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1 Abstract

Analysis of the host response to influenza A virus infection in mouse ge-
netic reference populations

Sarah Rebecca Leist

Influenza A virus (IAV) as a zoonotic pathogen poses a major threat to human and animal
health. Research on the host as well as on the pathogen side is needed to develop new
therapeutic strategies for treatment of influenza disease. The mouse has proven to be a highly
valuable model system for influenza research. A distinctive feature of the mouse model is the
availability of genetically well-defined inbred and knock-out strains.

Here, I demonstrated the impact of different host genetic backgrounds for disease progres-
sion and outcome after IAV infection in the eight founder strains of the Collaborative Cross
(CC), a recently established mouse genetic reference population (GRP). These eight mouse
strains exhibited large phenotypic differences for many phenotypic traits: Change in body
weight, survival rate, viral load in lungs, hematological parameters and relative lung weight.
The resistance gene Mx1 (Orthomyxovirus resistance gene 1) influenced survival rates, body
weight changes and viral loads. However, I also showed that its function is modulated by
genetic background.

The leukocyte specific transcript 1 (Lst1 ) was found as one possible quantitative gene in
the Qivr17-2 interval (quantitative trait for influenza virus resistance on chromosome 17) in
a previous mapping study using the BXD GRP. I investigated the role of Lst1 in a knock-
out (KO) mouse mutant. Lst1 deficiency altered course and outcome of the host response to
influenza A H1N1 infections whereby KO mice were more susceptible than wildtype mice.

Differential gene expression analysis is another way to identify host genes influencing sus-
ceptibility or resistance to infections. Therefore, I analyzed changes in the lung transcrip-
tomes of resistant C57BL/6J and susceptible DBA/2J after IAV challenge. I described the
biological function of differentially expressed genes (DEGs) that are likely to be involved in
pathogenesis and host defense mechanisms after IAV infection. The role of two DEGs, Reg3g
(regenerating islet-derived 3 gamma) and Irf7 (interferon regulatory factor 7), was further
studied in KO mouse mutants. We found that deletion of Irf7 rendered mice highly suscep-
tible to IAV whereas KO of Reg3g had only a minor effect.

Furthermore, I participated in writing a review on the CC resource and its potential use
for future biomedical research.

In conclusion, my thesis work demonstrated that analysis of GRPs and subsequent studies in
KO mice allows identifying genes that are important for the host defense and / or pathogenesis
after influenza A virus infection. These genes may be valuable biomarkers for developing new
diagnostics and as targets for therapeutic intervention in humans to prevent or treat influenza
disease.
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2 Zusammenfassung

Analyse der Wirtsantwort auf Influenza A Infektion in genetischen
Referenzpopulationen der Maus

Sarah Rebecca Leist

Influenza A Virus (IAV), als ein zoonotisches Pathogen, stellt eine ernste Bedrohung für
Mensch und Tier dar. Forschung sowohl auf der Wirts-, als auch der Pathogenseite wird
benötigt, um neue therapeutische Strategien für die Behandlung von Influenza zu entwickeln.
Die Maus hat sich als sehr wertvolles Modellsystem für die Influenzaforschung bewahrheitet.
Ein charakteristisches Merkmal des Mausmodells ist die Verfügbarkeit von genetisch wohl
definierten Inzucht- und Knock-out Stämmen.

Ich zeigte in meiner Doktorarbeit den Einfluss von unterschiedlichen genetischen Wirtshin-
tergründen auf den Verlauf und den Ausgang von IAV Infektionen in den acht Gründerstäm-
men des Collaborative Cross (CC), einer kürzlich etablierten genetischen Referenzpopulation
(GRP) der Maus. Diese acht Mausstämme zeigten ein hohes Maß an phänotypischen Unter-
schieden in vielen Parametern: Veränderung im Körpergewicht, Überlebensrate, Viruslast in
der Lunge, hämatologische Parameter und relatives Lungengewicht. Das Resistenzgen Mx1
(Orthomyxovirus resistance gene 1 ) beeinflusste Überlebensraten, Veränderungen im Körper-
gewicht und Viruslasten. Ich demonstrierte jedoch, dass die Funktion von Mx1 auch durch
den genetischen Hintergrund moduliert wird.

Das leukocyte specific transcript 1 (Lst1 ) wurde als ein mögliches quantitatives Gen in
Qivr17-2 (quantitative trait for influenza virus resistance on chromosome 17 ) in einer vorher-
igen Mapping Studie, in der die BXD GRP genutzt wurde, identifiziert. Ich habe die Rolle
von Lst1 in einer Knock-out (KO) Mausmutante untersucht. Der Mangel an Lst1 hat den
Verlauf und den Ausgang der Wirtsantwort auf Influenza A H1N1 Infektion beeinflusst, wobei
KO Mäuse empfindlicher gegenüber der Influenza Infektion waren als Wildtypmäuse.

Differentielle Genexpressionsanalysen stellen einen weiteren Ansatz dar um Wirtsgene zu
identifizieren, die Empfindlichkeit und Resistenz gegenüber Infektionen beeinflussen. Hierfür
habe ich Veränderungen in den Transkriptomen der Lunge von resistenten C57BL/6J und
empfindlichen DBA/2J Mäuse nach IAV Infektion analysiert. Ich habe die biologische Funk-
tion von differentiell exprimierten Genen (DEGs) beschrieben, die wahrscheinlich in die
Pathogenese und Wirtsabwehrmechanismen nach IAV Infektion involviert sind. Die Rolle
von zwei DEGs, Reg3g (regenerating islet-derived 3 gamma) und Irf7 (interferon regulatory
factor 7 ), wurde weiterführend in KO Mausmutanten untersucht. Wir fanden heraus, dass
die Deletion von Irf7 Mäuse hoch empfindlich gegenüber IAV machte, wohingegen der KO
von Reg3g nur einen kleinen Effekt zeigte.

Des Weiteren war ich an dem Verfassen eines Übersichtsartikels über das CC und seine
potentielle Nutzung für zukünftige biomedizinische Forschung beteiligt.
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Zusammengefasst zeigte ich in meiner Doktorarbeit, dass die Analyse von GRPs und nach-
folgende Studien in KO Mäusen die Identifizierung von Genen erlauben, die für die Wirtsab-
wehr und / oder Pathogenese nach IAV Infektion wichtig sind. Diese Gene könnten wertvolle
Biomarker für die Entwicklung von neuen diagnostischen Markern sein und als Zielstruk-
turen für therapeutische Interventionen im Menschen dienen, um Influenza Infektionen zu
verhindern oder zu behandeln.
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3 Introduction

Influenza disease more commonly known as ’the flu’ arises from infections with influenza A
viruses. The typical route of infection occurs through aerosol or contact-dependent transmis-
sion from infected individuals. Clinical manifestations are highly variable ranging from mild
symptoms such as runny nose, sore throat and coughing to high fever and viral pneumonia
in severe cases which need to be treated in intensive care units.
Influenza A virus (IAV) infections pose a significant and continual threat to the human
population. Annually occurring seasonal epidemics affect up to 500 million people and cause
250,000 to 500,000 fatalities worldwide (Fauci, 2006). Economic losses due to sickness-related
inability to work are enormous.
In unpredictable intervals IAVs with pandemic potential emerge. High genetic variability
through ’antigenic drift’ and ’antigenic shift’ enables the pathogen to gain required muta-
tions to cause severe disease and to be transmissible from human to human. In the 20th
century four pandemic outbreaks were recorded (Morens et al., 2009) with the most severe
one, ’the Spanish Flu’, in 1918/1919. It caused approximately 50 million deaths worldwide
(Johnson and Mueller, 2002).

3.1 Biology of influenza A viruses

Influenza A is an enveloped virus with a negative sense, single-stranded, segmented RNA
genome belonging to the family of Orthomyxoviridae. It appears most abundantly in a
roughly spherical shape with a diameter of 80 - 120 nm, but also filamentous particles can
be observed.

Subtypes of influenza viruses are classified according to their surface glycoproteins, the hemag-
glutinin (HA) and the neuraminidase (NA). The nomenclature is composed of information
on the virus type, species from which it has been isolated (only if it has not been isolated
from humans), isolate number and year of isolation. For IAV the HA and NA subtypes are
also added (e.g. A/Hong Kong/2007/99 (H3N2)).

3.1.1 Structure and replication cycle of influenza A viruses

The virion of the IAV is covered with spikes of the two surface glycoproteins HA and NA
whereby HA is incorporated four times more often than NA (Palese and Shaw, 2007). Addi-
tionally, matrix ion channel (M2) proteins are present in the host cell-derived lipid membrane.
The space between the envelope and the virion core is filled with a matrix of M1 proteins.
Each of the eight viral RNA gene segments is encapsidated by nucleoprotein (NP) in associa-
tion with the heterotrimeric RNA-dependent RNA polymerase (consisting of PB1, PB2 and
PA). This gene / protein complex is called the viral ribonucleoprotein (vRNP). Next to the
vRNP the nuclear export protein (NEP; alternatively: NS2) is present in the core structure
of IAVs (Figure 3.1.1.1).

The eight viral RNA (vRNA) gene segments are numbered according to their length in a
descending order. PB2, HA, NP and NA are each encoded by an entire segment, segment 1,
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1 INTRODUCTION

Figure 3.1.1.1: Structure of influenza A viruses
Scheme of the structure of IAVs with segmented RNA genome and viral proteins
(Source: Nelson and Holmes (2007))

4, 5 and 6, respectively. Next to the primary product, PB1, two additional proteins, PB1-F2
(Chen et al., 2001) and PB1-N40 (Wise et al., 2009) are encoded on segment 2. However,
PB1-F2 which is generated through a frame shift is not present in all IAVs (Chen et al.,
2001). Recently, it has been shown that segment 3 which encodes for a subunit of the viral
RNA-dependent RNA polymerase (PA) contains a second open reading frame that codes for
PA-X, another viral protein (Jagger et al., 2012). Segment 7 codes for the M1 matrix protein
and can additionally express the M2 ion channel utilizing the RNA splicing machinery (Lamb
et al., 1981). Finally, mRNA splicing makes it possible that segment 8 can encode the two
viral proteins, NS1 and NEP / NS2 (Lamb et al., 1980).

The viral replication cycle (Figure 3.1.1.2) is initiated by the recognition and binding
of N-acetylneuraminic (sialic) acid on the surface of the host cell by cleaved HA (Skehel and
Wiley, 2000).

IAVs show a preferential specificity for either α2,3- or α2,6-linked sialic acids which implies
that they can infect each host cell that expresses one of these sialic acids but with variable
efficiency (Couceiro et al., 1993). Cleaved HA consists of HA1 which contains the receptor
binding and antigenic sites and HA2 which is important for the fusion of the virus enve-
lope with the host cell membrane. The attached viral particle enters the host cell through
receptor-mediated endocytosis. The resulting endosome exhibits a low pH of 5 to 6 leading to
a conformational change in the HA. Afterwards, the fusion peptide mediates merging of the

2



3.1 Biology of influenza A viruses

Figure 3.1.1.2: Scheme of the influenza A virus replication cycle
After receptor-mediated attachment of the virion to the host cell surface viral particles are endocytosed. (1)
Viral RNA segments are released into the cytoplasm and transported to the nucleus. (2) In the nucleus
mRNA synthesis and RNA replication take place. (3) mRNAs are exported into the cytoplasm where they
are translated. (4) Viral proteins that are needed for replication and transcription are transported back into
the nucleus in the early stage of infection. (5) During the late phase of infection M1 and NS2 enable nuclear
export of newly synthesized vRNPs (6). (7) All viral components are transported to the cell membrane. (8)
The replication cycle ends with budding of progeny virions from the host cell membrane.
Figure modified from (Neumann et al., 2009).

viral envelope with the endosomal membrane. Additionally, M2 ion channel proteins acidify
the inner core of the virion and vRNPs are separated from the viral matrix. Thus, vRNPs are
released into the cytoplasm of the host cell (reviewed in: Sieczkarski and Whittaker (2005)).

All proteins of the vRNP (NP, PA, PB1 and PB2) exhibit nuclear localization signals (NLSs)
enabling the vRNP and other viral proteins enter the host cell nucleus (Cros and Palese,
2003; Boulo et al., 2007). There, the RNA-dependent RNA polymerase complex uses the
negative-sense vRNA as template to generate two different kinds of RNAs. Complementary
RNA (cRNA) is transcribed to produce genomic vRNA and viral messenger RNA (mRNA)
is produced for the synthesis of viral proteins. Viral mRNAs need to be polyadenylated
and 5’-capped in order to be translated by the host cell. In contrast to host cell mRNAs,
they receive their polyadenylation signal through a stretch of five to seven uracil residues
encoded in the vRNA that transcribes to a poly(A) tail (Li and Palese, 1994). The 5’-cap is
achieved through a mechanism called ’cap-snatching’ in which PB1 and PB2 proteins hijack
pre-mRNA of the host cell (Krug, 1981). Export of the viral RNP and other viral proteins
can occur after acquiring the poly(A) signal and the 5’ cap. Viral proteins are synthesized
on host ribosomes in the cytoplasm. M1, NP and NS1 are transported back into the nucleus.
Other proteins, HA, NA and M2, are transported to and integrated into the host cell mem-
brane. Packaging of the virion is mediated through M1 that brings the RNP-NEP complex
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1 INTRODUCTION

near to the three membrane-bound proteins (Palese and Shaw, 2007). Specific packaging
signals are responsible to ensure a complete viral genome in most of the virions (Hutchinson
et al., 2010). Virus particles are released on the apical side of polarized cells (Nayak et al.,
2009). Budding of the progeny virions is possible when NA has cleaved terminal sialic acid
residues from glycoproteins on the cell surface. The last important step for newly generated
influenza virions is the cleavage of the HA by host proteases otherwise they will not be able
to infect other host cells (Klenk et al., 1975; Lazarowitz and Choppin, 1975).

3.1.2 Influenza A - a zoonotic pathogen

Even though ’the flu’ is mainly known to cause annual re-occuring seasonal epidemics in hu-
mans, IAVs are also able to infect plenty of homeothermic vertebrate species. This includes
many domesticated animals like swine, poultry and horses (Landolt and Olsen, 2007) which
receive most attention due to the implications for public health and economy. However,
also other species such as minks, felids, dogs and marine mammals can get infected (Figure
3.1.2.1). In contrast to humans, wild birds can be infected with many influenza A subtypes,
but most infections are asymptomatic.

Figure 3.1.2.1: Host range of different influenza A virus subtypes
Wild aquatic birds are the primary reservoir of IAVs and can be infected with each IAV subtype. IAV subtypes
that are able to infect poultry, pigs, humans, marine animals, horses and dogs among others are indicated.
(Source: Kalthoff et al. (2010)).

For ducks, it has been shown that low pathogenic avian influenza viruses (LPAI) replicate
primarily in cells lining the intestinal tract where virus can accumulate to high concentrations
and subsequently be excreted (Webster et al., 1978). This qualifies birds, especially wild
migratory waterfowl and shorebirds, as the natural reservoir for influenza A viruses (Webster
et al., 1992). The HA cleavage site needs to be polybasic to convert a LPAI with a monobasic
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3.2 Contribution of viral and host factors on the pathogenesis of influenza virus infections

cleavage site into a highly pathogenic avian influenza virus (HPAI). Thereafter, IAV has the
possibility to go systemically, leading to a mortality of up to 100% in poultry (de Wit and
Fouchier, 2008).
IAVs exhibit zoonotic potential because of their high genetic variability. Transmission of IAV
into a new host species occurs through a combination of ’antigenic shift’ and ’antigenic drift’.
New subtypes with changed pathogenicity can arise through ’antigenic shift’ via reassortment
of different IAV subtypes infecting the same host cell. Mutations caused by the missing
proofreading function of the viral polymerase occur in each replication cycle which leads to
the so called ’antigenic drift’ (Webster et al., 1992). Recently, IAVs have also been found in
bats. These viruses belong to new subtypes (H17N10 and H18N11) and are evolutionarily
separated from all other strains that are currently circulating in other species (Tong et al.,
2012). The addition of bats to the list of possible hosts for IAVs dramatically increases the
host range because bats are representing ∼ 20% of all known mammals (Mehle, 2014). In
summary, it is important that we consider IAV infections as a ’One Health’ problem which
means that researchers from different fields of expertise (e.g. veterinarians, virologists and
pharmacists) need to work together in order to be prepared or even prevent the next IAV
pandemic.

3.2 Contribution of viral and host factors on the pathogenesis of influenza virus
infections

In order to understand all steps in viral pathogenesis, it is important to define the role and
contribution of all factors involved in this complex interplay. Pathological manifestations of
IAV infection can be caused by either the pathogen itself or the host response. IAV can in-
duce direct damage through cytopathic and apoptotic mechanisms (Katze et al., 1986; Lowy,
2003; Ludwig et al., 2006). IAV infections of the respiratory epithelium directly cause res-
piratory symptoms whereas systemic manifestations such as fever and myalgia are due to
pro-inflammatory cytokines (IL-6, TNF-α and interferons) (Peiris et al., 2009).
The distribution of host receptors along the respiratory tract plays a critical role in the
development of lung injury in humans. HA of seasonal IAV exhibits a preference for α2-6
sialylated glycans and therefore mainly targets the upper respiratory tract in humans. In
contrast, HPAI viruses exhibit a higher affinity to α2,3 sialylated glycans and mainly infect
type 2 pneumocytes in the human lung (Shinya et al., 2006). Thus, infections with HPAI
viruses often lead to severe pneumonia (Korteweg and Gu, 2008). Therefore, cell tropism due
to variability in receptor binding affinity is a crucial viral factor of pathogenesis. Additionally,
HAs vary in their susceptibility to host proteases. The cleavage of HA into HA1 and HA2 is
necessary for viral particles to become infectious. Seasonal IAVs exhibit a monobasic cleavage
site (a single arginine) whereas HAs of HPAI viruses possess multibasic cleavage sites. These
motifs can be cleaved by ubiquitous expressed furin and PC6 (Horimoto et al., 1994) and
allows HPAI viruses to spread systemically (Fukuyama and Kawaoka, 2011).
Also, the viral RNA polymerase complex and its interaction with host factors influence patho-
genesis. It has been shown that mutations in PA and PB2 enable avian viruses to replicate
more efficiently in mammalian cells (Li et al., 2005; Song et al., 2009; Bussey et al., 2010).
The influence of the RNA polymerase complex and NP of the pandemic virus from 1918/1919
on pathogenesis has been demonstrated (Watanabe et al., 2009). Furthermore, it has been
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1 INTRODUCTION

shown that PB1-F2 is able to induce cell death in mitochondria of infected cells where it
preferentially localizes (Zamarin et al., 2005).
Other known virulence factors of IAV include NA which is important for viral replication
(Pappas et al., 2008) whereas NS1 interferes with the host immune response by increasing
expression of IFN antagonists (Jiao et al., 2008). Host factors are needed in many steps of
the IAV replication cycle (König et al., 2010; Watanabe et al., 2010; Stertz and Shaw, 2011).

The host is dependent on its immune system to fight infections. However, during the last years
evidence accumulated that the host response to inflammatory stimuli and pathogens per se
might also have detrimental effects and partially contributes to pathology. Lung damage may
be caused by excessive or imbalanced immune responses, especially in the lower respiratory
tract (Kuiken et al., 2012).

Detrimental effects for the host have been shown for different cell types: Numbers of macro-
phages, belonging to the innate immune response, increase during the early phase of IAV
infection. They are able to release pro-inflammatory cytokines and assist in viral clearance
(McGill et al., 2009). However, it has been shown that they can be the predominant cause
of immunopathology, morbidity and mortality due to CCR2 (CC-chemokine receptor 2) sig-
naling pathway. Reduced weight loss and mortality but no change in viral replication was
observed for Ccr2 -deficient mice (Lin et al., 2008).
In addition to macrophages, neutrophils are recruited to the lung early in the infection pro-
cess. They positively contribute to the host immune response by controlling viral replication
and by removing dead cells (Tate et al., 2008). However, a study in Pafr (platelet activating
factor receptor) knock-out mice showed that decreased lung injury and mortality was con-
nected to lower numbers of recruited neutrophils (Garcia et al., 2010).
Natural killer cells have been shown to enhance survival and decrease viral load in the con-
text of IAV infection (Stein-Streilein and Guffee, 1986; Nogusa et al., 2008). In contrast,
depletion of natural killer cells was associated with decreased lung damage, lower levels of
anti-inflammatory IL-10 and increased levels of pro-inflammatory cytokines, including IL-6
and IL-12 (Abdul-Careem et al., 2012).
Despite T cells playing a crucial role in clearance of IAV infections (Hillaire et al., 2011)
there is growing evidence that they can also contribute to pathogenesis (Damjanovic et al.,
2012; DeBerge et al., 2013). The effect of T cells on immunopathology during IAV infection
was further elucidated by a study showing that immune-mediated pneumonia was signifi-
cantly reduced using an agonistic antibody against the inducible co-stimulator (ICOS) which
is located on T cells (Sakthivel et al., 2014). Additional studies using agonists against host
factors such as the protease-activated receptor 1 (PAR1) and the sphingosine-1-phosphate
1 receptor (S1P1R) demonstrated that mice can be protected from IAV infection (Teijaro
et al., 2011; Walsh et al., 2011; Khoufache et al., 2013). These antagonists are interesting
targets for chemotherapeutic approaches especially because a follow-up study revealed that
in ferrets the S1P1R agonist was more efficient in reducing lung damage than the antiviral
drug oseltamivir (Teijaro et al., 2014).
Club cells in the respiratory tract get infected but survive, exhibit increased interferon stim-
ulation and additionally induce the expression of high levels of pro-inflammatory cytokines
even after virus has been cleared. Depletion of these cells results in reduced lung damage
after IAV infection (Heaton et al., 2014).
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3.3 Mouse as a model system for influenza research

Toll-like receptor (TLR) stimulation is essential for the recognition of IAV through the innate
immune system. Stimulation of TLR2 and TLR4 prior to IAV infection enhanced viral
clearance and survival (Shinya et al., 2011). Additionally, the knock-out of Tlr3 in a mouse
model had a positive effect on survival rates (Le Goffic et al., 2006). However, overstimulation
of TLRs because of missing inhibitory signals can be detrimental and leads to excessive acute
inflammation (Seki et al., 2010). Moreover, infections with inactivated viral particles revealed
that the subsequent inflammatory response led to lung injury via TLR3 and TRIF/TRAF6
signaling pathways (Imai et al., 2008).

