
weight data points for the indicated day p.i. of mice included in the study were used to calculate the
meanpercentage remainingpody weight at the respective time poind@4: n=16; d57: n=12; d&

10: n=8; d1X14: n=4). The data was depicted as superimposed symbol plots with the respective
standard deviationA 2Way ANOVA was used to indicate significant effects of the fattlangs p.i"
and"RIGI genotypé on the variablé'remainingbody weight, as well as theiinteraction.

4.4.1.3. The body temperature of micdrops after infectionwith 1AV
PB2-627K andlAV PB2627E

As a second variable track the course of IAV lung infection, thedy temperatureof mice infected
with either recombinant IA\WPB2627K ,-627E ortreated with PBSonly was measuredectal at least
once daily.The resulting data showed higimaccuracy of the measurement, making statistical

analysis unreliable. The results are depictethemSupplementary Figurg.
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4.4.1.4. Infectious vrus particles are detectable inthe BALF of IAV
PB2-627K- and IAV PB2627E-infected mice

To compare the virus titers in the lungs of mice infected W PBZ27K,-627E ortreated with

PBS onlythe infectious particles were determined with a SCIA in BALF harvested at the enalfpoint
the time course(c. €.3.13.2. Infectious virus particles were only detectable at day 4 and day 7 p.i.,
but not anymoreat day10 and 14 p.iFurther, no virus particles were detectabtePBS&reated mice
(data not shown) The meanSCIA virus titeof four mice per infection group re depicted as
histograms for the infections witHAV PB527K and627E separatelycompareFigure26 A and B. A
2-Way ANOVA was used to indicaignificant effects of the factorsays p.i: and "RIGI genotypé

on the variablé'virus titer".

Since there is a broad variation in the BAlrBsvtiter data, indicated by high error baasnd a failed
confirmation of a normal distribution in the RIGNT data the limited data set with four mice per
infection group seems not to be sufficient to draw reliable conclusions based on the BALRefirus ti
data. However, he results show that th detectable virus titer reachebighest values in the early
stages of the infections at day 4 p.i., well detectaibl¢he BALF afiAV PB&H27kKinfected mice This

is also indicated by a significant effect of tfaetor "days p.i: on the variable, in all comparisons
between the groups, in théAV PBH27K and-627E infectios The BALF virus titers are more than
four-fold higher in thelAV PB&b27Kinfectionsthan in thelAV PB&27Einfections but since an
unequal infection dose was requirdd x 16 PFUIAV PB®527K and 8.3 x f(PFUIAV PB&B27E) a
direct comparison iglifficult. Nevertheless, a lower detectable virus tit#r|AV PB527Ecompared

to -627K is remarkable, in contrast tomuch higher infetion titer of IAV PB527E, compared to
-627K In regard tothe effect of thefactor "RIGI genotypé on the variable, the interpretation is
more difficult. In case of théAV PBb27Kinfections, the ANOVA analysewlicate no significant
effect of the fctor "RIGI genotypé on the variable, and no significant interaction between the
factors was detectable, in all comparisons between the data groups. This ssiggesffect of RIG
variant expression on the BALF virus titer.contrast, or the IAV PB&627Einfections, the ANOVA
analysesndicate tendencies to significant effects of the fact®IGI genotypé on the variableand
tendencies to significant interactions between the factors, in all comparisons between the data
groups (comparé&igure26). These indications seem to come from a very high BALF virus titer-In RIG
WT mice at day 4 p.i. and lower BALF virus titers inl F mice and were not expected. If a
reasonable explanain for this pattern can be foundit needs to be validted with further

experiments.
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2-Way ANOVA | RIG-I WT vs. PM RIG-I WT vs. KO RIG-I PM vs. KO
source of p value  significance p value  significance p value  significance
variation
interaction 0,9494 ns 0,6142 ns 0,3031 ns
days p.i. 0,0023 ** 0,0033 ** 0,0019 **
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interaction 0.0724 ns 0.1737 ns 0.3997 ns
days p.i. 0.0232 = 0.0121 * 0.0108 *
genotype 0.0575 ns 0.1570 ns 0.1006 ns

Figure26: The BALF infectious virus titer shows high variation between mouse individuals upon
infection with recombinantlAV strains.RIGI WT, PM and KO mice werddaoted with recombinant

IAV PB&B27K (A) and627E (B) strains. At the indicated day p.i. potht, the mice were sacrificed

and BALF was harvested and analyzed for infectious virus particles with a SCIA. The means and
standard deviations of the SCIA virus titer four mice per infection groupare depicted as
histograms. A 2Vay ANOVA was used determine significant effects of the factofglays p.i: and

"RIGI genotypé on the variablée'virus titer’, as well as their interaction
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4.4.1.5. 1AV is detectable in mouse lungs followingnfection with
recombinant 1AV PB2627K and IAV PB2627E strains,
independent of RIG variant expressionand is cleaed between
10 and 14 days p.i.