The ’cytokine storm’ during the early phase of infection was reported to mainly contribute
to lethal immunopathology (Damjanovic et al., 2012). Deficiency or depletion of Il17 in
mice reduced lung injury and improved survival without having an effect on viral clearance
(Yang et al., 2007). In contrast, deficiency in other cytokines such as TNF-4α, IL-6 and
MCP-1 had no effects on survival rates (Salomon et al., 2007). Taken together, Damijanovic
and colleagues concluded that a transient increase in cytokines and chemokines at an ap-
propriate level will have a beneficial effect for the host whereas excessive and prolonged
pro-inflammatory cytokine expression will be detrimental (Damjanovic et al., 2012).
In addition, it was shown by comparing highly susceptible DBA/2J mice with resistant
C57BL/6J mice that DBA/2J mice showed a stronger expression of genes associated with
inflammatory responses and prostaglandin pathways than resistant C57BL/6J mice (Alberts
et al., 2010).

However, until now it remains unclear if increased cytokine levels are caused by severe disease
or if they contribute to its pathogenesis because the effects of multiple replication rounds and
host responses are not distinguishable (Peiris et al., 2010). Further investigations are needed
to unravel the role of different cytokines and chemokines and the cell types in which they are
produced.

3.3 Mouse as a model system for influenza research

For obvious ethical reasons, it is not possible to investigate all aspects of IAV infections in
humans. Nevertheless, a few studies in volunteers have been performed (Carrat et al., 2008).
However, factors that vary between humans such as environmental circumstances, general
body and health conditions and genetic variability make it very difficult to identify underlying
mechanisms. Additionally, the low number of accessible human samples represents a serious
limitation. Thus, animal models are suitable systems to reduce complexity without losing the
aspect of entire biological systems. Different species are used as laboratory animal models
for influenza research (reviewed in Bouvier and Lowen (2010)). In general, animals need to
be susceptible to influenza A viruses and provide a host environment sufficient for pathogen
replication. The choice of the species used as animal model depends on the hypothesis.

Ferrets were the first laboratory animals that were experimentally infected with IAV (Smith
et al., 1933). Exhibiting comparable clinical signs like humans such as fever, anorexia and
lethargy qualifies ferrets as suitable model for IAV research. Especially the presence of
nasal congestion and discharge in combination with the ability to cough and sneeze (Francis,
1934) makes them irreplaceable for airborne transmission studies (Herlocher et al., 2001).
However, purchasing and keeping ferrets is expensive and the absence of species specific
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1 INTRODUCTION

reagents constrains research applications. Additionally, ferrets are outbred animals for which
genetic studies are unfeasible (van der Laan et al., 2008). This largely limits the scope
of the ferret model for IAV basic research. Ferrets, guinea pigs and non-human primates
can naturally be infected with currently circulating seasonal human IAV strains whereas
adaptation is required for mice.

The mouse is the most commonly used model system for IAV research. The husbandry and
breeding of mice is cost efficiently. Therefore, large numbers of animals can be investigated to
reach statistical significance. Many species-specific reagents are available (reviewed in Bou-
vier and Lowen (2010)). However, mice lack some of the clinical signs observed in humans.
They do not sneeze, cough or develop fever instead they exhibit body weight loss, lethargy and
a reduction of grooming and movement after IAV infection. To evaluate severity of disease
in mice changes in body weight and survival rates are the most commonly used parameters.
Detailed analysis of disease progression can be performed utilizing time course experiments
including parameters such as viral loads in lungs, histopathological scoring analysis, relative
lung weights, distribution and amount of different immune cell subspecies and oxygen satu-
ration (Wilk and Schughart, 2012). Most importantly, the mouse is the mammalian model
system for which populations with diverse genetic backgrounds and technologies for targeted
genetic modifications are available (reviewed in Bouvier and Lowen (2010)).

3.3.1 Reverse genetics using mouse knock-out mutants

Reverse genetics approaches are hypothesis-driven strategies in which effects of targeted gene
modifications are investigated. Different technologies are used to alter gene function. Muta-
tions can be achieved through directed deletions and mutations, gene silencing using RNA
interference (RNAi) and over-expression of genes. Reverse genetics can be applied to Es-
cherichia coli and Sachharomyces cerevisiae but also to higher organisms like mice (Justice
et al., 2011). Sequencing of the human and mouse genomes revealed that almost 99% of
mouse genes have homologs in humans (Capecchi, 1994). Thus, mice are a valuable resource
for reverse genetics to elucidate gene function and identify gene products that might have
medical relevance and therapeutic potential for humans.

The discovery of mouse embryonic stem cells (mESCs) promoted the mouse to the primary
mammalian model used in reverse genetic approaches (Soriano, 1995; Oliver et al., 2007).
mESCs are isolated from mouse embryos in an early developmental stage (blastocyst stage).
Thereafter, they are cultured and transfected with specifically designed DNA constructs
which are integrated into the genome via homologous recombination (Capecchi, 1989). Drs
Mario R. Capecchi, Martin J. Evans and Oliver Smithies were awarded the Nobel Prize in
physiology or medicine in 2007 for their work in establishing the knock-out mouse model. The
first knock-out mouse was created in 1989 (Koller and Smithies, 1989; Zijlstra et al., 1989).
Since then the targeted deletion of a gene in mice proofed to be a very valuable methodology
to determine its biological role. Recently, innovative techniques for genome editing have been
discovered such as TALENs (Sommer et al., 2015) or the CRISPR/Cas system (Harms et al.,
2014). Next to the possibility to study gene function in vivo knock-out mice can also be
used as models for human monogenic diseases (Majzoub and Muglia, 1996). In addition, the
pharmaceutical industry utilizes knock-out mouse lines to test the effect of inhibition of drug
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targets (Zambrowicz and Sands, 2003).

However, 15% of all knock-out mice are embryonically lethal (www.genome.goc./12514551).
To overcome this drawback, the technology of conditional knock-outs was developed. In Cre-
loxP site-specific recombination (Branda and Dymecki, 2004), two loxP sites each of a size
of 34 bp, are introduced into the gene of interest in a way that gene function is not altered.
Cre recombinase mediates recombination between the two insertions. This can be controlled
via expression pattern or regulation of activity of the Cre recombinase (Schnutgen et al.,
2006). Finally, mating of a Cre mouse with a mouse carrying the ’floxed (flanked by loxP
sites) gene’ leads to a conditional mutagenesis. The timing of Cre activity can be controlled
using tamoxifen (Feil et al., 1997). In contrast, in Flp/FRT site-specific recombination flp
(flippase) acts in the same way as Cre recombinase by excision of DNA flanked by 34 bp long
FRT sites (Dymecki, 1996). In a global effort scientists try to achieve knock-out mice for
all 25,000 mouse genes via a combination of technologies, gene targeting and gene trapping
(Grimm, 2006).

3.3.2 Forward genetics using mouse genetic reference populations

Forward genetic approaches seek to find the genetic basis that causes a certain phenotype. In
contrast to reverse genetics, they are not hypothesis-driven and prior knowledge about genes
is not necessary. Thus, this approach allows the identification of genes that are not yet known
to play an important role in a given biological process. Classically, forward genetics were done
through analysis of spontaneously occurring mutants (Davisson et al., 2012). The frequency
of mutations can be increased by treating males with a highly potent mutagen, such as N-
ethyl-N-nitrosourea (ENU) (Russell et al., 1979), chlorambuchil (Russell et al., 1989; Flaherty
et al., 1992), by radiation (Russell, 1951; Russell and Russell, 1992) and transposons such as
the sleeping beauty system (Takeda et al., 2007). Mutants are then bred and those with an
altered phenotype for the trait of interest are selected. Mutated genes that do not result in
a NULL allele are more closely mimicking diseases. Thus, forward genetics is a powerful tool
to reveal networks of many gene products instead of analyzing the effect of the absence of a
single gene product one by one (Horner and Caspary, 2011).

Genetic mapping is used to identify the genomic variations that cause the observed phe-
notype. The typical way to identify loci that are associated with a certain trait is the quan-
titative trait locus (QTL) analysis (Abiola et al., 2003). In mice, F2 intercrosses between an
inbred strain carrying the aberrant phenotype of interest and a second inbred strain exhibit-
ing the normal phenotype are performed. The obtained QTLs can be large in size since the
mapping resolution depends on the number of recombination breakpoints in the crosses. In
order to pinpoint the individual genes responsible for the observed phenotype, fine mapping,
sequence analysis, expression profiling and functional studies need to be conducted (Ermann
and Glimcher, 2012).

Alternatively, mouse genetic reference populations (GRPs) can be used to explore genetic
variation. They are defined as a set of individuals with fixed and known genetic architec-
ture. The most extensively used mouse GRP is the family of BXD type recombinant inbred

9



1 INTRODUCTION

strains. They were derived from a crossing between C57BL/6J and DBA/2J (Peirce et al.,
2004). First, C57BL/6J and DBA/2J mice are crossed. Subsequently, the F1 generation is
mated resulting in the F2 which is brother-sister mated for at least 20 generations to gain
a fixed genetic background and obtain inbred mouse lines. The resulting BXD lines are
completely genotyped once and can be phenotyped as often as desired. Recombinant inbred
strains have been a powerful tool for investigation and genetic mapping of Mendelian and
quantitative traits in mice for decades. However, the identification of candidate genes via
mutant screens as well as mouse GRPs has been hampered by the large size of the identified
QTLs.
To expand genetic variation in GRPs a new GRP has been developed. An innovative strat-
egy using an octo-parental crossing between genetically different mouse strains was proposed,
modified through community-driven suggestions and finally started in 2002 (Threadgill et al.,
2002). The eight founder strains of the so called Collaborative Cross (CC) include classical
lab strains (A/J, C57BL/6J and 129S1/SvImJ) but also mouse models for common human
diseases (NOD/ShiLtJ for type 1 diabetes and NZO/HlLtJ for obesity). The addition of
wild-derived strains from different phylogenic origins (CAST/EiJ from Mus musculus casta-
neous, PWK/PhJ from Mus musculus musculus and WSB/EiJ from Mus musculus domesti-
cus) strongly enhanced the genetic diversity, capturing almost 90% of the genetic variation
present in the Mus musculus species (Roberts et al., 2007).

Figure 3.3.2.1: Generation of the Collaborative Cross resource
Eight genetically highly diverse founder strains (A/J, C57BL/6J, 129S1/SvImJ, NOD/ShiLtJ, NZO/HlLtJ,
CAST/EiJ, PWK/PhJ and WSB/EiJ were selected and subsequently bred in a specific eight-way breeding
funnel. Each of the resulting CC lines represents a unique mosaic of the genetic information of the eight
founder strains.
(Source: Kollmus et al. (2014))

The CC population reaches a level of genetic diversity comparable to the diversity present in
the human population. A distinct breeding funnel was elaborated that guaranties that each of
the resulting CC lines will represent a mosaic of the genetic information of the eight founder
strains with approximately 135 unique recombination events and segregating polymorphisms
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every 100 - 200 bp (Figure 3.3.2.1). Three breeding sites for the CC lines have been as-
signed: Oak Ridge National Laboratory in Oak Ridge, Tennessee, which has been moved to
the University of North Carolina in Chapel Hill (Chesler et al., 2008); International Livestock
Research Institute in Nairobi, Kenya, which has been moved to the Tel Aviv University in Tel
Aviv, Israel (Iraqi et al., 2008) and the Western Australian Institute for Medical Research /
Geniad Ltd. in Perth, Australia (Morahan et al., 2008).

First genetic and phenotypic analysis of the CC population showed that founder allele frequen-
cies are balanced and that recombination sites are dense as well as evenly distributed along
the genome (Aylor et al., 2011; Philip et al., 2011). CC lines (termed pre-CC lines) which are
not fully inbred yet have already been used for genetic mapping studies to identify candidate
genes for different phenotypes: susceptibility to Aspergillus fumigatus infections (Durrant
et al., 2011), susceptibility to Klebsiella pneumoniae (Vered et al., 2014), neutrophilic in-
flammation due to house dust mite induced asthma (Rutledge et al., 2014), energy balance
traits (Mathes et al., 2011) and hematological parameters (Kelada et al., 2012). In addition,
expression quantitative trait loci (eQTLs) for extreme host responses to IAV infections (Bot-
tomly et al., 2012) and host response QTLs of IAV pathogenesis (Ferris et al., 2013) have
been identified. Furthermore, the emerging CC lines led to the discovery for mouse models for
spontaneous colitis (Rogala et al., 2014) and Ebola associated hemorrhagic fever (Rasmussen
et al., 2014).

A complementary resource to the CC that is derived from the same founder strains is the
Diversity Outbred (DO). This population is maintained outbred through random mating. In
this way mapping resolution is increased through the addition of extra recombination sites
(Svenson et al., 2012). Utilizing mice from the DO already led to the identification of a spe-
cific isoform of Apobec1 that contributes to atherosclerosis (Smallwood et al., 2014) and to
the discovery of sulfotransferases as candidate genes for benzene induced genotoxicity (French
et al., 2014).

The CC was designed specifically for complex trait analysis to become a primary platform
for cumulative and integrated data collection (Churchill et al., 2004). Furthermore, the CC
offers the possibility of system genetics, an innovative approach to investigate the role of host
genetics, including diverse molecular omics data, for the course and outcome of infectious
diseases (Kollmus et al., 2014). Due to the above describe features the CC will be an out-
standing tool for genetic mapping studies in the future and it has the potential to lead the
way to personalized medicine.
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4 Objectives

Influenza A virus (IAV) infections caused severe pandemics in recent human history like the
Spanish Flu from 1918/1919 with millions of fatal cases. Additionally, influenza A poses a
constant and re-occurring threat to human health through annual seasonal outbreaks that
lead to millions of infections and huge economic losses. Furthermore, the emergence of new
variants may cause pandemics in humans. The course and outcome of an IAV infection is
influenced by both, viral and host factors. Thus, it is of highest interest to identify these
factors to better understand the underlying disease mechanisms. Many studies using animal
models revealed the importance of host factors to susceptibility and resistance for a variety
of pathogens. Using the mouse as a model system, we and others showed that genetic back-
ground and individual genes are important factors that influence disease progression and
outcome after IAV infection.

The main objective of my thesis was to analyze the host response after IAV infection in
the founder strains of the Collaborative Cross (CC), a newly established mouse genetic
reference population (GRP). Detailed phenotypic analysis should be performed by inves-
tigating changes in body weight and survival rates, viral load in lungs, leukocyte counts in
peripheral blood and alteration in relative lung weight at different time points after infection.
This is an important prerequisite to understand the large phenotypic variation in the CC
founder strains after IAV infection.

A previous mapping study in the BXD population revealed several quantitative trait (QTL)
regions that influence resistance and susceptibility to IAV. Candidate gene searches suggested
the leukocyte specific transcript 1 (Lst1 ) as a highly promising quantitative trait gene. There-
fore, in my thesis I aimed to investigate the impact of Lst1 on the host response after IAV
challenge in a knock-out mouse model.

Another approach to identify important host genes is utilizing gene expression analyses
in mouse strains with different disease outcomes after IAV infection. For this, I wanted
to evaluate the potential role of differentially expressed genes for the host defense to IAV
infection from a RNAseq study.

The Collaborative Cross has been established quite recently. It has great potential for future
biomedical research. To introduce this new resource to the scientific community and describe
its possible future use, we decided to write a review for a more general readership.
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5 RESULTS

Abstract

Influenza A virus (IAV) as a zoonotic pathogen poses a major threat to human and animal
health. The host response to IAV infections is influenced by both, viral and host factors.
The recently established mouse genetic reference population (GRP), the Collaborative Cross
(CC), is a suitable tool for identification of host genetic factors that influence susceptibility
or resistance to IAV infections. It exceeds the genetic variability available in hitherto exist-
ing mouse GRPs and reaches a level of genetic diversity comparable to humans. Here, we
investigated the host response after influenza A H3N2 infection in the eight founder strains of
the CC (A/J, C57BL/6J, 129S1/SvImJ, NOD/ShiLtJ, NZO/HlLtJ, CAST/EiJ, PWK/PhJ
and WSB/EiJ). These eight mouse strains exhibited large phenotypic differences in many
parameters: Change in body weight, survival rate, viral load in lungs, hematological param-
eters and relative lung weight. The resistance gene Mx1 (Orthomyxovirus resistance gene 1)
influenced survival rates, body weight changes and viral loads. Additionally, we observed a
dose-dependent effect in all founder strains. A significant sex-dependent effect on survival
rates was seen in NOD/ShilLtJ, a mouse model for type 1 diabetes. The analysis of the
founder strains will be of great value for further analyses of the emerging panel of CC lines.

16



5.1 Manuscript I

Introduction

Influenza A virus (IAV) poses a major threat to human health. Annually occurring seasonal
epidemics infect several million people and cause serious economic losses (Fauci, 2006). The
presence or absence of clinical signs as well as disease progression and outcome in humans
is influenced by a complex interplay between viral and host factors as well as environmental
factors (Gautret et al., 2014; Sooryanarain and Elankumaran, 2015). Mouse knock-out mu-
tants are used as in vivo models to investigate the influence of single genes on susceptibility or
resistance to IAV infection (Boon et al., 2009; Pica et al., 2011; Nedelko et al., 2012; Hatesuer
et al., 2013). However, most of the gene polymorphisms present in the human population will
not result in a complete knock-out of the gene. More likely, single nucleotide polymorphisms
(SNPs) occurring in humans will change gene expression patterns resulting rather in protein
level changes than in a complete deficiency. Thus, the translation from findings in KO mice
to humans is difficult and challenging.

A sophisticated and well suitable tool to investigate the effect of gene polymorphisms on
the differences in host response is the use of mouse genetic reference populations (GRPs).
The recently established Collaborative Cross (CC, (Churchill et al., 2004)) will be of great
benefit for the translation of results from mouse to human. The CC exceeds the advantages of
presently available mouse GRPs. Most classical GRPs were generated by crossing a few mouse
strains with different genetic backgrounds, for example two for the BXD population (Peters
et al., 2007). In contrast, the CC was generated from eight founder strains (A/J, C57BL/6J,
129S1/SvImJ, NOD/ShiLtJ, NZO/HlLtJ, CAST/EiJ, PWK/PhJ and WSB/EiJ) (Collabo-
rative Cross, 2012). The addition of three wild-derived strains (CAST/EiJ, PWK/PhJ and
WSB/EiJ) strongly enhanced the genetic diversity of this GRP (Keane et al., 2011). The
CC population reflects the genetic diversity of the human population, whereby up to eight
functional but different alleles at any given locus in the murine genome are represented (Col-
laborative Cross, 2012).
During the last few years the contribution of the CC for the investigation of complex traits
has become clear and highly appreciated. Many studies from emerging CC lines (pre-CC
lines) led to the successful identification of quantitative trait loci (QTLs) in mouse models
for human disease (Aylor et al., 2011; Philip et al., 2011; Mathes et al., 2011; Vered et al.,
2014). Most recently, Rasmussen and colleagues were able to identify a CC line mimicking
the outcome of the Ebola disease in humans. In contrast to other mouse models that died
after Ebola virus infection, the new mouse model shows clinical symptoms comparable to
humans (Rasmussen et al., 2014). Additionally, one of the CC lines (CC011/Unc) has been
shown to represent a model for spontaneous colitis (Rogala et al., 2014). These two studies
highlight one of the basic ideas of the CC which is to find new mouse models for human
diseases through new combinations of specific alleles from the eight founder strains.

One of the key players for IAV disease outcome is the interferon inducible Mx1 (Orthomyx-
ovirus resistence gene 1) gene. Many studies on influenza pathogenesis in mice were conducted
with classical laboratory strains which have mutations in the major influenza resistance gene
Mx1 leading to non-functional Mx1 proteins (Staeheli et al., 1988; Jin et al., 1998). Five
different Mx1 alleles are represented in the CC founder strains (Ferris et al., 2013). Besides
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the Mx1 gene it was shown that many other genes contribute to the host response after IAV
challenge (Schmolke and Garcia-Sastre, 2010; van de Sandt et al., 2012).

We investigated the eight founder strains of the CC population to determine the influence
of genetic variations on the host response to H3N2 infections. We observed a broad range
of phenotypic outcomes for different parameters and characterized the progression of disease
outcome at different time points after infection. We observed a dose-dependent effect with an
increase of body weight changes in all strains and a decrease of survival rates in susceptible
strains at a higher infection dosis. In addition, a sex-dependent effect on survival rates in
NOD/ShiLtJ was seen.
We confirmed earlier findings that suggested an important role of Mx1 (Haller et al., 1981,
2007, 2009). But, we showed that the function of Mx1 is influenced by the host genetic
background. We observed differences in survival rates also among all the strains with non-
functional Mx1.
In contrast to previously reported observations, there was no correlation of viral load and
susceptibility in our experimental setup. Next to changes in body weight and viral loads
which have already been analyzed after IAV infection (H1N1), we are the first to investigate
the time-dependent development of immune cell composition in peripheral blood and relative
lung weights after IAV infection in the CC founder strains.
Our detailed analysis of the CC founder strains will provide a robust starting point for further
analysis of the emerging CC lines.
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Results

Survival rates define three different phenotypic responses

Eight to twelve weeks old female and male mice of the eight founder strains were infected intra-
nasally with a dose of 1x101 FFU of the mouse-adapted virus strain influenza A/HK/01/68
(H3N2) (Haller et al., 1979). Survival rates of infected mice were monitored for a period of
14 days (Figure 1 A). Three groups could be distinguished based on survival rates: Highly
susceptible, intermediate susceptible and highly resistant strains. The mouse strains A/J,
CAST/EiJ and WSB/EiJ belonged to the highly susceptible group in which all infected mice
died. The highly resistant group consisted of two strains, NZO/HlLtJ and PWK/PhJ, in
which all infected mice survived the infection. Three strains, C57BL/6J, 129S1/SvImJ and
NOD/ShiLtJ, showed intermediate susceptibility with survival rates ranging from 10% - 40%.
No significant differences were observed in the survival curves of male and female mice for all
strains except for NOD/ShiLtJ, in which females were more susceptible than males (Log rank
test p=0.0081; **). At an increased infection dose of 2x103 FFU all mice from highly suscep-
tible and intermediate strains (A/J, C57BL/6J, 129S1/SvImJ, NOD/ShiLtJ, CAST/EiJ and
WSB/EiJ) succumbed to the infection (Figure 1 B). In contrast, two strains (NZO/HlLtJ
and PWK/PhJ) were also highly resistant to infections with higher infection doses of 2x103

FFU and 2x105 FFU (Figure 1 B and Figure 1 C). For all strains, except the highly
resistant ones, survival rates in females at the lower dose were significantly higher than sur-
vival rates at higher doses (Figure 2). The highest variability of survival rates and mean
time to death (MTTD) across the eight CC founder strains and between female and male
mice of each strain was observed using the lowest infection dose of 1x101 FFU (Figure 3).
At the infection dose of 1x101 FFU the susceptible strains showed the lowest MTTD be-
tween 7 and 8, dying earlier after infection compared to the intermediate strain group (9 to
14). There was a significant difference in MTTD between female and male WSB/EiJ and
NOD/ShiLtJ mice at the low virus dose. At higher infection doses (2x103 FFU) the suscep-
tible and the intermediate group had a lower MTTD (day 5 to 7) indicating that mice were
dying more rapidly after infection. Only C57BL/6J mice exhibit a sex-dependent difference
in MTTD at this infection dose. Comparison of MTTD at different doses (Figure 4 A,
B, C) showed significant differences for both sexes for all strains, but not for the surviving
strains NZO/HlLtJ and PWK/PhJ. Interestingly, only 129S1/SvImJ female mice exhibited
no differences in dependence of viral doses.
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Figure 1: Survival rates of the eight CC founder strains after 1x101, 2x103 and 2x105 FFU
influenza A H3N2 virus infection
Eight to twelve weeks old female (red) and male (blue) mice of the eight CC founder strains were infected
intra-nasally with 1x101 (A), 2x103 (B) and 2x105 (C) FFU of the mouse-adapted influenza H3N2 virus
(A/HK/01/68). Survival rates were monitored for 14 days post infection (p.i.). Mice that exhibited a weight
loss of more than 30% relative to their starting weight were euthanized and scored as dead. Significant sex-
specific differences in survival curves were observed exclusively in NOD/ShiLtJ mice in the infection with
1x101 FFU H3N2 infection (p=0.0081, using log rank test).
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Figure 2: Significant higher survival rates at lower infection dose in all CC founder strains
except highly resistant NZO/HlLtJ and PWK/PhJ
The same data as in Figure 1 was used to analyze the differences in survival rates between infections with
1x101 and 2x103 FFU. C57BL/6J, 129S1/SvImJ and NOD/ShiLtJ mice survived only the infection with 1x101

FFU. Highly susceptible strains (A/J, CAST/EiJ and WSB/EiJ) died earlier at higher virus concentrations.
All NZO/HlLtJ and PWK/PhJ mice survived both infection doses. Virus concentrations: dotted lines: 1x101

FFU, dashed lines 2x103 FFU. Significances were calculated using Mann Whitney U test (* : p<0.1; ** :
p<0.01; *** : p<0.001; **** : p<0.0001) and are marked.
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Figure 3: Sex-specific differences in mean time to death (MTTD) at different doses of influenza
A H3N2 virus infection in C57BL/6J, NOD/ShiLtJ and WSB/EiJ
The same data set as in Figure 1 was used to investigate differences in MTTD between the strains. Changes
in MTTD were monitored for 14 days p.i.. Significant sex-specific differences were calculated for infection
with 1x101 FFU (A), 2x103 FFU (B) and 2x105 FFU (C). NOD/ShiLtJ and WSB/EiJ exhibited significant
sex-specific differences in infections with 1x101 FFU and C57BL/6J in infections with 2x103 FFU. Sex: clear
bars: female; dashed bars: male. The dashed line marks the end of experiment. Significances were calculated
using Mann Whitney U test (* : p<0.1; ** : p<0.01) and are marked.
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Figure 4: Dose-dependent differences in mean time to death (MTTD) after influenza A H3N2
virus infection in female and male mice of all CC founder strains
The same data set as in Figure 1 was used to investigate differences in MTTD between the strains. Changes
in MTTD were monitored for 14 days p.i.. Significances between infection doses were calculated for female
(A) as well as male (B) mice. Significant dose-dependent differences were observed in both sexes of all CC
founder strains except for female 129S1/SvImJ and both sexes of the highly resistant strains NZO/HlLtJ and
PWK/PhJ. Virus concentrations: clear bars: 1x101 FFU; vertically lined bars: 2x103 FFU; horizontally lined
bars: 2x105 FFU. The dashed line marks the end of experiment. Significances were calculated using Mann
Whitney U test (* : p<0.1; ** : p<0.01; *** : p<0.001) and are marked.
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Infection of CC founder strains leads to highly variable body weight changes

Body weight was determined on each day after infection for a period of 14 days (Figure
5). Significant differences between male and female mice were seen in all strains at the
lower infection dose of 1x101 FFU. Female mice exhibited a higher weight loss than male
mice except for the surviving strains NZO/HlLtJ and PWK/PhJ. In contrast, at the higher
infection dose (2x103 FFU) strains did not show significant differences between males and
females except for some single days. At the higher dose of 2x103 FFU, significant differences
in body weight were observed only for C57BL/6J, PWK/PhJ and WSB/EiJ at a few single
days. Only female PWK/PhJ mice exhibited significantly less body weight loss than male
mice, whereas males in other strains generally showed less severe changes in body weight
than females. However, this was only recorded late after infection for days 11, 12 and 14.
In contrast to all other strains, at infection doses of 1x101 FFU and 2x103 FFU NZO/HlLtJ
showed only slight body weight loss (up to 5%). At the highest dose (2x105 FFU) NZO/HlLtJ
mice showed a drop in body weight (10%) at day 2 which stayed at this level until day 14
after infection. The other highly resistant strain PWK/PhJ showed only minor body weight
loss at the low virus dose. At higher viral infection doses, body weight loss in PWK/PhJ
mice was detected at early days after infection whereby body weight was regained from day 4
on (Figure 5 A, B, C). Intra-strain comparisons demonstrated that mice were losing weight
more rapidly at higher virus doses whereby significantly differences were detected at early
time points after infection. Each founder strain had a characteristic temporal pattern for the
progression of body weight loss at different viral doses (Figure 6).
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Figure 5: Sex-specific difference in body weight changes at different doses of influenza A H3N2
virus infection in all CC founder strains
The same data set as in Figure 1 was used to investigate differences in body weight changes between the
strains. Changes in body weight were monitored for 14 days p.i. for three different infection doses (A : 1x101

FFU, B : 2x103 FFU, C : 2x105 FFU). Significant sex-specific differences were observed in all CC founder
strains and marked using Mann Whitney U test (* : p<0.1; ** : p<0.01).
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Kinetics of viral load in lungs revealed differences between resistant and non-
resistant CC founder strains

We further evaluated if there was a relationship between viral replication and changes in
body weight loss by determining viral load in lungs at different time points post infection
(p.i.) for all founder strains. This analysis and all further investigations were performed
by infecting female mice with the lowest dose (1x101 FFU). We chose this infection dose
for all subsequent studies because we observed the highest variation in survival, MTTD and
body weight changes between the founder strains at this infection dose. It also allowed us
to investigate additional phenotypic traits in all founder strains. Lung homogenates were
analyzed on day 3, 5 and 8 p.i. for viral loads using foci assay. Highly and intermediate sus-
ceptible strains (A/J, WSB/EiJ, C57BL/6J, 129S1/SvlmJ, and NOD/ShiLtJ) showed viral
loads of 105 FFU per lung on day 3, 5 and 8 after infection. The highly susceptible strain
CAST/EiJ exhibited the highest viral loads of 107 FFU per lung already at day 3, whereby
the other strains showed no time dependent increase until day 5 or even day 8 after infection.
In contrast, highly resistant strains (NZO/HlLtJ and PWK/PhJ) cleared virus until day 8,
although in NZO/HlLtJ mice an increase in viral load from 104 FFU per lung on day 3 p.i.
to 105 FFU per lung on day 5 p.i. was observed. Compared to all other founder strains
PWK/PhJ exhibited lowest viral loads (103 FFU / lung) on day 3 and 5 p.i. (Figure 7).

Increase in relative lung weight differs among CC founder strains

The relative lung weight (wet lung weight relative to body weight) was investigated at differ-
ent days after infection as measurement for the degree of immune cell infiltration and fluid
influx into the lung (Figure 8). After IAV infection, relative lung weights increased in all
strains except for the resistant NZO/HlLtJ and PWK/PhJ strains. Relative lung weights
increased continuously from day 3 to day 5 exhibiting a maximum at day 8 p.i. in the
highly susceptible and intermediate groups. Resistant strains showed only a slight increase
in relative lung weight until day 5 p.i.. In contrast to all other strains, relative lung weights
decreased in highly resistant strains on day 8 p.i.. All strains showed little or no change of
relative lung weight at day 3 after mock treatment. The kinetic of increasing lung weight
after infection was characteristic for each strain.
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Figure 6: Dose-dependent differences in body weight changes after infection with different doses
of influenza A H3N2 infections in female mice
The same data set as for Figure 1 was used. Significant dose-dependent differences were observed in all CC
founder strains and marked using Mann Whitney U test (Dottet line : 1x101 FFU, dashed line : 2x103 FFU,
continuous line : 2x105 FFU; * : p<0.1; ** : p<0.01; *** : p<0.001; **** : p<0.0001). Black asterisk: 1x101

FFU vs. 2x103 FFU; green asterisk: 1x101 FFU vs. 2x105 FFU; red asterisk: 2x103 FFU vs. 2x105 FFU
(using Mann Whitney U test).
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Figure 7: High viral loads after influenza A H3N2 infection in susceptible and intermediate but
not resistant strains except NZO/HlLtJ and PWK/PhJ
Eight to twelve weeks old female mice of the eight CC founder strains were infected intra-nasally with 1x101

FFU of the mouse-adapted influenza H3N2 virus (A/HK/01/68). Lung samples were taken, homogenized and
titrated via foci assay for mock infected animals on day 3 post treatment and on day 3, 5, and 8 p.i.. Lungs of
mice of all CC founder strains showed comparable high viral loads at 105 FFU per lung from day 3 until day
8 p.i.. NZO/HlLtJ and PWK/PhJ had lower viral loads and were able to clear virus until day 8 p.i.. Each
data point represents the measurement of one mouse.
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Figure 8: Increase in relative lung weight after influenza A H3N2 infection
Eight to twelve weeks old female mice of the eight CC founder strains were infected intra-nasally with 1x101

FFU of the mouse-adapted influenza H3N2 virus (A/HK/01/68). Lungs of mock infected animals were treated
with PBS and taken on day 3 post treatment. Lungs of infected mice were taken on day 3, 5, 8, 18 and 30 after
infection. Wet lung weight was determined. All CC founder strains showed comparable increase in relative
lung weight up to 2% except for the highly resistant NZO/HlLtJ and PWK/PhJ. Each data point represents
the measurement of one mouse.
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Figure 9: Mice of each founder strain showed a characteristic leukocyte profile in peripheral
blood
Blood samples were taken from the same animals used for viral load analysis (Figure 7) and analyzed
with VetScan regarding granulocyte (green), lymphocyte (red) and monocyte (blue) amounts displayed as
percentage of white blood cells (WBCs).
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Each CC founder strain exhibits a characteristic leukocyte profile in peripheral
blood

The cellular composition of the peripheral blood and its changes during the infection was
monitored via VetScan hematological assay (Figure 9). After infection, the percentage of
lymphocytes decreased, whereby the percentage of granulocytes in all strains increased. Only
the highly resistant strains, NZO/HlLtJ and PWK/PhJ, showed constant levels of both cell
types. Inter-strain comparison revealed a high percentage of granulocytes in 129S1/SvImJ,
NOD/ShiLtJ and WSB/EiJ on day 3 and 5 after infection. C57BL/6J and A/J showed a
typical increase in granulocyte levels at day 3, 5 and 8 p.i.. Most remarkably, CAST/EiJ
exhibited very low levels of granulocytes at day 3, 5 and 8 after infection. In summary, a
highly divergent immune cell profile was detected between strains during progression of the
infection.

Discussion

Animal models for human disease are a suitable and valuable tool to identify underlying
mechanisms and key players in the complex interplay of host pathogen interaction. In this
study, we characterized the host response after IAV in the eight CC founder strains. We ob-
served a broad range of phenotypic outcomes in survival, mean time to death, body weight,
viral load, relative lung weight and immune response. In addition, we monitored the infection
process at different time points after infection to characterize the progression of the infection
process.
Previous genetic studies have utilized the mouse as a model system to gain deeper knowledge
about how host genetic background is able to influence infectious disease progression and
outcome (Boon et al., 2009; Pica et al., 2011; Nedelko et al., 2012; Hatesuer et al., 2013).
Until now, it was not possible to find universal prevention and intervention strategies target-
ing invariant regions of IAV (Berry et al., 2014). Thus, many studies in the influenza field
have concentrated their effort on the host response during the last years (Zhang et al., 2009;
König et al., 2010; Watanabe et al., 2010). Mouse GRPs like the Collaborative Cross have
proven to be highly useful in the dissection of complex traits underlying bacterial, viral and
fungal infections (Durrant et al., 2011; Ferris et al., 2013; Shusterman et al., 2013).

High variation in host response to IAV infection in CC founder strains

Our comprehensive analysis of the CC founder strains detected highly variable phenotypes
for many traits (Table 1). The analysis of survival rates distinguished well between three
different groups: highly susceptible strains, comprising A/J, CAST/EiJ, and WSB/EiJ, inter-
mediate susceptible strains, C57BL/6J, 129S1/SvImJ and NOD/ShiLtJ and highly resistant
strains NZO/HlLtJ and PWK/PhJ. A/J was the most susceptible strain in our infection
model, since all infected mice died at the earliest time points after infection. Strains of the
highly susceptible group lost weight very rapidly and all mice died after infection. Mice of
the intermediate group survived the infection by a given percentage. In addition, mice were
not losing weight as rapidly as mice of the susceptible strains. Body weight changes showed
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a broad variation among all founder strains, but also in strains belonging to the same suscep-
tibility group. The resistant strain NZO/HlLtJ did not show a drop in body weight whereas
PWK/PhJ mice, also belonging to the highly resistant group, exhibit a remarkable loss of
body weight early after infection. The steep drop in body weight at the very early time
point (day 1 p.i.) appeared to be a treatment effect because mock treated animals showed
the same pattern (data not shown). The drop in body weight was more pronounced in this
wild-derived strain than in all other strains.

Table 1: Summary table of the CC founder strains phenotyping after influenza A H3N2 infection
The eight CC founder strains were divided into three different subgroups (resistant, intermediate and suscep-
tible) according to their outcome after 1x101 FFU influenza A H3N2 infection. They showed high variation in
changes in body weight, viral loads in lungs, hematological parameters in peripheral blood and relative lung
weight.

Different Mx1 alleles influence survival rates but are modulated by host genetic
background

Many studies on influenza pathogenesis in mice were performed in classical laboratory strains
having a mutation in the influenza resistance gene Mx1. A/J, C57BL/6J, 129S1/SvlmJ,
NOD/ShiLtJ, and WSB/EiJ strains harbor non-functional Mx1 alleles (Staeheli et al., 1988;
Jin et al., 1998). Five different Mx1 alleles were described for the CC founder strains (Ferris
et al., 2013) (Figure 10). NZO/HlLtJ and CAST/EiJ exhibit a single amino acid exchange
relative to PWK/PhJ. The WSB/EiJ transcript of Mx1 harbors a stop codon in its open
reading frame leading to a truncated protein. All other laboratory strains (A/J, C57BL/6J,
129S1/SvImJ and NOD/ShiLtJ) carry a deletion from the 8th to the 12th exon, resulting in
a non-functional protein. The functionality of the Mx1 gene was reflected by the different
survival rates of the founder strains. PWK/PhJ and NZO/HlLtJ survived the IAV challenge
at all three different concentrations that we used, 1x101 FFU, 2x103 FFU and 2x105 FFU.
The NZO/HlLtJ Mx1 allele seemed to be functional despite the single nucleotide exchange
in in exon 14 because these mice were highly resistant. In contrast, the single amino acid
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exchange in the CAST/EiJ Mx1 protein seemed to be detrimental and led to a highly sus-
ceptible phenotype. Further experiments are needed to elucidate the functionality of the
CAST/EiJ Mx1 allele. It is yet unclear if the allele itself is non-functional or if the genetic
background confers the high susceptibility. This question could be investigated by studying
this allele in the context of other genetic backgrounds. The CC population offers the oppor-
tunity of investigating the same Mx1 allele on different genetic backgrounds and to identify
potential modifying loci that interact with Mx1. In any case, besides the Mx1 gene there is a
clear effect of genetic background on survival rates, since we observed differences in survival
rates among all the strains with non-functional Mx1.

Figure 10: Five different Mx1 alleles of the CC founder strains
The mouse Mx1 gene has 14 exons (grey). The eight CC founder strains carry five different Mx1 alle-
les described Ferris et al. (2013). NZO/HlLtJ and CAST/EiJ exhibit one amino acid exchange relative
to PWK/PhJ. A premature stop codon is present in WSB/EiJ (red box) and the other lab strains (A/J,
C56BL/6J, 129S1/SvImJ and NOD/ShiLtJ) possess a deletion between the 8th and the 12th exon (graph
generated based on data from (Ferris et al., 2013)).

To further characterize the influence of the different Mx1 alleles, we quantified viral load in
infected lungs, since Mx1 is known to inhibit IAV replication (Staeheli et al., 1988). Viral
load was lowest in PWK/PhJ mice harboring a functional Mx1 gene. Virus replication only
occured early during infection and virus was cleared until day 8 p.i.. NZO/HlLtJ mice, the
second resistant strain, were also able to clear the virus, but viral replication occured until
day 5 after infection. Thus, the difference of viral replication may be caused by the single
amino acid exchange in the Mx1 protein or genetic differences in the background of the two
mouse strains modulating Mx1 function. In contrast, all intermediate and highly susceptible
mice strains carrying the Mx1 non-functional mutations showed high viral loads already on
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day 3 which are not reduced until day 8 post infection. There was no variation in viral loads
for five days and interestingly, they all exhibit a similar viral load of 105 FFU per lung.
It remains unclear, why all mice showed this constant level of viral load. There may be a
maximum of infected cells achieved or alternatively there is a balance between newly infected
cells and virus particles eliminated by the immune system. In any case, there is no strict
correlation between viral loads and other measures of susceptibility such as body weight loss
or survival. In other mouse inbred strains it has been shown that high viral loads correlate
well with increased susceptibility to IAV, e.g. DBA/2J, a highly susceptible mouse strain
had a higher viral load compared to the resistant strain C57BL/6J (Dengler et al., 2014).
Interestingly, CAST/EiJ exhibited highest viral loads on day 3 but some mice were able to
reduce viral load on day 8 post infection. Thus, CAST/EiJ mice may be highly susceptible
because Mx1 may be non-functional due to the single amino acid exchange in the globular
head of the protein. Alternatively, CAST/EiJ mice might carry a larger number of receptors
for IAV or other permissive factors that enable the virus to replicate very fast at early times
post infection. Another explanation may be that CAST/EiJ mice exhibit a delayed immune
response leading to high viral loads early after infection. This explanation is supported by
the analysis of the peripheral blood (see below). And there is of course the possibility that
several of these factors act in a combinatorial fashion in CAST/EiJ mice.