To validate thevirus load in RIEWT, PM and KO midefected with recombinant IAV PB&27K,
-627Eor treated with PBS onJylungswere harvested andhe tissue wagrepaed for histological
studies For immune histochemical (IHC) detectidAVY NP protein wasargeted with a primary
antibody and stained with a polymer labeled to a secondary antibody and HRP. Finally, the tissue
slides were counter stained with hematoxylifhe stained slides were scanned and sectors were
selected in100fold magnification(c. ¢.3.16.3. One sector of a stained slide affemaleand a male
individual was choen as an example for the respectiugfection group. Tk nine representative
sectors fora day p.i. are shown in the same paf@mpareFigure27 day 4 p.i. &), day 7 p.i. (B), day

10 p.i. (C) or day 14 p.i. (D), female migapplementary Figurg@ A-D, male micg.

The slides fromPBS&reated control mice showedvery low unspecifistaining as expectedin slides
from 1AV PB2627k and -627Einfected mice, viraNP was already detectable at @y 4 p.i, while
huge infectionspotswere detectable at day 7 p.At day 10 p.i., the infection spots stattto vanish,
while virus particlesvere still detectable. At day 14 p.imost of the virus particles and infected cells
were eradicated, while immune cellsere still present in the lung tissue, indicated by d¢hrs of
hematoxylinpositive cells. This finding sgeststhat an ongoing healing process is not finished at this
time point. The observationsvere similar for all three mouse lines and independent of the infection
with 1AV PB2627K or-627E strain.Howeve, the infectionswith the IAV PB627K strain caused
morevirus load in the lung&ompareFigure27 A-D andSupplementary Figurg A-D).
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Figure27: The detection of IAV NP protein at different time points p.i. in lung tissue fronmtde
mice infected with IAV PBB27K or-627E visualizes the course of the infectioRIGI WT, PM and
KO micewnere infectedwith recombinant IAV PB@27K,-627E oitreated with PBSor 4 (A), 7 (B), 10
(C) or 14 (D) daysAt the indicated day p.i.the mice vere sacrificed, the lung was fixated and
immune histochemic#y} stained using an antibody detecting 1AV NPermo scientific, PA532242)
and a HRP and polymerlabeled secondary antibody constructFinally, the slides were
counterstained with hematoxylinOne sector of a slidéom a female individualvas choseras an
example foreveryinfection group the pictures were taken ih00-fold magnification.
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For statistical analysis of differences between the virus loads in the,limgependence of thelays
p.i. andthe RIGI genotype the IHOdetection ofviral NPin all the lung cells of one stained slide per
mousewas semiquantified with the QuPath softwareThe mearpercentageof positive cell counts
of all mouse individuals per infection group wealculated and is depicted with the respective
standard deviation as histogramseparated by the infection conditioftompareFigure28). A 2Way
ANOVA was used to identify significant effects of the factttays p.i: and"RIGI genotypé on the

variable"lung cells infected(c. c.3.16.3.

In slides from PB8eated control mice, some amount of staining artifacts was visible, but no
characteristic 1AV Npositively stained cells could be detected. In summary, no significant

differences between the mouse lines were detectable for the contrigkenidata not shown).

The results show @ approx.fourfold higher amount of infected cells in the lungs of ti#e/ PB2
627Kinfected micethan in the-627Einfected mice Additionally, the amounbf infected lung cells
increased upon day 7 p.i. arecreasedafterwards,due to effects of the immune responsé&he
finding is indicated by a significant effect of the factdays p.i: on the variablé'lung cells infected

in all comparisons between the groups, in bdtte IAVPB2627K and-627Einfections (p at least
0.0027). Further, the ANOVA analysedicate no significant effect of the factORIGI genotypé on

the variable, as well as no significant interactions between the factors in all comparisoresl&ivth
PB2627Kinfections This suggesthat RIGI variant expression has no significant effect on the virus
spread in a IAVPB2627K infection. In théAVPB2627Einfections, the ANOVA analyseslicate a
significant effect of thdactor "RIGI genotypé in the comparison between RIGPM andKO mice (p

= 0.0249) and a similar tendency in the comparison betweenl RIK and WT mice (p = 0.1300),
with a significant interaction between the factors in the first comparison (p = 0.0148) and a tendency
in the latter (p = 0.1630)compareFigure28). This result is based on a lower amount of infected cells
detectabk in the lungs of RKGPM micecompared to WT and KO micé contrast, in the
comparison between RIGWT and KO mice, magnificant effect of theactor "RIGI genotypé is
observed If this unexpected differenceaptern is based on a real Ri@nediated effect or an
infection artifact, needs to be further clarifiedll in all, the results of th&irus titration with semk
guantificationare comparablgo the results of theBALF virus titrationbut the IHCdetection and
semiquantificationseems more sensitive, detecting virus until day @4 and also shows less
intensive variation in the infection groupsompared to thedetection with the SCIA@alsocompare

previous chapter).
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2-Way ANOVA  RIG-I WT vs. PM RIG-I WT vs. KO RIG-I PM vs. KO
source of p value significance p value significance p value significance
variation
interaction 0.1630 ns 0.9970 ns 0.0148 *
days p.i. 0.0027 ** <0.0001  *w+* <0.0001  ****
genotype 0.1300 ns 0.8894 ns 0.0240 *