Immune response in the CC founder strains after IAV infection

We investigated the immune reaction of the founder strains by analyzing lymphocytes, gran-
ulocytes and monocytes in peripheral blood. The two resistant strains, NZO/HlLtJ and
PWK/PhJ, revealed only minimal changes in relative amounts of immune cells after infection.
Interestingly, CAST/EiJ showed only a slight increase in granulocytes. Thus, CAST/EiJ did
not seem to react strongly to IAV infection. In contrast, A/J and WSB/EiJ, two strains with
similar low survival rates, showed big changes in the cellular composition of the peripheral
blood. C57BL/6J and A/J exhibited levels of lymphopenia and granulocytosis which are
expected after infection. Varying levels of lymphopenia have been shown for different animal
models such as mice and ferrets after IAV infection (Tumpey et al., 2000; Stark et al., 2013) as
well as for other viral infections (Bale et al., 1987; Rosenberg et al., 1993; Summerfield et al.,
1998; Segovia et al., 1999). 129S1/SvImJ, NOD/ShiLtJ and WSB/EiJ showed exaggerated
immune responses with a relative granulocyte count of up to 50% of WBCs. In these strains,
it is most likely that the lung pathology is not only caused by virus replication but also
by infiltrating immune cells and related immunopathology. Notably, granulocyte amounts in
mock infected NOD/ShiLtJ mice were at 10% of total WBCs before infection, indicating that
the immune system of NOD/ShiLtJ was already stimulated before infection with IAV.

During an IAV infection, virus is entering the lung, thereby triggering immune cells to mi-
grate into infected tissue by the activation of cytokines and chemokines (Guidotti and Chisari,
2001). In addition, in severe disease outcomes fluid is leaking into the alveolar space of the
lung. Thus, relative lung weight is a suitable indicator for the severity of infection (van den
Brand et al., 2012). Relative lung weight did not show a high variance among the founder
strains. Resistant strains (NZO/HlLtJ and PWK/PhJ) exhibited only minor changes in lung
weight relative to body weight. NZO/HlLtJ, a model for obesity (Herberg and Coleman,
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1977), has a very high body weight reaching up to twice the body weight observed in classi-
cal lab strains. Accordingly, lung weight would have to increase to a much higher extent in
NZO/HlLtJ mice than in mouse strains with lower body weight. However, PWK/PhJ mice
exhibit normal body weight and also do not show significant changes in relative lung weight.
Some immune cells seem to infiltrate the lung tissue of the resistant mouse strains, whereby
this effect is only minor in comparison to all other strains. Relative lung weight of resistant
strains might also exhibit a only minor increase because the lung is not severely damaged
and accordingly there might not be much fluid leaking into infected tissue. The variation
between single mice of the same strain seemed to be very low leading to the conclusion that
relative lung weight is a robust parameter. Nevertheless, we observed also differences between
non-resistant strains for relative lung weights. These differences may reflect different degrees
of the immune response and at later time points also differences in leakage of fluid into the
lung. The quantitative and qualitative infiltration of immune cells into the lungs should be
further investigated e.g. by flow cytometry. By analyzing different time points during infec-
tion, it would be possible to differentiate between immune cells of the innate and adaptive
immune system. Alternatively, transcriptome profiles would help to understand the immune
responses in each founder strain as it has been shown for infections with H1N1 virus (Ferris
et al., 2013). In this study Ferris and colleagues (Ferris et al., 2013) investigated the eight
founder strains as well as 155 pre-CC lines after IAV infections. Changes in body weight,
gene expression and histopathological scoring analyses were used to perform mapping studies.
The infections were performed with another virus subtype (H1N1, PR8) and only one time
point after infection (day 4 p.i.) was investigated. Furthermore, only one animal per pre-CC
lines was used. Here, we used a different IAV subtype and we investigated the phenotypic
changes over a much longer time period. In addition, we increased the group sizes to find
additional statistical significant correlations between traits, strains and sex. This enabled
us to investigate the development of different disease related phenotypes during progression
of the infection and additionally see which phenotypic combinations finally led to death or
survival.

Influence of sex on IAV disease progression and outcome

We examined female as well as male mice for changes in body weight and survival rates after
influenza A H3N2 infection to address the question if there are sex-dependent differences
concerning course and outcome. At a dose of 1x101 FFU we observed significant sex-specific
differences in body weight loss in the highly and intermediate susceptible group, but not in
the highly resistant group. Female mice always exhibited higher body weight loss compared
to males. Females and males are different concerning their prevalence, response and severity
to different kinds of infection (Klein et al., 2010). It is discussed controversially if males or fe-
males are more prone to infections. On the one hand, it has been described that males exhibit
higher prevalence to parasitic, fungal, bacterial and viral infections (Klein, 2000) due to an-
drogens reducing immune-competence, influencing resistance gene expression and behavior.
It has also been shown that androgens are able to suppress the immune response through
increasing the synthesis of anti-inflammatory cytokines and thus preventing a detrimental
’cytokine storm’ (Liva and Voskuhl, 2001; Rettew et al., 2008). In contrast to androgens,
estrogens are associated with inflammation and it has been shown that they support the pro-
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liferation and differentiation of many of immune cells (Olsen and Kovacs, 1996). Furthermore,
it has been described that the host response after infection or vaccination is more robust in
females (Klein and Poland, 2013), whereas Avitsur et al. stated that males mount stronger
immune and behavioral responses after influenza infection compared to female mice (Avitsur
et al., 2011). Our studies confirmed a previous analysis (Robinson et al., 2011) describing
a higher susceptibility and more severe symptoms in females compared to males after IAV
infection. However, we exclusively analyzed outcome of the IAV challenge by changes in
body weight and survival rates in both sexes and did not investigate if the immune response
was different in the two sexes. Nevertheless, it will be important to investigate sex-related
differences concerning the host response because one may speculate that this also applies to
humans.

Influence of type 1 diabetes phenotype during IAV infection

We observed a sex-specific difference in survival rates in NOD/ShiLtJ mice. NOD/ShiLtJ
mice are a model for human type 1 diabetes (T1D, (Makino et al., 1980)). These mice develop
spontaneous autoimmune insulin-dependent diabetes mellitus (IDDM) which is characterized
by the destruction of pancreatic cells (Anderson and Bluestone, 2005). In addition, several
abnormalities in immune cells have been shown such as defective antigen presentation (Lee
et al., 2015), defects in T cells (Ferreira et al., 2014) and NK cells (Suwanai et al., 2010)
as well as disturbed cytokine signaling from macrophages (Fan et al., 2004). It has been
reported that female NOD/ShiLtJ mice exhibit a significant decrease in insulin at the age of
12 weeks. In contrast, males show decreasing insulin levels several weeks later. Females are
more widely used for IDDM research because the percentage of animals developing T1D is
higher (90 - 100%) compared to males (30 - 40%) and symptoms occur earlier (Anderson and
Bluestone, 2005). We found in our studies that female NOD/ShiLtJ mice are significantly
more susceptible to IAV infection than males at the same age. This might be caused by the
more advanced pre-diabetic state in females. However, it was shown that female NOD/ShiLtJ
mice are able to mount an effective immune response to IAV (H1N1, PR8) even though they
exhibit dendritic cell related immune defects (Kreuzer et al., 2015).

In conclusion, our studies emphasize the importance of host genetic backgrounds for the
course and outcome after IAV infection. The analysis of the eight founder strains revealed
typical phenotype correlations such as high mortality in combination with high viral loads
and a strong immune response (e.g. A/J). On the other hand, we also observed unexpected
phenotype combinations such as high viral load but a low immune response (e.g. CAST/EiJ).
In the future, we will extend our analysis to the fast growing panel of CC lines and with subse-
quent genetic mapping studies dissecting polygenic traits after IAV infection will be possible.
Identifying host genetic factors that are able to influence disease progression and outcome
are of highest interest for the development of new prevention and treatment strategies for
human influenza disease.
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Materials and methods

Ethics statement
All mouse experiments have been approved by an external committee and according to the
national guidelines of the animal welfare law in Germany (’Tierschutzgesetz in der Fassung
der Bekanntmachung vom 18. Mai 2006 (BGBl. I S. 1206, 1313), das zuletzt durch Ar-
tikel 20 des Gesetzes vom 9. Dezember 2010 (BGBl. I S. 1934) geändert worden ist.’). An
ethics committee has reviewed the protocols and the experiments have been approved by the
’Niedersächsiches Landesamt für Verbraucherschutz und Lebensmittelsicherheit, Oldenburg,
Germany’, according to the German animal welfare law (Permit Numbers: 33.9.42502-04-
051/09 and 33.9.2.42502-04-13/1234).

Virus, mouse strains, infection
The mouse-adapted virus strain influenza A/HK/01/68 (H3N2 Fre INFG 0312; (Haller et al.,
1979)) was produced in the allantoic cavity of 10-day-old embryonated hen eggs for 48
h at 37 ◦C. The CC founder (A/J, C57BL/6J, 129S1/SvlmJ, NOD/ShiLtJ, NZO/HILtJ,
CAST/EiJ, PWK/PhJ, WSB/EiJ) were bred in the animal facility of the Helmholtz Cen-
tre for Infection Research, Braunschweig. All mice were maintained under specific pathogen
free conditions and according to the German animal welfare law. All experiments were ap-
proved by an external committee according to the German regulations on animal welfare
(Permit Numbers: 33.9.42502-04-051/09 and 33.9.2.42502-04-13/1234). Female and male, 8-
12 weeks old mice were anaesthetized by intra-peritoneal injection with Ketamine/Xylazine
(85% NaCl (0.9%), 10% Ketamine, 5% Xylazine) with doses adjusted to the individual body
weight. Mice were then infected intra-nasally with 20 µl virus solution (1x101 FFU, 2x103

FFU and 2x105 FFU in PBS). Mice that lost more than 30% of their body weight had to be
killed for ethical reasons and were scored dead. 7-12 mice per strain were used for survival
and body weight analyses. For analyses of viral load, peripheral blood and determination of
relative lung weight 1-5 mice per strain were used.

Viral load in lungs
Viral load of infected lung tissue was determined on MDCK II (Madin-Darby Canine Kidney
II) cells using FFU assay as described earlier (Blazejewska et al., 2011). Whole lungs were
homogenized in 2 ml of PBS with 0.1% BSA using Poly Tron 2100 homogenizer. Debris was
removed by centrifugation at 200 x g for 10 minutes and subsequently homogenates were
aliquoted and stored at -80 ◦C. Serial dilution of lung homogenates in DMEM containing
0.1% BSA was performed and viral titers were determined by counting foci (foci assay). Each
homogenate was tested in at least two independent experiments whereby the mean values for
all experiments were determined.

Relative lung weight
Female mice of each of the CC founder strains were anesthetized using Isofluran. After exsan-
guinating via puncture of the retrobulbar vein plexus, lungs were removed and weighted di-
rectly. Relative lung weight was calculated as followed: (lung weight on day of preparation /
body weight on day of preparation) * 100 and displayed as percentage of total body weight.
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Hematological analysis via VetScan
Mice were anaesthetized with Isofluran, blood was taken by puncture of the retrobulbar vein
plexus, collected in EDTA tubes and measured immediately in the VetScan HM5 (Abaxis).
The following parameters were analyzed: lymphocytes (Lym), granulocytes (Gr) and mono-
cytes (Mon).

Statistics
Data were analyzed using GraphPad Prism version 5.04 for Windows (GraphPad Software,
San Diego, California). Non-parametric Mann Whitney U test was used to determine p-
values for the significance of differences between groups. Log rank test was used to calculate
significances for survival rates.
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5 RESULTS

Abstract

Background
Previously, we performed a quantitative trait locus (QTL) mapping study in BXD recom-
binant inbred mice to identify host genetic factors that confer resistance to influenza virus
A infection. We found Lst1 (leukocyte specific transcript 1) as one of the most promising
candidate genes in the Qivr17-2 locus because it is non-functional in DBA/2J mice. Sev-
eral studies have proposed that LST1 plays a role in the immune response to inflammatory
diseases in humans and has additional immune-regulatory functions. Here, we evaluated the
relevance of LST1 for the host response to influenza A infection in B6-Lst1 -/- mutant mice.

Findings
To investigate the role of LST1, we infected B6-Lst1 -/- mutant and C57BL/6N wild-type mice
with influenza A virus (PR8; H1N1). Lst1 -deficient mice exhibited significantly increased
body weight loss at days 5 and 6 after infection and slightly increased lethality compared to
infected wildtype mice. Histopathological examination of infected lungs did not reveal any
obvious differences between KO and wildtype mice.

Conclusions
The absence of LST1 leads to a more susceptible phenotype. However, deletion of LST1 in
DBA/2J mice alone does not explain the high susceptibility of this strain to influenza infec-
tions.

Keywords: Influenza A virus, Lst1, KO mouse mutant, animal model
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Findings

Each year, about 500 million people are infected by influenza A virus worldwide, of which
about 500,000 die (Fauci, 2006). We and others showed that the genetic background strongly
influences the course and outcome of influenza A virus infections in different mouse inbred
strains (Srivastava et al., 2009; Boon et al., 2009; Pica et al., 2011; Nedelko et al., 2012). To
identify candidate genes which determine resistance and susceptibility to influenza A infec-
tions we performed a genome-wide quantitative mapping study using the BXD recombinant
inbred strains derived from C57BL/6J and DBA/2J (Nedelko et al., 2012). Combining data
from gene expression studies and sequence information of the parental strains, we identified
about 30 candidate genes across the five QTL regions (Nedelko et al., 2012). One of the
most promising candidates in the Qivr17-2 (quantitative trait for influenza virus resistance
on chromosome 17 ) locus was the leukocyte specific transcript 1 (Lst1 ). The human gene
LST1 and its mouse homologue Lst1 are located in the MHC class III locus encoding nu-
merous genes involved in the immune response (de Baey et al., 1995; Holzinger et al., 1995).
Transcripts are most abundant in immune cells, especially B cells, T cells, monocytes and
dendritic cells (de Baey et al., 1997). The expression has been shown to be up-regulated by
inflammatory stimuli (Holzinger et al., 1995; Mulcahy et al., 2006).

Figure 1: Mutation in the sequence of the Lst1 gene leads to truncated protein in DBA/2J
mice.
The nucleotide sequences and the predicted amino acid sequences of the reading frames of the Lst1 gene
are shown for C57BL/6J and DBA/2J, respectively [ENSEMBL:ENSMUST00000097336]. A deletion of one
nucleotide (red arrow) in exon one near the start codon (green box) in DBA/2J leads to a premature stop
codon in exon 2 (red box).
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Nucleotide sequence comparisons of C57BL/6J and DBA/2J genomes from next generation
sequencing studies suggested a single nucleotide deletion in the first exon of the Lst1 gene
in DBA/2J mice, and we confirmed this deletion by PCR and subsequent sequencing of the
region (Nedelko et al., 2012). The deletion leads to a translational frame shift resulting in
a premature stop codon at the beginning of exon two leading to a truncated, non-functional
protein (Figure 1).

In addition, transcriptional expression of Lst1 was regulated in C57BL/6J mice after in-
fection with influenza A virus (PR8; H1N1). It was up-regulated already at day 2 post
infection (p.i.), showing a peak of expression at day 8 p.i.. At later time points post infection
Lst1 expression decreased and reached levels that were similar to non-infected mice on day 18
p.i. (Nedelko et al., 2012; Pommerenke et al., 2012). Thus, Lst1 expression was found both
during the innate and adaptive phase of the host response to influenza and peaked at the time
point of T cell infiltration (Figure 2). Expression analysis in Bio-GPS (http://biogps.org)
confirmed that Lst1 was mainly expressed in immune cells including mast cells, macrophages
and dendritic cells.

Figure 2: Changes in Lst1 (leukocyte specific transcript 1) gene expression levels after influenza
infection.
Expression values represent normalized log2 transformed signal intensities at different time points p.i. relative
to expression levels in non-infected control mice (control). In addition to Lst1, expression profiles for inflam-
matory genes (Ifnb1, Irf7 ), NK cell marker (Klra15 ), T cell marker (Cd3d) and B cell marker (Cd79b) are
shown. Expression data were taken from Nedelko et al. (2012).

50



5.2 Manuscript II

To further characterize the role of LST1 after influenza A infection, we studied the host re-
sponse in a Lst1 mouse knock-out (KO) model. The KO strain C57BL/6N-Lst1 tm1(KOMP)Vlcg,
harboring a reporter-tagged deletion of the Lst1 gene, was created from the ES cell clone
12118A-B1 obtained from the KOMP Repository (www.komp.org), originally generated by
Regeneron Pharmaceuticals, Inc. (Figure 3 A). We confirmed insertion of the targeting
cassette in the coding region of exon two and three by PCR genotyping (Figure 3 B).

Figure 3: Targeting and genotyping strategy of the Lst1 KO strain.
The knock-out mouse strain C57BL/6N-Lst1 tm1(KOMP)Vlcg was produced from an ES cell clone harboring
a targeting cassette in the coding region, and replacing exons 2 and 3 (A). Mice were genotyped by using
different primer pairs leading to PCR products which allowed the identification of wild-type (310 bp), KO
(400 bp) and heterozygous animals (310 bp and 400 bp) (B). Primers (blue arrows) used for genotyping:
Lst1-fwd: 5’ - GTG CGT GCT CAG TCA CAC TA - 3’; Lst1-rev: 3’ - AGG CCA ACA ATA AGT CCT TAC
- 5’; neofwd: 3’ - TCA TTC TCA GTA TTG TTT TGC C - 5’. Abbreviations: lacZ: β-galactosidase coding
sequence from the E.coli lacZ gene, hubiP: promoter from the human ubiquitin C gene, neor: coding sequence
for neomycin phosphotransferase, p(A): polyadenylation signal, black arrow: direction of gene transcription,
black boxes: Lst1 coding region.

To study the role of Lst1, for the host defense to infections, we infected eight to twelve weeks
old female C57BL/6N-Lst1 tm1(KOMP)Vlcg as well as control mice (C57BL/6N) with 2x105

focus forming units (FFU) of the mouse-adapted A/PuertoRico/8/34 H1N1 virus (PR8M;
Blazejewska et al. (2011)). All animal experiments were approved by an external commit-
tee and according the guidelines of the animal welfare law in Germany (Permit numbers:
33.942502-04-051/09, 3392 42502-04-13/1234). Changes in body weight and survival rates
were monitored for 14 days p.i. (Figure 4).
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Figure 4: Lst1 KO mice revealed a more susceptible phenotype in comparison to C57BL/6N
wild-type mice after infection with influenza A virus.
Female C57BL/6N-Lst1 tm1(KOMP)Vlcg (n = 10) and wild-type C57BL/6N mice (n = 15) were infected intra-
nasally with 2x105 FFU PR8M in 20 µl PBS. Body weight (A) and survival (B) were determined for each day
p.i. for a period of 14 days. Percent weight is shown with reference to the starting body weight. Significances
were calculated using non-parametric Mann Whitney U test. (p<0.05 for day 5; p<0.005 for day 6) and Log
rank test for survival rates (not significant).

Lst1 KO mice exhibited significantly increased body weight loss at days 5 and 6 p.i.. All
wildtype mice survived the infection whereas the KO mice showed a lethality of 20%. How-
ever, this difference in survival was not significant. Histopathological analyses of infected
lungs did not reveal obvious differences in morphology and immune cell infiltration between
Lst1 -/- and wild-type mice at day 3 and 5 p.i. (Figure 5).
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Figure 5: Lungs of Lst1 knock-out mice and C57BL/6N wild-type mice did not show obvious
histological differences after IAV challenge.
Female C57BL/6N-Lst1 tm1(KOMP)Vlcg (n=3 / time point) and wild type (C57BL/6N) mice (n=3 / time point)
were infected intra-nasally with 2x105 FFU PR8M in 20 µl PBS. Lung samples were taken on day 3 and 5
p.i.. Formalin-fixed and paraffin-embedded tissue samples were sectioned at 5 µm thickness and stained with
either hematoxylin and eosin or with a monoclonal antibody against the nucleoprotein of influenza A virus
(anti-NP) (Rimmelzwaan et al., 2001). Similar amounts of infiltrating immune cells (A - D) and similar
numbers of virus-infected cells (E - H) were observed at 3 and 5 days p.i.. Immuno-histochemical staining
with anti-NP antibody was detected mostly in bronchiolar regions on day 3 p.i. (I and J), whereas on day 5
p.i. virus did spread further into alveolar regions in both mouse strains (K and L). A - D: Hematoxylin and
eosin staining (10x magnification); E - H: anti-NP immune-histochemical staining (20x magnification); I - L:
anti-NP staining (60x magnification).

In conclusion, B6-Lst1 -/- KO mice are more susceptible to influenza A infection reflected in
an increased body weight loss and slightly reduced survival rate. The susceptibility of KO
mice is much less pronounced compared to DBA/2J mice. Thus, our results confirm the con-
tribution of Qivr17-2 to susceptibility of DBA/2J mice. However, the effect of Lst1 is rather
small and other polymorphisms in other genes within Qivr17-2 as well as in additional QTL
regions on other chromosomes have to be responsible for the high susceptibility of DBA/2J
mice. These results emphasize the influence of different gene loci on the host response to
influenza A H1N1 infection in mice.

There are numerous reports describing that LST1 plays an important role in the immune
response to inflammatory diseases in humans (Mulcahy et al., 2006; Mewar et al., 2006; Nagy
et al., 2006; Heidemann et al., 2014), in bacterial infections (Mulcahy et al., 2006) and in sig-
nal transduction (Lehner et al., 2004; Stepanek et al., 2014). It has been demonstrated that
LST1 plays a crucial role for transmembrane cell to cell communication (Schiller et al., 2013),
which was shown to be important for the intercellular transport of bacteria and retroviruses
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(Davis and Sowinski, 2008). Furthermore, the expression of the Lst1 gene was shown to be
up-regulated in response to lipopolysaccharide, interferon-γ and bacterial infections (Mulcahy
et al., 2006). The human LST1 transcript is characterized by extensive alternative splicing.
These splice variants encode different transmembrane or soluble proteins. Also for the mouse
homologue alternative splicing has been described (de Baey et al., 1997; Rollinger-Holzinger
et al., 2000).

The LST1 gene has been studied extensively at the gene and mRNA level (Schiller et al.,
2014), but the biological functions of the protein product are largely unknown. Overexpres-
sion of LST1 in several human cell lines leads to the formation of filopodia-like membrane
protrusions (Raghunathan et al., 2001). Recently it was proposed that LST1 promotes the
formation of tunneling nanotubes (Schiller et al., 2013). Interestingly, it has been shown that
several persistent viruses, like HIV and herpes viruses, are able to use those nanotubes for
intercellular transfer (Sherer et al., 2007; Sowinski et al., 2008; Eugenin et al., 2009). This
mechanism of viral spread has not been demonstrated for influenza A viruses. In addition,
it was shown recently that tunneling nanotubes promote networking of immune cells and
can mediate transfer of MHC class I molecules between distant cells (Schiller et al., 2013).
This function might be disturbed in Lst1 KO mice leading to an enhanced susceptibility to
influenza A.

To our knowledge the Lst1 KO mouse model described here is the first in vivo model in-
vestigating the role of LST1 during influenza A infections. However, several open questions
still remain with respect to the many biological functions of LST in other contexts. The
mouse model which we generated will help to elucidate also these other functions.
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Abstract

Background:
The host response to influenza A infections is strongly influenced by host genetic factors.
Animal models of genetically diverse mouse strains are well suitable to identify host genes
involved in severe pathology, viral replication and immune responses. Here, we have utilized
a dual RNAseq approach that allowed us to investigate both viral and host gene expression
in the same individual from a single expression assay after H1N1 infection.

Results:
We performed a comparative expression analysis to identify (i) correlations between host
genes and the viral gene expression, (ii) host genes involved in viral replication, and (iii)
genes showing differential expression between the two mouse strains after infection. These
genes may be key players involved in regulating the differences in pathogenesis and host
defense mechanisms after influenza A infections. Expression levels of influenza segments cor-
related well with the viral load and may thus be used as surrogates for conventional viral
load measurements. Furthermore, we investigated the functional role of two genes, Reg3g
and Irf7, in knock-out mice and found that deletion of the Irf7 gene renders the host highly
susceptible to H1N1 infection.

Conclusions:
Using RNAseq analysis we identified novel genes important for viral replication or host de-
fense. This study adds further important knowledge to host-pathogen-interactions and sug-
gests additional candidates that are crucial for host susceptibility or survival during influenza
A infections.
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Background

Influenza A viruses (IAV) have an adverse impact on human and animal health worldwide
through seasonal epidemics, newly emerging pandemics, and reoccurring outbreaks in live-
stock. The most severe human pandemic in 1918 resulted in about 30 million fatal casualties
(Johnson and Mueller, 2002). In addition, seasonal influenza infections represent a major
health hazard causing deaths and enormous losses of work force every year (Fauci, 2006).
We and others have shown in animal models that genetic background of the host strongly
influences mortality and morbidity after influenza infections. In particular, major differences
in susceptibility and resistance were observed between different mouse inbred strains (Tram-
mell and Toth, 2008; Ding et al., 2008; Vanlaere et al., 2008; Srivastava et al., 2009; Boon
et al., 2009, 2010; Otte et al., 2011; Boon et al., 2011; Pica et al., 2011; Trammell et al., 2012;
Ferris et al., 2013). Detailed analysis of the mouse strains C57BL/6J and DBA/2J revealed
that C57BL/6J mice survived infections with a low pathogenic A/Puerto Rico/8/1934 H1N1
virus (PR8M) whereas DBA/2J mice rapidly lost weight and all infected mice died (Srivas-
tava et al., 2009; Blazejewska et al., 2011). Infected DBA/2J had higher viral loads in their
lungs and also exhibited a stronger inflammatory response compared to C57BL/6J mice (Sri-
vastava et al., 2009; Blazejewska et al., 2011; Dengler et al., 2014). Therefore, the comparison
of these two mouse strains represents a very suitable model system to identify genes that are
associated with severe infection outcomes in humans (Kollmus et al., 2014). During an acute
influenza virus infection, highly dynamic and inter-related responses are triggered in the host
which eventually results in clearance of the pathogen and establishment of a long-lasting im-
munity. We recently demonstrated that these host responses can be studied comprehensively
by measuring changes in the gene expression levels after infection (Pommerenke et al., 2012).
We previously used microarrays to study changes in the transcriptome of C57BL/6J and
DBA/2J mice after infection with PR8M and identified several genes that were differentially
expressed between the two mouse strains (Alberts et al., 2011).
Here, we expanded those earlier studies by utilizing a dual RNAseq approach that enabled
us to investigate both virus as well as host gene expression in the same individual. We
found several new host genes strongly correlating with virus gene expression. Host genes
potentially involved in viral replication were identified by comparisons with candidates from
previous siRNA studies. In addition, we identified host genes that exhibit differential expres-
sion between the two mouse strains after the infection. These genes may be crucial to direct
the host response to influenza A infections and be causal for differences in susceptibility and
resistance of genetically diverse hosts to influenza or other viral infections. We studied the
role of two candidate genes and found that deletion of one, Irf7, renders the host highly
susceptible to PR8M infection.
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Results

Global expression profiles are distinct in C57BL/6J and DBA/2J mice

RNA was extracted from lungs of C57BL/6J and DBA/2J mice infected with PR8M (a
variant of A/Puerto Rico/8/1934 H1N1 as described in Blazejewska et al. (2011)) and quan-
tified using RNAseq. Principal component analysis (PCA) of normalized counts for host
genes confirmed separate groupings of non-infected (controls) and infected lungs (Figure 1).
The transcriptome profiles of C57BL/6J mice and DBA/2J mice were distinct as shown by
the second principle component whereas the host response to the infection is represented by
the first principle component which explains most of the expression variation (59%). PC2 re-
veals distinct expression profiles in the two strains due to their different genetic backgrounds
explaining 18% of the expression variation. C57BL/6J mice exhibited a change in transcrip-
tome profiles that was distinct for days 3, 5, 8, and 14 after infection. However, infected
DBA/2J mice showed an early and stronger change in transcriptome profiles at day 3 p.i.
compared to C57BL/6J that did not show any stronger change until day 5 when DBA/2J
mice were already moribund.

Figure 1: PCA analysis of normalized host gene counts for all samples.
Principle component analysis reveals separate grouping of non-infected mice and infected mice for both mouse
strains. Replicates for a given day p.i. grouped well together. For C57BL/6J mice, groups from different
days p.i. were well separated. For DBA/2J a much stronger infection response was observed compared to
C57BL/6J mice and individual mice at days 3 and 5 p.i. were not well separated. Note that for day 14 p.i.,
two of three samples were not separated and only two spots are visible. B6md1, D2md1 and B6md3, D2md3:
C57BL/6J and DBA/2J mice mock-treated and analyzed at days 1 or 3 post treatment, respectively. Sample
labels: C57BL/6J at days 1, 3, 5, 8 and 14 p.i.: B6d1, B6d3, B6d5, B6d8, B6d14, respectively; and DBA/2J
mice at days 1, 3, 5 p.i.: D2d1, D2d3, D2d5, respectively.
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Expression levels of influenza gene segments correlate with viral load

In addition to expression profiling of host genes, RNAseq also allowed us to investigate
transcripts of the eight viral segments. Expression levels of all influenza segments (calculated
as RPKM) changed in all infected mice over time and were highest at days 3 and 5 p.i.
in C57BL/6J mice and at day 3 p.i. in DBA/2J mice (Figure 2). In infected C57BL/6J
mice, expression of influenza genes strongly decreased on day 8 p.i. and were at levels of
mock-treated controls on day 14 p.i.. Expression levels of influenza transcripts were higher
in DBA/2J mice compared to C57BL/6J mice at days 1 and 3 p.i.. Most influenza RNA seg-
ments revealed a similar relative increase of expression, except for the segment encoding the
neuraminidase (’NA’) showing a lower increase compared to all other segments. Dynamics of
the influenza gene expression levels determined by RNASeq clearly correlated to previously
measured infectious viral particles (Dengler et al., 2014) in C57BL/6J and DBA/2J mice
(Figure 3).

Figure 2: Expression levels of influenza genes.
Normalized expression levels for influenza segments (PA, HA, M, NA, NS, PB1, PB2, NP) were calculated as
mean expression values (log2 RPKM+1), relative to respective mock treated animals (mock day 1 for day 1
infected mice; mock day 3 for all other days p.i.). Lines represent expression levels from lungs of C57BL/6J at
day 1, 3, 5, 8 and 14 p.i. (B6d1, B6d3, B6d5, B6d8, B6d14, respectively) and at day 1, 3, 5 p.i. for DBA/2J
mice (D2d1, D2d3, D2d5, respectively). B6mock, D2mock: mock-treated C57BL/6J and DBA/2J control
mice, respectively.
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Figure 3: Correlation of expression levels and infectious particles.
The lower part represents pie charts for Spearman pairwise correlation factors; the upper part shows scatter
plots for pairwise comparisons of RPKM and FFU in C57BL/6J and DBA/2J mice. For C57BL/6J mice,
RPKM values from mock day 3 and from days 1 to 14 p.i., and for DBA/2J, RPKM values from mock day
3 and days 1 to 5 p.i. were used for the analysis. Data were ordered by day, offset by 1 and then log2
transformed. FFU were taken from (Dengler et al., 2014), offset by 1 and log2 transformed. Pearson pairwise
correlations between RPKM and FFU for C57BL/6J were: corr = 0.8999419, p-value = 3.676e-07; and for
DBA/2J: cor = 0.8832289, p-value = 0.0001401.

Differentially expressed genes overlap with genes previously identified to be re-
quired for viral replication

Differentially expressed genes (DEG) between infected and mock-treated animals (log-fold
change >|0.5| FDR <5%) were determined for C57BL/6J infected mice at days 3, 5 and
8 p.i and for DBA/2J infected mice at days 3 and 5 (Table 1). We then compared these
DEGs with genes that were identified previously in siRNA screens to be important for viral
replication (Stertz and Shaw, 2011; Zhou et al., 2014). The comparison with the gene list
(34 genes) described by Stertz et al (Stertz and Shaw, 2011) showed little overlap with our
DEG gene lists (two to seven genes, data not shown). Another study (Zhou et al., 2014) used
a combination of siRNA experiments and gene expression studies and identified 52 genes.
Here, we found an overlap of 18 genes with DEGs from C57BL/6J and 25 with DEGs from
DBA/2J (Table 2). Eighteen genes were common to both C57BL/6J and DBA/2J (Table
1, Figure 4). From these 25 genes, we selected Irf7 (Interferon regulatory factor 7) to gen-
erate knock-out mice and to test its importance for the host response to influenza infection.
After infection with 2x105 FFU PR8M virus Irf7 -/- mice lost significantly more body weight
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and exhibited increased mortality compared to wild type controls (Figure 5 A, B). These
observations demonstrate that Irf7 plays an important role for the host defense to influenza
A infection.

Table 1: Number of regulated genes from pairwise comparisons.
Analysis was performed using LIMMA, setting a threshold of more than 1.4-fold (log2 = 0.5) change in
expression levels and FDR <5%.

Host genes involved in virus defense and innate immune responses strongly cor-
relate with changes in influenza gene expression

We selected significantly up- or down-regulated genes (FDR <0.05 and genes with a mini-
mal expression level of log2 = 1) from C57BL/6J infected mice at days 1, 3, 5, 8, and 14
p.i. to identify host genes correlating with the expression of the viral genome. This analysis
was restricted to C57BL/6J because we aimed to cover the period of increase in viral load
(until day 5 p.i.) as well as the clearance phase (after day 5 p.i.). We found 182 host genes
with a highly correlated expression (169 positively and 13 negatively) (Spearman correlation
coefficient of larger than |0.8|, and FDR <0.05) (Table 3, Table S1). GO enrichment anal-
ysis of positively correlated genes revealed enrichment for the terms including ’host immune
response’, ’regulation of virus genome replication’, ’chemokine and cytokine production’ and
’responses to virus’. Reactome pathway analysis of these 169 positively correlated genes re-
sulted in an enrichment for the terms including ’interferon signaling’, ’immune system’, and
’cytokine signaling in immune system’.
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Figure 4: Expression changes of DEG genes overlapping with previously identified genes re-
quired for viral replication.
The heatmap illustrates DEG genes from infected C57BL/6J and DBA/2J that overlap with previously iden-
tified genes (Zhou et al., 2014). Mean expression differences of DEG genes from infected C57BL/6J and
DBA/2J at days 3 and 5 p.i. to mock-treated samples were calculated and values were scaled by rows. Colors
display z-scores from -1.5 (dark green) to 1.5 (red) for normalized gene expression values. Rows: name of
genes, columns: difB6d1: difference in expression levels of C57BL/6J infected mice at day 1 compared to
mock day 1 treated animals; difB6d3 to difB6d14: difference in expression levels of C57BL/6J infected mice
at days 3, 5, 8, 14 p.i. compared to mock-treated day 3 animals; difD2d1: difference in expression levels of
DBA/2J infected mice at day 1 compared to mock-treated day 1 animals; difD2d3 to difD2d5: difference in
expression levels of DBA/2J mice infected at days 3, 5 p.i. compared to mock-treated day 3 animals.

Table 2: DEG genes that overlap genes described in siRNA screens.
List of DEG genes that overlap with genes described by (Zhou et al., 2014). DEG B6d3, DEG B6d5 genes
expressed differentially in infected C57BL/6J compared to mock-treated controls on days 3 and 5 p.i., respec-
tively; DEG D2d3, DEG D2d5 genes expressed differentially in infected DBA/2J compared to mock-treated
controls on days 3 and 5 p.i., respectively; DEG B6D2d3, DEG B6D2d5: genes expressed differentially in
infected C57BL/6J compared to infected DBA/2J mice on days 3 and 5 p.i., respectively.
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Figure 5: Body weight loss of Irf7 and Reg3g knock-out mice after influenza A infection.
Female mice were infected with 2x105 FFU PR8M by intra-nasal application. Mice with a weight loss of more
than 30% of the starting weight had to be euthanized and were recorded as dead. (A) Homozygous Irf7 -/- mice
showed higher body weight loss (on days 6 to day 8 p.i., p<0.05, Mann Whitney U test) and (B) significantly
increased mortality (Log-rank test, p<0.01) compared to C57BL/6J control mice. (C) Mutant Reg3g-/- mice
exhibited significant differences in body weight loss at days 4, 5, 6, 9, and 10 p.i. (Mann Whitney U test,
p<0.05) but no significant increase in mortality (Log-rank test). Please note that in (A) after day 6 p.i. only
the surviving mice are shown and are thus not representative for the entire group.
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Table 3: Host genes for which gene expression levels were highly correlated with influenza gene
expression changes in infected C57BL/6J mice
List of top 20 positively correlated genes and all negatively correlated genes (method: Spearman). coeff:
Spearman correlation coefficient, adj.p.values: multiple testing corrected FDR. Genes are sorted by decreasing
correlation coefficients. The complete list is provided in supplements.
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Several genes are up-regulated in C57BL/6J mice but not in DBA/2J mice after
infection

C57BL/6J mice exhibit a much lower viral load in their lungs after infection with H1N1
influenza A virus (PR8M) compared to DBA/2J mice (Blazejewska et al., 2011; Dengler
et al., 2014). Furthermore, the host response in DBA/2J is characterized by a stronger in-
flammatory response (Blazejewska et al., 2011). Therefore we searched for genes that were
exclusively up-regulated in C57BL/6J but not in DBA/2J mice after infection with PR8M.
We hypothesized that these genes may be responsible for the more efficient control of virus
replication in C57BL/6J mice. In a first step, we performed an analysis of variance (ANOVA)
for all genes in all groups to identify genes that were significantly up-regulated (FDR<10%).
From this set, those up-regulated only in C57BL/6J were selected. This filtering identi-
fied five DEGs that were significantly regulated at day 3 and 5 p.i. in C57BL/6J mice:
Lhx2, 2210415F13Rik, Trim15, Reg3g, and Cd72. The very low expression levels of Lhx2,
2210415F13Rik and Trim15 make it unlikely that these are crucial candidates mediating the
difference in susceptibility between C57BL/6J and DBA/2J. We therefore investigated Reg3g
(regenerating islet-derived 3 gamma) in more detail. Knock-out mice carrying a mutation in
the Reg3g gene on a C57BL/6N background were infected with influenza PR8M. Differences
in body weight loss could be observed in mutant compared to wild type mice at day 4 to 6
p.i (Figure 5 C). However, no significant difference in survival was observed between Reg3g
knock-out and wild type C57BL/6N mice after influenza A virus infection. Thus, Reg3g
seems to play a minor role in the host defense to influenza virus H1N1 infection.

Discussion

Here, we performed RNAseq based analysis of gene expression changes in a murine influenza
A infection model by comparing a resistant mouse strain, C57BL/6J, that survives PR8M
(H1N1) infection, with a highly susceptible strain, DBA/2J, for which infection with PR8M
is lethal. Our studies confirm differences in gene expression profiles between the two mouse
strains that were described in a previous analysis using microarrays (Alberts et al., 2011). At
day 3 p.i., 670 differentially expressed probesets in infected C57BL/6J and 1,046 in infected
DBA/2J mice, respectively, were identified previously by Alberts and colleagues (Alberts
et al., 2011) and also overlapped with DEGs found in this study.