Figure 28: The semiquantification of viral loal in the lung tissue of IAV PB&Z7k and -627&
infected RIG WT, PM and KO mice suggestg@estionableeffect of RIGI sgnalingdeficiency on

the 1AV PBZ27E virus titer RIGI WT, PM and KO mice were infecteither with recombinant 1AV
PB2627K (A) or627E (B) At the indicated day p.i. endpoint, the mice were sacrificed, the lung was
fixated and immunehistochemicdly stained using a primargntibody detecting 1AV NPThermo
scientific, PA532242)nd a secondary antibodyonstruct with HRP and a polymé&W¥ith a threshold
algorithm, the percentage of NP positive lung cells was determined in four lung slides per infection
group and the mean wascalculated and depictedwith the respective standard deviation as
histograms.A 2Way ANOVA was used to determine significant effects of the fattlangs p.it and

"RIGI genotypé on the variable'lung cells infected"as well as the interaction between the factors.
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4.4.1.6. An 1AV PB2627K and IAV PB2627E infection causes
infiltration of th e lung by mononuclear immune cells

RIGI WT,PM and KO micwere infected with IAV PBB27K,-627E orwere treated with PBS. To
search for immune cell invasion, basal membrane damage and mucus produitire samples
were stainedeither with the hematoxylin and eosifH&E) or the periodic acidSchiff PA$ staining.
Pictures were takerwith a light microscopdan 50fold magnification(c. c.0). One sector of a
representative slide foeveryinfection group was chosen as an examal®l is depicted ¢ompare
Figure29 day 4p.i. (A), day 7p.i. (B), day 1(.i. (C) and day 14.i. (D), females I&E Figure30 A-D
(females, PASBupplementary Figuré A-D (males, BE) andSupplementary Figuré A-D (males,
PAS). In the Rk Estained slides from mice infected witither IAV PBB27K or-627E, an infiltration
of the lung tissue bynononuclear immune cells watetectablefrom day 4 p.i.on, whichincreased
more and more until dy 14 p.i, but wasnot detectable in lung tissue ¢fBSreated mice (compare
Figure29 A-D, indicated by asterisks)he invading immune cells forea large cell clusterasceltrich
exudates at day 10 and 14 p(compareFigure29 C and D, indicated by asterisk§he intendiy of
immune cell invasion seemaunlerall comparable in all infection tiegs, but seemedto be slightly
delayed in RIG WT females and males at day 4 p.i., compared to PM and KQ(¢coiogareFigure
29 A andSupplementary FiguréA).
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Figure29: Mononuclear immune cell infiltration of RIGWT, PM and KO muse lungs infected with
IAV PB2627K or-627E results in formation of cellular exudateRIGI WT, PM and KO miceere
infectedwith recombinant IAVPB2627K ,-627E or treated with PBSAt day4 (A), 7 (B), 10 (C) or 14
(D) p.i, the mice were sacrificedh& lung was fixated and ahed withH&Eto depict general tissue
structures (pink) and nuclei (bluepne sector of a slidgom a female individuleof everyinfection
group was choseas an exampleThe asterisks mark infiltration of mononuateblood cells (A)
and celrich exudates, enrichment zones of these cells (C and D)

Concerning the PAS staining, mice infected with IAV PB2 variants showed no marked mucus
production in the lungs. Additionally, there was no marked basal membrane damage detectable in
any tissue sample (compaféigure30 A-D andSupplementary Figurd A-D). In both the IAV PB2

627K and-627E infetions, the IHC detection of viral NP in the lungs showed virus eradication
independent of the RI% genotype (compare previous chapter). Since remainingrickllexudates

and virus particles were still detectable at the latest time point post infeciiowas not possible to
validate if the healing process will be completed or might transfer into a chronic inflammation

process, like postulated by another stu@eeler S. P. 2018)

Taken together, histological analysis of IAV -BB2k and -627Einfected lungs with H&E and PAS

staining indicates an increasing immune cell invasion from day 4 p.i. untldpyi., resulting in the
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formations of cellular exudates. Additionally, an ongoing healing process cleaning the infection was
detectable, in consideration of the IHC data, which was not accompanied with detectable mucus
production or basal membrane desttion over the time course of observation. Further, no marked
differences between the RIGWT, PM and KO mice in regard to the observed variables were
detectable, except a slight delay of immune cell invasion irlRAG mice at day 4 p.i., in the IAV
PB2627K infections.
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