Influenza virus transcripts carry a poly(A) tail similar to host mRNAs. Cellular mRNAs
are polyadenylated through cleavage at the polyadenylation signal and subsequent addition
of the poly(A) tail. In contrast, viral mRNAs obtain their polyadenylation through a stut-
tering mechanism in which the RNA-dependent RNA polymerase moves back and forth over
a stretch of five to seven U residues shortly before the 5’ end (Poon et al., 1999; Samji, 2009).
Since we selected poly(A) RNAs for RNAseq, we were able to investigate expression of viral
genes in order to monitor virus replication and, at the same time, to correlate changes in
the host transcriptome with increase and decrease of virus gene expression. In this way, we
could confirm that changes in expression levels of viral mRNA correlate with viral load in
the infected lungs. The kinetics of viral replication over time as well as the difference be-
tween C57BL/6J and DBA/2J was well reflected by changes in sequence counts determined
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by RNAseq. Thus, the relative changes in RNA expression may serve as a surrogate for virus
replication and viral load in infected animals. RNAseq represents a big advantage compared
to microarrays technology where a parallel detection of host gene expression and viral genome
is not possible.
Zhou et al (Zhou et al., 2014) combined an siRNA screen with expression analysis in the hu-
man lung epithelial cell line A549 after infection with PR8 virus. They identified 300 genes as
significantly up-regulated and subsequently performed a siRNA screen for these genes. This
screen detected 52 genes as regulators of viral replication, including 40 genes that were not
reported previously. We found 25 genes that overlapped with the 52 genes identified by Zhou
et al. (2014). One of these genes, Fmr1, was investigated by others in detail and its relevance
for viral ribonucleoprotein assembly could be demonstrated in vitro and in vivo (Zhou et al.,
2014).
From the 25 overlapping genes, six genes (Stat1, B2m, Lgals3bp, Dusp5, Nfkbia, Il15ra) were
also identified as host factors involved in influenza virus replication by Shapira and colleagues
(Shapira et al., 2009). They used human bronchial epithelial cells for transcriptional profiling
and combined the data with results from a yeast two-hybrid approach where ten major viral
proteins of PR8 were tested against 12,000 human proteins.
Furthermore, genes acting downstream of RIG-I binding to viral RNA like Irf7, Irf9, Stat1
and NF-κB were also found amongst the genes that overlapped with the list from Zhou et
al. (Zhou et al., 2014). STAT1, IRF9 and STAT2 form a heterotrimer, known as the ISGF3
complex, that mediates induction of interferon stimulated genes. The potential role of Irf7
in IFN production was shown recently in vitro (Crotta et al., 2013).
From these 25 genes, we selected Irf7 (Interferon regulatory factor 7) to generate knock-out
mice and to investigate its role for the host defense in vivo. After infection with PR8M,
Irf7 -deficient mice exhibited a more pronounced body weight loss and increased mortality
compared to wild type mice after infection with H1N1 virus. These experiments demonstrate
the in vivo relevance of Irf7 for the host response to influenza virus infection.
Another candidate with reported antiviral activity, ZC3HAV1 (zinc finger CCCH type, an-
tiviral 1) correlated with survival of chicken infected with H5N1 variants (Uchida et al., 2012).
Plscr1 is induced by interferon and is involved in amplifying the interferon response (Dong
et al., 2004). It is a TLR9-interacting protein that plays an important role in pDCs type
1 IFN responses by regulating TLR9 trafficking to the endosomal compartment (Talukder
et al., 2012). We speculate that genes like Cxcl2, Lcn2, Il15ra, LgalS3BP, Casp1, Cd274,
Tnfaip2 and Atf3 (a negative regulatory transcription factor in TLR pathways) reflect the
pathogen induced activation of macrophages. The detrimental role of Cd274 (programmed
death ligand 1) in influenza infection was demonstrated recently (Valero-Pacheco et al., 2013;
McNally et al., 2013; Maazi et al., 2013). The knockout of caspase 1 (Casp1 ), a key mediator
of inflammatory processes revealed a higher susceptibility to influenza (Thomas et al., 2009;
Huang et al., 2013). The importance of the transcription factor NF-κB for viral replication
has also been shown (Wurzer et al., 2004; Ruckle et al., 2012). Recently this pathway was
assessed as potential therapeutic target (Haasbach et al., 2013).
When comparing several RNAi screens Stertz and Shaw identified 34 genes with potential
importance for viral replication that were found in at least two screens (reviewed in Stertz
and Shaw (2011)). However, only seven genes overlapped with the 34 genes in DBA/2J at
day 5 p.i. (Plk3, Rps10, Il17ra, Ptprn, Racgap1, Nhp2l1, Atp6v0c). One explanation for
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the small overlap may be that the RNAi screens were performed in cell culture whereas our
studies identified differentially regulated genes in infected lungs. It should be noted that
transcriptomes in lungs are much more complex due to the contribution from infiltrating
immune cells. Thus, changes in expression of cultured cells may not well reflect the entire
spectrum of host responses. More future studies will be necessary to further elucidate this
aspect.
Since viral and host transcripts can be followed in the same individual, we were able to
correlate changes in host gene expression with changes in the level of virus gene expression.
We studied host gene expression in C57BL/6J lungs and viral transcripts including both the
period of increasing viral load (day 1 to day 5 p.i.) as well as the period of decrease in viral
load (day 8 to 14 p.i.). We found 182 host genes that were positively or negatively correlated
with influenza gene expression in infected C57BL/6J mice. The role in immune response
processes of many of the positively correlated genes is already known. For example, it has
been shown that Flotillin 1 (Flot1 ) plays an important role during neutrophil recruitment
and migration (Ludwig et al., 2010) whereas Orm1 inhibits neutrophil migration to the focus
of infection after polymicrobial sepsis (Spiller et al., 2012).
Porcine Ifit3 is highly induced by IFN-α/β and swine influenza virus (SIV) and is able to
inhibit SIV replication as well as to enhance IFN-β production (Li et al., 2014). Moreover
increased expression of Ifit3 has been revealed during lymphocytic choriomeningitis virus
(LCMV) and West Nile virus (WNV) infection in the murine central nervous system (CNS).
Thus, a dominant role in the host response to different viruses in the CNS was suggested
(Wacher et al., 2007).
Other genes interfere with pathways known to play important roles in the immune response
after influenza A virus infection: Tnip2 which is required for optimal activation of the Erk
signaling pathway and the inhibition of NF-κB activation (Van Huffel et al., 2001; Papout-
sopoulou et al., 2006; Li et al., 2006; Leotoing et al., 2011). It has been shown recently
that the macrophage stimulating 1 receptor (Mst1r) plays an important role in controlling
cytokine secretion in inflammatory bowel disease (IBD) (Kulkarni et al., 2014), negatively
regulates TNFα production in alveolar macrophages (Nikolaidis et al., 2011) and its signaling
promotes cell survival (Logan-Collins et al., 2010). Additionally, the tyrosine kinase of this
receptor plays a regulatory role in the immune response during acute lung injury (Nikolaidis
et al., 2010). The function of several of these genes has already been validated in knock-out
mouse models: Ccrl2 deficient mice exhibit alteration in trafficking of antigen-loaded lung
dendritic cells and the authors suggest that this receptor might control excessive airway in-
flammatory responses (Otero et al., 2010). In Serpind1 KO mice an increased susceptibility
to Pseudomonas aeruginosa was observed and a new role of Serpind1 as a factor of host
defense in innate immunity was concluded (Kalle et al., 2013).
Among the negatively correlated genes, interleukin-7 (Il7 ) represents a critical cytokine for
the induction of T follicular helper (Tfh) cells (Seo et al., 2014). The negative correlation
may account for the fact that the immune response can have beneficial as well as detrimental
effects to the host. Genes that are highly expressed and are negatively correlated with flu
counts are: Ift140, Tmem106c, Zmat3, Pkhd1 and Cyb5rl.
Several genes that overlap with previously identified siRNA genes, such as Dusp5, B2m,
Pnpt1, Areg, Fam46a, Ppp1r15a, Tnfaip2, have not yet been associated with the host response
to influenza virus infections. Similarly, for several genes that were positively correlated with
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virus genome expression and expressed at high levels in the lung after influenza infection,
no biological function has been described yet: Tdrd7, Dync1h1, CD177, I830012O16Rik and
D14Ertd668e. These genes are promising candidates for further investigations.
In contrast to C57BL/6J mice that survive, DBA/2J mice die on day six to seven after infec-
tion with PR8. A comparison of the DEGs in both mouse strains was performed to identify
genes that are exclusively up-regulated in C57BL/6J. We hypothesize that these genes are
candidates mediating the resistance of C57BL/6J against influenza infection.
We identified two genes (Cd72, Reg3g) that were significantly and strongly up-regulated in
C57BL/6J mice compared to DBA/2J. The B cell co-receptor Cd72 is an important receptor
regulating B cell activation (Parnes and Pan, 2000), negatively regulating BCR signaling (Li
et al., 2006) and is additionally expressed on murine NK cells where it acts in an inhibitory
manner through regulating cytokine production but not cytotoxicity (Alcon et al., 2009).
In C57BL/6J we observed a 2-fold higher up-regulation of Cd72 compared to DBA/2J. The
resulting deficit in the inhibitory effect on NK cells and the following diminished regulation of
cytokine amounts may be a good explanation for the exaggerated immune response observed
in DBA/2J mice. More experiments will be needed to evaluate the possible role of Cd72 for
the host response to influenza A virus.
For Reg3g it has been shown that it limits activation of the adaptive immune response by the
microbiota through restricting bacterial colonization. Knock-out mice exhibited a marked
increase in the amount of mucosa associated Gram-positive bacteria (Vaishnava et al., 2011).
An increase in Reg3g expression was observed in IBD (inflammatory bowel disease), a murine
bacterial reconstitution model (Ogawa et al., 2003) and after experimental intestinal infection
with Listeria monocytogenes (Brandl et al., 2007). The role of Reg3g in lung infection was
further elucidated by Choi et al. (Choi et al., 2013). They were able to show that Reg3g ex-
pression is regulated by Stat3 and highly increased after MRSA (Methicillin-resistant Staphy-
lococcus aureus) infection in the lung epithelium. In vivo studies revealed that neutralization
of Reg3g disturbed bacterial clearance. Also, administration of recombinant Reg3g was able
to restore mucosal immunity against MRSA, highlighting the therapeutic potential for Reg3g
(Choi et al., 2013). The fact that Reg3g was up-regulated in C57BL/6J, but not in DBA/2J
may account for the differences in disease outcome. We therefore studied the possible role
of Reg3g in knock-out mice. However, despite its strong up-regulation after influenza virus
infection, deletion of this gene had no strong effect on the susceptibility of the host to infec-
tions with H1N1. It may, however, be possible that Reg3g deficient mice are susceptible to
other influenza virus subtypes or other viral infections.

Conclusions

In conclusion, using RNAseq analysis we identified novel genes important for viral replication
or host defense. This study adds further important knowledge to host-pathogen-interactions
and suggests additional candidates that are crucial for host susceptibility or survival during
influenza A infections.
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Methods

Ethics statement
All experiments in mice were approved by an external committee according to the national
guidelines of the animal welfare law in Germany (BGBl. I S. 1206, 1313 and BGBl. I S.
1934). The protocol used in these experiments has been reviewed by an ethics committee
and approved by the ’Niedersächsisches Landesamt für Verbraucherschutz und Lebensmittel-
sicherheit, Oldenburg, Germany’ (Permit Number: 3392 42502-04-13/1234).

Virus and mice
The mouse-adapted virus strain influenza A/Puerto Rico/8/1934 H1N1 (PR8M) was pro-
duced as described previously (Blazejewska et al., 2011; Wilk and Schughart, 2012). C57BL/6J
and DBA/2J mice were obtained from Janvier, France. Mutant B6;129P2-Irf7 tm1Ttg were
kindly provided by Tadatsugu Taniguchi (Honda et al., 2005). B6;129P2-Irf7 tm1Ttg mice
were backcrossed to C57BL/6J for 12 generations to generate B6.129P2-Irf7 tm1Ttg mice
(Irf7 -/-). The background was confirmed by SNP-genotyping (Mouse Universal Genotyping
Array (MUGA), Neogen Corporation, USA). The Reg3g knock-out mouse strain was created
from ES cell clone EPD0309 D08, obtained from the KOMP Repository (www.komp.org) to
generate mouse strain B6-Reg3gtm1a(KOMP)Wtsi (Reg3g-/-).

Mouse infections
Female, 10-12 weeks old mice were anesthetized by intra-peritoneal injection with Ketamine
/ Xylazine (85% NaCl (0.9%), 10% Ketamine, 5% Xylazine) with doses adjusted to the in-
dividual body weight. Mice were then intra-nasally infected with 20 µl virus solution (2x103

(RNASeq) or 2x105 (knock-out mice) FFU PR8M) or mock-treated with PBS.

RNA isolation
Mice were sacrificed and entire lungs were extracted from both mouse strains on days 1, 3
and 5 after infection. For mock-treated animals, mice were sacrificed at days 1 and 3 post
treatment. In addition, lungs from C57BL/6J mice were also collected on days 8 and 14. For
every treatment and day post infection (p.i.) 4-5 mice were prepared. The lungs were imme-
diately transferred to RNAlater solution (Qiagen), kept at 4 ◦C for one day and subsequently
stored at -20 ◦C. RNA was isolated using Qiagen Midi Kit as described previously (Alberts
et al., 2011). RNA quality was controlled on a 2100 Bioanalyzer Instrument (Agilent). All
RNA samples had a RIN of ≥ 9.7. Three independent biological replicates were selected for
each time point for subsequent RNA sequencing.

RNAseq library preparation, sequencing and analysis
20 µg of total RNA was enriched for poly A+ RNA using one cycle of the Poly A Purist
Kit from Ambion according to manufacturer’s standard protocol. The resulting enriched
RNA samples were then analyzed on an Agilent Bioanalyzer to determine the remaining
amount of rRNA in the samples. If the amount was higher than 5%, samples were sub-
jected to another cycle of Poly A enrichment. 100 ng of the poly A+ enriched RNA was
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then used to prepare libraries for sequencing using the AB Library BuilderTM Whole Tran-
scriptome Core Kit for 5500 Genetic Analysis Systems on a Library Builder system. Li-
braries were amplified for 15 cycles before 5500 Wildfire primers were added using five
cycles of fusion primer amplification as directed in the 5500 Wildfire manual. Before se-
quencing, small aliquots of libraries were pooled and sequenced on an Ion Torrent PGM
314 chip after additional amplification with PGM fusion primers. The library pools were
quantified by Real-Time PCR and immobilized on flowcells for the SOLiD 5500 Wildfire
instrument (Applied Biosystems) and sequenced (50 bp reads). The average number of
reads per sample was 29.5. One sample had high number of reads (230 million) and the
others on average had 23 million reads. The mouse reference genome (GRCm38/mm10)
was downloaded from ftp://hgdownload.cse.ucsc.edu/goldenPath/mm10/chromosomes/. Se-
quencing reads (XSQ format) from C57BL/6J samples were aligned to the C57BL/6J refer-
ence genome using the Whole Transcriptome mapping module of the LifeScope 2.5.1 software
(http://www.lifetechnologies.com/lifescope). Similarly, sequencing reads from DBA/2J sam-
ples were aligned to the enhanced DBA/2J genome that was generated by substituting ∼ 4.5
million DBA/2J SNPs in the reference genome. Filter reference containing polyA, polyC,
polyG, polyT, rRNAs, tRNAs, as well as adaptor, barcode, and primer sequences was used
to remove non-mRNAs reads prior to the mapping. We used the mouse RefSeq transcript
annotation downloaded from UCSC genome browser (www.genome.ucsc.edu) to generate a
junction reference library containing a list of exon-exon pairs. Reads were aligned against
both the reference genome and the junction library. Reads that could not be mapped were
realigned against the H1N1 viral contigs. Reads with minimum mapping quality of 10 were
used to generate raw counts to be used for downstream differential and correlation analysis.

Bioinformatic analysis
DESeq2 (Anders and Huber, 2010) statistical package was used to normalize and log trans-
form raw read counts producing ’normalized expression counts’. The ’normalized expression
counts’ were then used for further analysis. Principal component analysis (PCA) analysis and
identification of differentially expressed genes (DEGs) were performed using DESeq2. DEGs
were selected based on an adjusted p-value of 0.1 (FDR of 10%) and exhibiting at least a
two-fold difference in expression levels (log2=1). Strip charts, scatter plots and heat maps
were generated using the R software package (RCoreTeam, 2013). Multi-group comparisons
were performed with the LIMMA package (Smyth, 2004) using BH correction for multiple
testing (Benjamini and Hochberg, 1995). Cell signature genes were identified based on the
BioGPS database (GEO database ID GSE10246) and our previous analysis of gene expres-
sion patterns in a non-lethal infection (Pommerenke et al., 2012). Inflammatory genes that
are expressed during influenza infections were selected based on our previous influenza tran-
scriptome studies (Alberts et al., 2011; Pommerenke et al., 2012). For analysis of influenza
transcripts, log2-transformed RPKM values were calculated from counts of sequences that
aligned to influenza gene segments. Analysis of correlations between influenza (log2 RPKM
counts of the sum of all genes) and host gene (normalized log2 counts) expression levels was
performed with R function cor using Spearman as method. Correlation graphs were gener-
ated using the R package ’corrgram’ (Friendly, 2002). Adjusted p-values for correlated genes
were calculated as FDR using cor.test. GO enrichment analysis and Reactome enrichment
analysis (using the full gene list from normalized counts as reference) was performed with the
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R package clusterProfiler (Yu et al., 2012).

Additional files

Figure 1: Host genes correlating with changes in expression of influenza genes.
Scatter plot illustrating positive and negative correlations between influenza segment expression (sum of all
influenza segments as log2 RPKM) and host gene expression (log2 of normalized expression levels) in C57BL/6J
mice. A: Ccrl2 (chemokine (C-C motif) receptor-like 2) was positively correlated, B:Gpr34 (G protein-coupled
receptor 34) was negatively correlated.

Additional file Table S1: Genes expressed in infected C57BL/6J at days 1, 3, 5, 8, and 14
p.i. that strongly correlate with changes in expression of influenza segments. (Excel table as
supplement)
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Abstract

The Collaborative Cross (CC) is a genetic reference population of recombinant inbred lines of
mice. It is derived from eight genetically diverse founder strains, including inbred laboratory
and wild-derived strains. The genome of the CC lines contains a mixture of genomic regions
from all founder strains. The CC will represent an extremely valuable future resource to
study complex genetics of disease related phenotypes in the mouse model.
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6 Contribution to manuscripts

Manuscript I: Diverse phenotypic host responses in the Collaborative Cross founder
strains after influenza A H3N2 infection

I was centrally involved in the study design and performed all of the experiments. I in-
fected female and male mice of the eight CC founder strains (A/J, C57BL/6J, 129S1/SvImJ,
NOD/ShiLtJ, NZO/HlLtJ, CAST/EiJ, PWK/PhJ and WSB/EiJ) with up to three differ-
ent concentrations of the mouse-adapted influenza A H3N2 virus (A/HK/01/68). I followed
changes in body weight and survival rates for 14 days. In a second setup I infected females
of all CC founder strains with 1x101 FFU and took samples of mock-infected animals as well
as samples on day 3, 5, 8, 18 and 30 post infection. I performed the hematological analysis
as well as foci assay to determine viral loads in lungs. In a third setup I infected females of
the eight CC founder strains to determine relative lung weights. I collected and analyzed all
data from these experiments. Additionally, I wrote the draft for the manuscript.

Manuscript II: Lst1 deficiency alters course and outcome of the host response to
influenza A H1N1 infections

I performed the majority of the experiments including the continuous genotyping of the Lst1
KO mouse, infection of mice and preparation of lungs for histological analysis. I analyzed all
the data and wrote the first draft of the manuscript.

Manuscript III: RNAseq expression analysis of resistant and susceptible mice after
influenza A virus infection

I was partially involved in performing the experiments. I infected Irf7 KO mice and followed
body weight and survival for 14 days. I analyzed infection data and was involved in the
analysis of RNAseq data. I was centrally involved in the literature research of the identified
candidate genes and contributed to the writing of the manuscript.

Manuscript IV: Review - Eine innovative Mauspopulation als genetisches Modell für den
Menschen

I wrote the first draft of the manuscript and was centrally involved in reviewing and improving
the manuscript. I was involved in the design of the graphs and acted as corresponding author
of the manuscript.
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7 Additional unpublished data

7.1 Detailed analysis of the Collaborative Cross founder strain CAST/EiJ after
influenza A virus infection

Introduction

The mouse is extensively used as a model organism for human diseases (Schughart et al.,
2013). However, most classical laboratory mouse strains are derived from one murine sub-
species (Mus musculus domesticus) which limits the genetic variability. Investigating wild-
derived mice from other phylogenic origins such as Mus musculus musculus and Mus musculus
castaneous enlarges the genetic pool of functional alleles. We and others showed that the wild-
derived inbred strain CAST/EiJ is susceptible to different infectious diseases such as influenza
A, Bacillus anthracis (Moayeri et al., 2004) and different subspecies of the family Poxviridae
(Americo et al., 2014). Ferris and colleagues showed that CAST/EiJ mice exhibited high
viral loads after influenza H1N1 infections and intermediate weight loss. However, they only
investigated day 4 after infection and therefore no conclusion can be drawn about suscepti-
bility and survival. Surprisingly, CAST/EiJ mice were reported to be resistant to flavivirus
infection in contrast to other classical murine laboratory strains (Sangster et al., 1993). Fur-
thermore, it has been demonstrated that CAST/EiJ mice have a functional adaptive immune
system (Americo et al., 2010). Thus, the authors proposed that it seems very likely that
CAST/EiJ mice have a deficit in the innate immune response. In the manuscript in prepa-
ration (see results manuscript I), I found that CAST/EiJ mice were highly susceptible
and showed a low response in the peripheral blood after infection. Therefore, I performed
additional experiments to further characterize the host response in CAST/EiJ mice and to
understand which mechanism may be responsible for the high susceptible to influenza A virus
infection.

7.1.1 CAST/EiJ mice exhibited rapid viral replication during the early phase of infection

Analysis of the eight founder strains after influenza A H3N2 virus infection showed that
CAST/EiJ mice exhibited higher viral loads (107 FFU / lung) on day 3 post infection com-
pared to the other strains (105 FFU / lung). Thus, I investigated the kinetics of viral
replication in CAST/EiJ mice in more detail by analyzing the viral loads in lungs of infected
CAST/EiJ on day 1 and day 2 post infection.

Material and Methods

Eight to twelve weeks old female CAST/EiJ mice were infected intra-nasally with 1x101 FFU
of the mouse-adapted H3N2 virus A/HK/01/68. Mice (n=2) were sacrificed on day 1 and
2 post infection and viral load of infected lung tissue was determined on MDCK II (Madin-
Darby Canine Kidney II) cells using foci assay as described earlier (Blazejewska et al., 2011).
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Figure 7.1.1.1: Viral load in CAST/EiJ lungs exhibits a maximum on day 3 post infection
Viral load was monitored at day 1 (d1), 2 (d2), 3 (d3), 5 (d5) and 8 (d8) after infection with 1x101 FFU
H3N2. Viral titers in infected CAST/EiJ lungs increased rapidly from the time point of infection until day
two post infection (∼ 100-fold increase every 24 hours). The maximal viral titer was observed on day 3 post
infection and then decreased on day 5 and viral titers stayed constant until day 8 post infection. CAST/EiJ
mice were not able to clear virus until day 8 post infection. Individual values, mean and SEM are displayed.
Each data point represents the measurement of one mouse.

Results and discussion

CAST/EiJ mice exhibited a rapid increase in viral titers. Starting from an infection dose of
1x101 FFU viral load increased by a factor of 100 to 1.5x103 FFU already after 24 hours. At
day 2 after infection viral titer further increased by a factor of 100 to 3x105 FFU. Viral load
revealed a maximum on day 3 post infection of 3.8x106 FFU. A slight decrease in infectious
particles was detected on day 5 post infection (4.2x105 FFU) but no further reduction in
viral titers was observed on day 8 post infection. There was a high variation observed on day
3 and day 8 after infection. On day 8 post infection two of the analyzed animals exhibited
lower viral titers at 103 to 104 FFU per lung indicating that these mice were able to reduce
viral titers or that the tissue was severely damaged.

7.1.2 CAST/EiJ mice are susceptible to different IAV subtypes

Host factors exhibit variable impacts on the response to influenza A virus infection depend-
ing on subtypes of the pathogen. Our group showed that the knock-out of the host protease
Tmprss2 in mice leads to resistance against influenza A H1N1 virus infection. In contrast,
these mice are only partially protected against infections with influenza A H3N2 virus. Host
proteases are needed for the cleavage of the hemagglutinin (HA). The HAs of H1N1 and
H3N2 are different. The HA of H1N1 seems to be cleaved mainly by Tmprss2 whereas H3N2
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HAs appear to be processed also by other proteases leading only to a partial protection in
Tmprss2 knock-out mice (Hatesuer et al., 2013).

Most influenza A viruses isolated from any given species need to be adapted to mice before
they show any pathogenicity (Brown et al., 2001). Mouse adaptations are predominantly
done in BALB/c mice which is a classical lab strain (Ilyushina et al., 2010; Xu et al., 2011;
Sakabe et al., 2011; Liu et al., 2014). Thus, resulting mouse-adapted viruses may undergo
selection criteria in dependence of the distinctive host restrictions present in the mouse strain
which is used for adaptation. CAST/EiJ mice which are belonging to the Mus musculus cas-
taneous subspecies are wild-derived whereas BALB/c belonging to Mus musculus domesticus
is a classical laboratory strain. Due to these phylogenetic differences there might be general
differences in the immune response. However, isolates of pandemic viruses are able to cause
pathology in mice without prior adaptation (Boon et al., 2010). Thus, to test if CAST/EiJ
mice are also highly susceptible to other IAV subtypes I infected CAST/EiJ mice with a
pandemic H1N1 isolate that has not been adapted to classical mouse lab strains.

Figure 7.1.2.1: CAST/EiJ mice are highly susceptible to pandemic H1N1 infection
Changes in body weight and survival rates of CAST/EiJ and C57BL/6J mice were monitored for 14 days post
infection with 2x104 FFU of influenza A/Hamburg/4/2009 (pH1N1). CAST/EiJ mice exhibited significantly
increased weight loss (A, using non-parametric Mann Whitney U test: ** : p <0.01; *** : p <0.001) and
significantly decreased survival rates (B, using log rank test: *** : p = 0.0002) compared to C57BL/6J mice.
Weight loss data is shown as mean values +/- SEM.

Material and Methods

Eight to twelve weeks old female CAST/EiJ and C57BL/6J mice were anesthetized by intra-
peritoneal injection with Ketamine/Xylazine (85% NaCl (0.9%), 10% Ketamine, 5% Xy-
lazine) with doses adjusted to the individual body weight. Afterwards, mice were infected
intra-nasally with 2x104 FFU of the human isolate of the pandemic influenza A/Hamburg/4/2009
(pH1N1) virus in 20 µl sterile PBS. Mice that lost more than 30% of their starting body weight
had to be killed for ethical reasons and were scored dead. Statistical analyses were performed
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using GaphPad Prism 5.0 (GraphPad Software, California). Significances in changes in body
weight were determined using non-parametric Mann Whitney U test. Log rank test was used
to determine significant differences between survival curves.

Results and discussion

CAST/EiJ and C57BL/6J mice were infected with 2x104 FFU of the human isolate of the
pandemic influenza A/Hamburg/4/2009 (pH1N1) virus. During the first two days after in-
fection no difference in body weight loss was observed between CAST/EiJ and C57BL/6J
(Figure 7.1.2.1 A). On day 3 post infection CAST/EiJ exhibited significant lower body
weight loss whereas from day 4 until day 7 post infection CAST/EiJ mice exhibited signifi-
cant more body weight loss. On day 8 post infection only 20% of CAST/EiJ mice survived
(Figure 7.1.2.1 B). Therefore, no significances for changes in body weight were calculated
from this time point on. Survival rates between C57BL/6J and CAST/EiJ were highly sig-
nificant different (log rank test: p = 0.0002). Thus, I concluded that CAST/EiJ mice are
highly susceptible also to the H1N1 IAV subtype.

7.1.3 Interferon pretreatment does not rescue CAST/EiJ mice from lethal IAV
challenge

CAST/EiJ mice are more susceptible to a variety of pathogens than classical lab strains
(Fierer et al., 1998; Earl et al., 2012; Weigel et al., 2012). It has been shown that CAST/EiJ
can be rescued from lethal challenge with monkey pox virus (MPXV) by intra-nasal admin-
istration of interferon gamma (IFNγ) (Earl et al., 2012). However, IFNγ is not essential for
the host response to IAV (Uetani et al., 2008). In contrast, it has been shown that IFN a/b
receptors are needed to decrease viral replication (Goodman et al., 2010). Therefore I inves-
tigated if a pre-treatment with IFN-I is able to rescue CAST/EiJ mice from lethal influenza
A H3N2 infection.

Material and Methods

Mice were anesthetized and treated intra-nasally with 1 µg recombinant human interferon α
B/D (type I interferon, IFN-I, provided by Prof. Dr. Peter Stähli, University of Freiburg)
in 20 µl of sterile PBS one day prior to influenza infection. In an additional experiment
I treated control mice with PBS. There was no difference between PBS treated and non-
treated mice concerning changes in body weight and survival rates (data not shown). Thus,
control mice in this experiment were not treated. Eight to twelve weeks old female CAST/EiJ
and C57BL/6J mice were anesthetized by intra-peritoneal injection with Ketamine/Xylazine
(85% NaCl (0.9%), 10% Ketamine, 5% Xylazine) with doses adjusted to the individual body
weight. Thereafter, mice were infected intra-nasally with 1x101 FFU of the mouse-adapted
virus strain influenza A/HK/01/68 (H3N2) in 20 µl sterile PBS. Mice that lost more than
30% of their starting body weight had to be killed for ethical reasons and were scored dead.
Statistical analyses were performed using GaphPad Prism 5.0 (GraphPad Software, Cali-
fornia). Significances in body weight changes were determined using non-parametric Mann
Whitney U test. Log rank test was used to determine significant differences between survival
curves.
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Figure 7.1.3.1: IFN-I treatment one day prior to IAV infection has significant effects on changes
in body weight in CAST/EiJ and C57BL/6J mice
CAST/EiJ and C57BL/6J mice were treated with IFN-I one day prior to infection with 1x101 FFU H3N2
infection. Control mice were not treated. Changes in body weight were determined for 14 days post infection.
Significant differences between treated and non-treated CAST/EiJ mice were observed on day 1 to day 7
post infection (A), whereas C57BL/6J mice showed only significant differences on very early time points after
infection (day 1 to day 4) between treated and non-treated mice (B). No significant differences were detected
comparing non-treated CAST/EiJ and C57BL/6J (C) or treated CAST/EiJ and C57BL/6J (D). Significances
were calculated using non-parametric Mann Whitney U test: * : p<0.1; ** : p<0.01; *** : p<0.001; **** :
p<0.0001.

Results and discussion

I treated CAST/EiJ and C57BL/6J mice with IFN-I one day prior to intra-nasal infection
with 1x101 FFU H3N2. In CAST/EiJ mice highly significant differences in changes in body
weight were detected on day 1 to day 7 post infection between the IFN-I treated and non-
treated group (Figure 7.1.3.1 A). There was a shift in body weight loss of around three
days. In contrast, for C57BL/6J mice significant differences between treated and non-treated
mice were only seen on day 1 to day 4 post infection (Figure 7.1.3.1 B). There were no
significant differences in body weight comparing non-treated CAST/EiJ with non-treated
C57BL/6J (Figure 7.1.3.1 C) or treated CAST/EiJ with treated C57BL/6J mice (Figure
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7.1.3.1 D), respectively.

Figure 7.1.3.2: IFN-I treatment one day prior to IAV infection has significant effects on survival
rates only in CAST/EiJ mice
CAST/EiJ and C57BL/6J mice were treated with IFN-I one day prior to infection with 1x101 FFU H3N2
infection. Control mice were not treated. Survival rates were determined for 14 days post infection. No signif-
icant differences between treated and non-treated C57BL/6J mice were observed (A), whereas in CAST/EiJ
mice survival rates were significantly higher in IFN-I treated mice (B; log rank test: p=0.0001). There was no
significant difference between non-treated CAST/EiJ and C57BL/6J (C) and IFN-I treated CAST/EiJ and
C57BL/6J (D).

Analysis of survival rates revealed that there was only a significant difference between treated
and non-treated CAST/EiJ mice (log rank test: p = 0.0001) (Figure 7.1.3.1 B). Treated
CAST/EiJ mice died three days later compared to non-treated mice. However, the difference
in survival curves between treated and non-treated CAST/EiJ did not result in a higher
proportion of mice surviving the infection (1/10 treated CAST/EiJ mice survived). I also
performed multiple treatments with IFN-I in an additional experiment (data not shown)
because of the positive effect on changes in body weight with IFN-I treatment one day prior
to infection. I wanted to test if multiple IFN-I treatment can rescue CAST/EiJ from lethal
IAV challenge. Mice received IFN-I one day prior to infection and three days after infection.
However, multiple treatment had detrimental effects in both mouse strains resulting in an
earlier death compared to non-treated mice (data not shown).
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Discussion of detailed analyses of CAST/EiJ mice

The host genetic background of different mouse strains has a strong influence on disease pro-
gression and outcome after IAV infection (Srivastava et al., 2009). Our detailed analysis of
the Collaborative Cross founder strains showed that CAST/EiJ mice are highly susceptible
to influenza A H3N2 virus infections. They show higher viral loads in lungs, the immune
response seemed to be much less pronounced and relative lung weight did not differ from the
other founder strains with different outcome after IAV infection.

First, I analyzed kinetics of viral load in lungs of infected CAST/EiJ mice in more de-
tail. Influenza A H3N2 viruses replicated very fast during the first three days after infection
starting with a low infection dose of 1x101 FFU. Viral load exhibited a maximal viral titer
on day 3 post infection and did not further increase thereafter. These observations suggest
that all cells that can be infected are already infected on day 3 after infection. Alternatively,
there might be a balance between viral particles that get eliminated by the immune response
of the host and cells that get newly infected. Further experiments are needed to compare the
kinetics of viral load in lungs of infected CAST/EiJ mice to those in other mouse strains.
Thereby it will be possible to evaluate if IAV replicates faster in CAST/EiJ during the early
phase of infection.

Second, I investigated if CAST/EiJ mice are also susceptible to other IAV subtypes. For
this I chose a human isolate from the pandemic influenza A/Hamburg/04/2009 (pH1N1)
virus. This study should also evaluate if the high susceptibility to H3N2 was caused by the
mouse adaptation of the influenza A/HK/01/68 virus. CAST/EiJ mice were highly suscep-
tible to pH1N1 infections compared to C57BL/6J mice. This observation implies that the
high susceptibility of CAST/EiJ is not caused by the mouse-adaptive mutations.

Third, I performed a pretreatment study with IFN-I to further elucidate if the high sus-
ceptibility of CAST/EiJ to IAV infections could be rescued by IFN treatment. Intra-nasal
administration of IFN-I resulted in a shift of three days in body weight changes. Survival
rates were significantly higher in treated compared to non-treated CAST/EiJ mice. In con-
trast, C57BL/6J mice showed a significantly reduced weight loss during the first four days
but survival rates did not change. This implies that even a previous triggering of the immune
system mice by IFN application does not rescue CAST/EiJ from lethal IAV challenge. Thus,
the CAST/EiJ Mx1 allele might be non-functional.

In conclusion, it is still not clear why CAST/EiJ mice are highly susceptible to IAV. Further
experiments are needed to solve this question. A study by Earl et al. (Earl et al., 2012)
suggested that the high susceptibility is caused by a rapid spread of MPXV to other major
organs (spleen, liver, brain and kidney) and the absence of IFNγ induction in lungs of infected
CAST/EiJ mice. CAST/EiJ mice could be protected from lethal MPXV challenge through
intra-nasal administration of IFNγ. Until now it has not been investigated if IAV is also
able spread systemically during the early phase of infection which may lead to death. In the
blood of infected CAST/EiJ mice I observed a week innate immune response. Flow cytom-
etry analysis of the immune cells of CAST/EiJ lungs would elucidate if innate immune cells
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enter the lung. An analysis of chemokines and cytokines in bronchoalveolar lavage (BAL)
might help to reveal underlying mechanisms responsible for the low immune cell counts seen
in the blood. In addition, transcriptome analysis during the entire course of infection may
help to further reveal candidate genes that are differentially expressed in CAST/EiJ mice.
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7.2 Collaborative Cross lines exhibit variable susceptibility to influenza A virus
infection

Introduction

In the main part of my thesis work, I analyzed the founder strains of the Collaborative Cross
(CC). In the meantime, we also received several lines of the CC and I started with a first
phenotypic analysis.

The CC represents a newly established mouse genetic reference population (GRP). The gen-
eration of this panel of recombinant inbred lines derived from eight laboratory inbred strains
with different genetic background was a community-driven effort (Churchill et al., 2004). The
eight founder strains (A/J, C57BL/6J, 129S1/SvImJ, NOD/ShiLtJ, NZO/HlLtJ, CAST/EiJ,
PWK/PhJ and WSB/EiJ) were bred in a specifically designed eight-way breeding funnel to
ensure an equal genetic contribution of each of the founder strains. Recombinant inbred
lines were realized by sibling mating of the 8-way animals. Ultimately, the resulting ∼ 500
CC lines will be completely inbred, genotyped and a highly valuable resource for systems
genetics (Threadgill et al., 2002; Threadgill and Churchill, 2012). The CC lines exhibit a
high genetic diversity which reflects the complexity of the genetic variability in the human
population. Furthermore, they show balanced allele frequencies and recombination sites are
dense and evenly distributed (Aylor et al., 2011). CC lines are produced at three separate
locations: The University of North Carolina in Chapel Hill, the Tel Aviv University in Israel
and the University of Western Australia in Perth (Welsh et al., 2012). Distributable lines
are between 90% and 97% inbred and are named according to the breeding center they have
been established in: the prefix ’OR’ for the University of North Carolina which started at
National Laboratory in Oak Ridge; ’IL’ for the lines produced in Israel and started at the
International Livestock Research Institute in Nairobi; ’AU’ for CC lines generated in Aus-
tralia. CC lines are declared as ’completed’ when they exhibit 98% homozygosity. These
CC lines will be assigned a permanent strain name including the prefix ’CC’ and a number
(http://csbio.unc.edu/CCstatus/index.py). During the past few years the number of publi-
cally available completed CC lines progressively increased.

Until today, we imported 14 CC lines and established breeding colonies at the Helmholtz
Centre for Infection Research (HZI) in Braunschweig.

At the beginning of my thesis work, four CC lines (CC001, CC003, CC004 and CC005)
were available at the HZI. Therefore, I started to investigate the host response in those four
CC lines after influenza A H3N2 virus infection.

Material and Methods

Eight to twelve weeks old female and male mice of CC001, CC003, CC004 and CC005 were
anesthetized by intra-peritoneal injection with Ketamine/Xylazine (85% NaCl (0.9%), 10%
Ketamine, 5% Xylazine) with doses adjusted to the individual body weight. Then, mice
were infected intra-nasally with 1x101, 2x103 and 2x105 FFU of the mouse-adapted influenza
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Figure 7.2.1: Female mice of Collaborative Cross lines CC001, CC003, CC004 and CC005 exhibit
high phenotypic dose-dependent diversity in changes in body weight and survival rates after
influenza A H3N2 virus infection
Female mice of CC001, CC003, CC004 and CC005 were infected intra-nasally with 1x101, 2x103 and 2x105

FFU H3N2. Changes in body weight and survival were monitored for 14 days. Highest variability in weight
loss and survival rates was observed with an infection dose of 1x101 FFU (A + B). CC001, CC003 and CC004
died rapidly after infection with 2x103 FFU, whereas CC005 survived (C + D). Only CC005 was challenged
with 2x105 FFU and all mice survived (E + F). Weight loss data display mean values +/- SEM.

A/HK/01/68 (H3N2) virus in 20 µl sterile PBS. Only CC005 which survived the infection
with 2x103 FFU was infected with the highest dose of 2x105 FFU. Mice that lost more than
30% of their starting body weight had to be killed for ethical reasons and were scored as
dead.
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Figure 7.2.2: Male mice of the Collaborative Cross lines CC001, CC003, CC004 and CC005
exhibit high phenotypic dose-dependent diversity in changes in body weight and survival rates
after influenza A H3N2 virus infection
Male mice of CC001, CC003, CC004 and CC005 were infected intra-nasally with 1x101, 2x103 and 2x105 FFU
H3N2. Changes in body weight and survival were monitored for 14 days. Highest variability in weight loss
and survival rates was observed with an infection dose of 1x101 FFU (A + B). CC001, CC003 and CC004
died rapidly after infection with 2x103 FFU, whereas CC005 survived (C + D). Only CC005 was challenged
with 2x105 FFU and all mice survived (E + F). Weight loss data display mean values +/- SEM.
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Results and discussion

Female (Figure 7.2.1) and male (Figure 7.2.2) mice of the Collaborative Cross lines CC001,
CC003, CC004 and CC005 were infected intra-nasally with the mouse-adapted influenza
A/HK/01/68 virus with up to three different doses. I was not able to analyze CC005 in
detail because they did not breed well. Changes in body weight and survival rates were
monitored for a period of 14 days. I observed dose-dependent differences in body weight and
survival. CC001 was able to survive the infection with 1x101 FFU H3N2 hardly losing any
body weight (Figure 7.2.1 A + B and Figure 7.2.2 A + B). In contrast, all CC001 mice
died after infection with 2x103 FFU H3N2 (Figure 7.2.1 C + D and Figure 7.2.2 C + D).
CC003 exhibited remarkable body weight loss and a 25-30% survival rate after infection with
the lowest dose of 1x101 FFU (Figure 7.2.1 A + B and Figure 7.2.2 A + B). Increasing
the infection dose to 2x103 FFU H3N2 led to a rapid body weight loss and all female mice
died until day 5 post infection (Figure 7.2.1 C + D) whereas all male mice were dead
until day 7 post infection (Figure 7.2.2 C + D). CC004 was the most susceptible CC line
investigated. At the lowest infection dose they showed rapid body weight loss and all mice
died (Figure 7.2.1 A + B and Figure 7.2.2 A + B). No strong differences were observed
between CC003 and CC004 an infection dose of 2x103 FFU H3N2 (Figure 7.2.1 C + D
and Figure 7.2.2 C + D). Mice of the CC line CC005 showed hardly any changes in body
weight in infections with 1x101 FFU (Figure 7.2.2 A) and 2x103 FFU H3N2 (Figure 7.2.1
C and Figure 7.2.2 C) and all mice survived (Figure 7.2.1 B + D and Figure 7.2.2 B
+ D). A clear decrease in body weight during the early days of infection was only observed
for the highest infection dose of 2x105 FFU H3N2 (Figure 7.2.1 E and Figure 7.2.2 E).
Nevertheless, all mice of CC005 were able to survive (Figure 7.2.1 F and Figure 7.2.2
F). No obvious sex-specific differences were observed in any of the CC lines. The highest
variation in changes in body weight was observed with the lowest infection dose (1x101 FFU;
Figure 7.2.1 A + B and Figure 7.2.2 A + B).

In general, the observed phenotypes correlated well with the presence of functional and
non-functional Mx1 alleles. CC003 and CC004 share the Mx1 allele with A/J, C57BL/6J,
129S1/SvImJ and NOD/ShiLtJ that carries the large deletion from exon 8 to exon 12. CC003
shows weight loss and survival rates comparable to C57BL/6J. Similar to A/J, CC004 died
very early around day 6 post infection (Figure 7.2.1 A - D and Figure 7.2.2 A - D).
CC005 inherited the Mx1 allele from NZO/HlLtJ, a resistant CC founder strain. CC005
mice survived all infection doses (1x101, 2x103 and 2x105 FFU). Notably, a similar decrease
in body weight on day 2 after infection with 2x105 FFU was observed in CC005 (Figure
7.2.1 E and Figure 7.2.2 E) and NZO/HlLtJ, respectively. Most interestingly, CC001 mice
carrying Mx1 alleles derived from CAST/EiJ survived an infection with 1x101 FFU (Figure
7.2.1 A + B and Figure 7.2.2 A + B). Since CAST/EiJ mice are highly susceptible to the
same infection dose (Figure 7.2.3), this observation strongly suggest that the differences in
susceptibility are due to differences in the genetic background of CC001 and CAST/EiJ mice.
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Figure 7.2.3: CC001 mice are able to survive the infection at a low dose of H3N2 dose
Female CAST/EiJ mice are highly susceptible to 1x101 FFU H3N2 infections (A). Female CC001 mice harbor-
ing the CAST/EiJ Mx1 allele (B) exhibit no mortality and only slight changes in body weight after infection
with the same dose (C). (genomic architecture from: www.csbio.unc.edu).

In addition, I recorded the general appearance and behavior after infection. CC001 and
CC004 showed abnormal behavior patterns. Infected mice jumped rapidly up and down the
cage walls. These observations suggest that neurological symptoms may be caused by dis-
semination of virus into the central nervous system. However, further analyses are needed to
confirm this hypothesis and to unravel the underlying biological mechanisms. Furthermore,
cages housing CC003 mice were wet which might be due to increased urination.

The analysis of viral load and hematological parameters in peripheral blood for CC001,
CC003, CC004 and CC005 is ongoing. After finishing the complete phenotyping it will be
possible to correlate the outcomes with the host responses of the CC founder strains. Never-
theless, it is already obvious that the variation of phenotypes among the CC lines was quite
large even after analyzing only four lines. After investigating an appropriate number of CC
lines (∼ 25 - 40) we will use these traits for genetic mapping to identify genes responsible for
susceptibility or resistance to IAV infections by forward genetics.
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7.3 Characterization of selected BXD lines after influenza A virus infection

Introduction

In a previous study, our lab utilized a panel of BXD recombinant inbred strains to map
genetic regions associated with susceptibility or resistance to influenza A virus (IAV) infection
(Nedelko et al., 2012). We identified several suggestive as well as significant quantitative trait
loci (QTLs). Interestingly, we identified two significant QTLs, Qivr5 (QTL for influenza
virus resistant on chromosome 5 ) and Qivr19, that were derived from the susceptible parent
DBA/2J and that exhibited positive effects on body weight, survival and mean time to death
(MTTD). Most notably, several BXD lines exhibited a more resistant phenotype than the
resistant parental strain C57BL/6J (Figure 7.3.1).

Figure 7.3.1: Three BXD lines exhibited lower losses in body weight after influenza A virus
infection than the resistant parental strain C57BL/6J
Mice of 53 BXD lines and parental strains were infected intra-nasally with 2x103 FFU of PR8M virus. Changes
in body weight were monitored for 14 days. Mice that lost more than 25% of their starting body weight were
euthanized and recorded as dead (Nedelko et al., 2012). BXD13, BXD97 and BXD98 that showed a more
resistant phenotype losing less weight after IAV infection than the resistant parental strain C57BL/6J were
selected for further analysis.

Therefore, we hypothesized that these BXD strains may carry a combination of genes that
increases resistance to IAV to a higher level than in the parental strain C57BL/6J (Nedelko
et al., 2012). Thus, I characterized these BXD lines in more detail.

Material and Methods

Eight to twelve weeks old female and male mice of the BXD lines BXD13, BXD97 and
BXD98 were anaesthetized by intra-peritonal injection with Ketamin/Xylazine (85% NaCl
(0.9%), 10% Ketamin, 5% Xylazine) with doses adjusted to the individual body weight.
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Mice were subsequently infected intra-nasally with 2x103 FFU and 2x105 FFU of the mouse-
adapted influenza strain A/PuertoRico/8/34 (PR8M, A/PuertoRico/8/34 (H1N1), obtained
from Stefan Ludwig, University of Münster; PR8F, A/PuertoRico/8/34 (H1N1), obtained
from Peter Stähli, University of Freiburg) in 20 µl PBS. PR8M and PR8F vary in their
pathogenicity in mice and their characteristics have been described elsewhere (Blazejewska
et al., 2011). Mice that lost more than 30% of their starting body weight had to be killed for
ethical reasons and were scored dead. Changes in body weight were monitored for a period of
14 days. Statistical analyses were performed using GraphPad Prism 5.0 (GraphPad Software,
California). Significances in changes in body weight were determined using non-parametric
Mann Whitney U test.

Results and discussion

Female and male mice of the BXD lines BXD13, BXD97 and BXD98 as well as parental
strains C57BL/6J and DBA/2J were infected with 2x103 FFU PR8M, 2x105 FFU PR8M
and 2x103 FFU PR8F. I observed significant differences in body weight changes on day 1 for
BXD97 after infection with 2x103 FFU (Figure 7.3.2 D) and 2x105 FFU PR8M (Figure
7.3.2 E). Females exhibited less body weight loss than males. Additionally, significant differ-
ences between females and males were detected for day 1 and day 11 post infection with 2x103

FFU PR8M (Figure 7.3.2 G) in BXD98 with females losing less weight than males and for
day 3 post infection with 2x105 FFU PR8M (Figure 7.3.2 H) with males exhibiting less
body weight loss than females. However, no sex-specifc effects were found consistently. Thus,
I combined data from female and male mice to determine differences between C57BL/6J and
the BXD lines BXD13, BXD97 and BXD98. For BXD13, I detected significant differences in
changes in body weight infections with all virus subtypes and concentrations: day 1, 11, 12,
13 and 14 p.i. in 2x103 FFU PR8M infection (Figure 7.3.3 A) whereby C57BL/6J always
exhibited less body weight loss.

At day 1, 2 and 3 p.i. using 2x105 FFU after PR8M infection (Figure 7.3.3 B) BXD13
showed significantly more body weight loss on day 1 post infection but less body weight
loss on day 2 and 3 post infection. At day 4 post infection with 2x103 FFU PR8F (Figure
7.3.3 C) BXD13 exhibited significantly less body weight loss than C57BL/6J. Significant
differences in changes in body weight were more pronounced when comparing BXD97 and
C57BL/6J. BXD97 mice lost highly significantly less weight on day 3, 4, 5, 6 and 7 post
infection with 2x103 FFU PR8M whereas C57BL/6J mice exhibited less body weight loss on
day 1 post infection and gained more body weight on day 11, 12, 13 and 14 post infection
with 2x103 FFU PR8M (Figure 7.3.3 D). Infection with 2x105 FFU PR8M revealed highly
significantly less body weight loss on day 2, 3, 4, 5 and 6 post infection in BXD97 compared
to C57BL/6J (Figure 7.3.3 E).
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Figure 7.3.2: Only minor gender-specific differences in BXD13, BXD97 and BXD98 after infec-
tion with 2x103 FFU, 2x105 FFU PR8M and 2x103 FFU PR8F
Changes in body weight of female and male mice of BXD13 (A - C), BXD97 (D - F) and BXD98 (G - I)
were monitored for a period of 14 days post infection with 2x103 FFU PR8M (A, D, G), 2x105 FFU PR8M
(B, E, H) and 2x103 FFU PR8F (C, F, I). Significant differences were detected only on single days (using
non-parametric Mann Whitney U test (* : p<0.1, ** : p<0.01). Changes in body weight are displayed as
mean values +/- SEM.

In line with this, BXD97 lost less weight on day 2, 3, 4, 5, and 6 post infection with 2x103

FFU PR8F whereas C57BL/6J loss significantly less weight on day 1 in the same infection
(Figure 7.3.3 F). For BXD98 significant less body weight loss was detected on day 6 p.i.
with 2x105 FFU PR8M (Figure 7.3.3 H) and on day 2, 3 ,4 and 5 p.i. with 2x103 FFU
PR8F (Figure 7.3.3 I). In contrast, C57BL/6J exhibited loss body weight loss than BXD98
on day 2, 3, 4, and 12 post infection with 2x103 FFU PR8M (Figure 7.3.3 G). In general,
BXD98 exhibited similar body weight loss like C57BL/6J at different doses of PR8 viruses
of different pathogenicity.
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Figure 7.3.3: Significant differences in changes in body weight between BXD lines BXD13,
BXD97 and BXD98 after infection with 2x103 FFU, 2x105 FFU PR8M and 2x103 FFU PR8F
Changes in body weight of female and male mice of BXD13, BXD97 and BXD98 (Figure 7.3.2) were combined
and compared to changes in the parental strain C57BL/6J. Significant differences were observed in all infection
doses with all viruses (2x103 FFU (A, D, G), 2x105 FFU PR8M (B, E, H) and 2x103 FFU PR8F (C, F,
I). Significant differences were detected only on single days (using non-parametric Mann Whitney U test (* :
p<0.1; ** : p<0.01; *** : p<0.001; **** : p<0.0001) Most significant differences were observed for BXD97
compared to C57BL/6J in all infections. Changes in body weight are displayed as mean values +/- SEM.

In conclusion, the resistant phenotypes could be reproduced only for BXD97 but were not as
pronounced as found in the previous study, where BXD97 were losing hardly any weight after
IAV infection. For the infection with 2x103 PR8F one out of 22 mice survived for BXD97 and
two out of 24 mice for BXD98. Analysis of the single curves of those mice revealed that these
three mice did not lose any body weight during the first days of infection. Thus, surviving
mice are rather due to a not optimal infection procedure than an increased resistance.
Discrepancies between my study and the previous observations are most likely due to the
fact that I used larger groups. Another variable was that I used mice which were bred in our
own animal facility. In contrast, mice used in the previous study were received from external
sources and infected after an adjustment period of 10 days.
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7.4 Adaptation of a human influenza virus to two mouse strains with different
susceptibility to influenza virus infection

Introduction

In general, influenza viruses require an adaptation to be able to cross the species barrier
(Brown, 1990; Narasaraju et al., 2009). During the last years mutations that are essential for
this step have been studied extensively (Taubenberger and Kash, 2010). Mice have only been
used as a tool to adapt isolates from any given species in order to be able to perform research
in mice (Hirst, 1947). However, until now most studies for mouse-adaptation used only a
single inbred mouse strain, namely BALB/c. Thus, the fact that within a species, variant
host factors that influence host-pathogen interactions, may also influence the cross-species
adaptation process has been completely neglected.

Therefore, we adapted a human influenza A isolate to two mouse strains with different ge-
netic background. For this study, we used the human isolate A/Panama/2007/99 (H3N2)
(Matthaei et al., 2013) and adapted it to C57BL/6J and DBA/2J. The original human iso-
late was not pathogenic in either mouse strain. We chose C57BL/6J and DBA/2J because
it was described that DBA/2J is much more susceptible to influenza A virus infection than
C57BL/6J (Srivastava et al., 2009; Dengler et al., 2014).

Material and Methods

Six weeks old female C57BL/6J and nine weeks old female DBA/2J mice were infected intra-
nasally with 50 µl of stock solution (3.25x106 FFU) of the human influenza A virus isolate
A/Panama/2007/99 (H3N2). In order to adapt the parental virus to the two mouse strains
serial lung passages were performed. For this, lung homogenates of infected mice were taken
on day 3 post infection (p.i.) and used to infect the next round of animals with 50 µl of the
lung homogenate. After ten passages five linages of DBA/2J (10D1-5) and two lineages of
C57BL/6J (10B1+2) adapted virus populations were obtained (Figure 7.4.1).

These populations were amplified on MDCK cells (10B5 needed to be passaged twice on
MDCK cells). Afterwards, all lineages were titrated and sequenced by Next Generation
Sequencing (Illumina). The resulting virus lineages were tested on both mouse strains and
body weight and survival was monitored for 14 days post infection.

Results and discussion

First, we tested the original human isolate influenza A/Panama/2007/99 for its pathogenicity
in both mouse strains. Since this isolate was not adapted to mice, we infected C57BL/6J
and DBA/2J with the highest possible dose (1.3x106 FFU). We observed no effect on changes
in body weight (Figure 7.4.2) or survival rates in both mouse strains. Lungs of infected
mice were prepared on day 3 post infection (p.i.) and used to infect the next passage of mice
with 50 µl of the lung homogenates. This procedure was repeated until ten passages were
completed. During each of the passages we monitored changes in body weight until day 3 p.i..
After each passage viral loads in lungs were determined using foci assay (data not shown). A
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Figure 7.4.1: Serial lung passaging of influenza A/Panama/2007/99 (H3N2) in C57BL/6J and
DBA/2J
Six weeks old female C57BL/6J and nine weeks old female DBA/2J mice were infected with 3.25x106 FFU
H3N2. Three days post infection lungs were prepared, homogenized and used to infect the next round of
mice. After ten passages, five DBA/2J-adapted (10D1-5) and two C57BL/6J-adapted (10B3+10B5) virus
populations were obtained (Figure by Dr. Ruth Stricker).

progressive decrease in body weight on day 3 p.i. was detected in DBA/2J (Figure 7.4.3 A)
which was not as pronounced in C57BL/6J mice (Figure 7.4.3 B). After ten passages, five
DBA/2J and two C57BL/6J adapted virus lineages were obtained. We abandoned eight of
the C57BL/6J adapted virus lineages due to undetectable viral titers after several passages.
The seven virus lineages were amplified on MDCK cells. Afterwards, these viruses were tested
on C57BL/6J and DBA/2J. We observed a broad spectrum of pathogencity after infection.

Figure 7.4.2: Original human isolate is not pathogenic to C57BL/6J and DBA/2J
Nine weeks old female C57BL/6J and DBA/2J mice were infected intra-nasally with 1.3x106 FFU / 20 µl
of A/Panama/2007/99. Changes in body weight were monitored for a period of 14 days. The drop in body
weight on the first day after infection is most likely a treatment effect. Generally, infection did not cause any
body weight loss in either strain.
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Figure 7.4.3: Body weight on day 3 post infection decreases progressively during adaptation
process
After infection with either parental virus (passage 1) or lung homogenate of the previous passage (passage
2-10) changes in body weight were monitored for three days until lungs were prepared. In DBA/2J mice body
weight decreased from each passage to the next (A) whereas in C57BL/6J mice only a slight decrease until
passage 9 was recorded (B). Colors: DBA/2J: lineage 1 = light blue; lineage 2 = purple; lineage 3 = dark
blue; lineage 4 = light green; lineage 5 = dark green; C57BL/6J: lineage 1 = yellow; lineage 2 = red; all
lineages lost during adaptation process = blue.

In general, DBA/2J mice exhibited more severe phenotypes than C57BL/6J mice after infec-
tion with any virus lineage (Figure 7.4.4 B). Survival rates in DBA/2J mice ranged from 0
to 100% (Figure 7.4.4 C). Most remarkably, virus lineages that were adapted to DBA/2J
mice also caused changes in body weight in C57BL/6J mice (Figure 7.4.4 A). Futhermore,
the virus lineage with the highest pathogenicity in DBA/2J (10D3M) caused also the most
severe symptoms in C57BL/6J.

Next Generation Sequencing (Illumina) and subsequent analysis of the dominant amino acid
changes revealed that adaptation-related amino acid changes can be found in lineages that
were adapted to both mouse strains. However, also private mutations for DBA/2J and
C57BL/6J adapted lineages were observed. It should however be noted that for adaptation
to DBA/2J mice, we went through a bottle neck and only continued the adaptation from
progenies of one infected mouse. Several mutations in the resulting DBA/2J-adaped lineages
were already present in the DBA/2J 1D4M early isolate. Therfore, we are currently repeating
the adaptation to DBA/2J to obtain progenies from several independent lineages.

Most mutations in all lineages occurred in the receptor binding site of the hemagglutinin
especially mutations leading to the loss of two putative glycosylation sites. Thus, we conclude
that the host genetic background has an influence on the selection of virus lineage during cross-
species adaptation. The adaptation process proceeded faster in highly susceptible DBA/2J
mice. The high susceptibility was accompanied by an increased viral replication rate which
was most likely the essential step for influenza A viruses adaptation to mice.

Until now, most mouse adaptations have only been performed with BALB/c mice (Ilyushina
et al., 2010; Xu et al., 2011; Sakabe et al., 2011; Liu et al., 2014). In an earlier study our lab-
oratory showed that BALB/c mice are even more resistant than C57BL/6J (Srivastava et al.,
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Figure 7.4.4: Infection with adapted viruses shows mouse strain and virus-lineage dependent
differences in disease progression and outcome
C57BL/6J (A) and DBA/2J (B) mice were infected with 2x103 FFU / 20 µl of the seven adapted virus
lineages. Changes in body weight and survival were monitored for 14 days. Mice that lost more than 30%
of their starting body weight had to be euthanized and were recorded as dead. C57BL/6J mice survived
the infection with each of the viruses. DBA/2J mice exhibited a broad spectrum of possible outcomes with
survival rates ranging from 0-100% (C).

2009). Therefore, it may take longer or even is impossible to obtain mouse-adapted viruses
in BALB/c. For the human isolate which we used, A/Panama/2007/99, several adaptation
attempts to BALB/c in another laboratory had failed.

In conclusion, it will be much more efficient to perform adaptations to mice using strains
that are more susceptible to influenza A virus. Our studies suggest DBA/2J mice as valuable
mouse strain for influenza A virus adaptation. These findings will thus be very important
for evaluating newly emerging influenza A subtypes in mice.
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8 Discussion

To understand all aspects of infectious disease pathogenesis it is necessary to identify and
characterize host as well as pathogen factors that are influencing disease progression and out-
come. There are different approaches to identify host factors and the mouse is particularly
well suited to study the role of the host response using genetics. Forward as well as reverse
genetic analyses in the mouse using different techniques have proven to be highly valuable
to identify causal genes underlying many diseases in humans (Liggett, 2004; Gruenheid and
Gros, 2010; Guan et al., 2010; Civelek and Lusis, 2014). Inheritable, mostly rare, diseases
in humans that are caused by variations in a single (Mendelian) gene can be studied in
knock-out mouse mutants (Bedell et al., 1997). Furthermore, common diseases (e.g. cancer,
diabetes and infectious diseases) in humans are influenced by multiple gene loci with additive
effects leading to complex networks of different genes (Lander and Schork, 1994; Matin and
Nadeau, 2001). Genome-wide association studies (GWAS) in humans are a suitable tool to
identify genetic loci contributing to disease (Gusareva and Van Steen, 2014). However, ge-
netic associations from GWAS studies often do not reach statistical significance (Cantor et al.,
2010; Hayes, 2013). In addition, there are environmental and individual differences in health
conditions, differences in nutrition and lifestyle that strongly influence disease progression
and outcome (Willett, 2002). These factors mask small effects caused by genetic differences.
Moreover, there are phenotypic traits that are difficult or even impossible to study in hu-
mans such as dissemination of pathogens to different organs or survival. Furthermore, the
validation of hypotheses in humans is not possible. Using the mouse model, environmental
factors can be standardized and thereby even genetic factors with small effects can be iden-
tified. Genome-wide association studies in mice can help to derive working hypothesis and
direct studies in humans (Schofield et al., 2012). Thus, studies in mice and human are highly
complementary.

Influenza A virus (IAV) is a common infectious disease in humans with annually re-occurring
infections of about 500 million people (Fauci, 2006). We and others showed that host ge-
netic factors play an important role for the course and outcome after IAV infections in mice
(Trammell and Toth, 2008; Boon et al., 2009; Srivastava et al., 2009; Pica et al., 2011; Otte
et al., 2011). In humans involvement of genetic factors associated with higher susceptibility
to influenza A have been proposed (Albright et al., 2008; Gottfredsson et al., 2008; Horby
et al., 2010, 2012). For IFITM3 genetic influence on susceptibility in humans has been proven
(Everitt et al., 2012). After demonstrating genetically caused predispositions it is of highest
interest to identify the responsible genes. Traditional quantitative trait locus (QTL) mapping
in mouse genetic reference populations (GRPs) allows to reveal genomic regions associated
with certain disease traits and knock-out mice allow to validate quantitative gene candidates.

Therefore, in my thesis work I utilized forward as well as reverse genetic approaches and
expression analyses to identify and functionally study host genes that may have an impor-
tant role for susceptibility or resistance to influenza A virus infection.

The main project of my thesis was the comprehensive characterization of the host response
after IAV H3N2 infection in the eight Collaborative Cross (CC) founder strains. The CC, a
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recently established mouse GRP is a sophisticated tool to identify host factors influencing dif-
ferent phenotypic traits (Bottomly et al., 2012; Kelada et al., 2012; Ferris et al., 2013; Vered
et al., 2014; Rutledge et al., 2014). It exceeds the genetic variability available in hitherto exist-
ing GRPs and reaches a level of genetic diversity comparable to humans (Collaborative Cross,
2012). The CC has already proven to be highly valuable in the dissection of complex trains
underlying bacterial, viral and fungal infections (Durrant et al., 2011; Shusterman et al., 2013;
Ferris et al., 2013). Ferris and colleagues (Ferris et al., 2013) investigated the host response
to IAV infection in the eight founder strains as well as in 155 pre-CC lines. Mapping studies
were conducted utilizing changes in body weight, gene expression and histopathological scor-
ing analyses. However, the infections were performed using only one virus subtype, H1N1
(PR8), and investigating only one time point after infection (day 4 p.i.). Additionally, only
one animal per pre-CC line was used. In contrast, we analyzed many different parameters
including: survival, meantime to death, body weight, viral load, relative lung weight and
immune response in peripheral blood at different time points. Furthermore we investigated
a higher number of mice (n=3-12), and we infected male and female mice. Thus, our much
more extended approach allowed us to find more correlations due to an improved statistical
power and to determine sex-specific differences.

In general, I observed a high variation in many phenotypic traits. Survival rates after infec-
tion with the lowest viral dose allowed a precise discrimination between subgroups among
the eight founder strains. The highly susceptible group (A/J, CAST/EiJ and WSB/EiJ)
was characterized by a rapid loss in body weight and all mice succumbed to the infection.
NZO/HlLtJ and PWK/PhJ mice, which belonged to the resistant group, survived the infec-
tion even though differences in changes in body weight were detected. A common feature of
the intermediate group was that they were not losing body weight as rapidly as the highly
susceptible strains and a certain percentage of mice survived the infection.

The Mx1 (Orthomyxovirus resistance gene 1) has been described as the major resistance gene
against IAV (Haller et al., 1981, 2007, 2009). Thus, I analyzed data on the host response
with respect to the different alleles of Mx1 that were found among the eight CC founder
strains (Ferris et al., 2013). A/J, C57BL/6J, 129S1/SvImJ, NOD/ShiLtJ and WSB/EiJ car-
rying a non-functional Mx1 allele belonged to the highly susceptible or intermediate group.
PWK/PhJ and NZO/HlLtJ both belong to the subspecies Mus musculus musculus (Yang
et al., 2007). The single nucleotide substitution in the NZO/HlLtJ Mx1 allele relative to the
PWK/PhJ Mx1 allele in exon 14 resulting in an amino acid exchange, does not seem to lead
to a non-functional protein, since NZO/HlLtJ mice are resistant to IAV infection. In con-
trast, it is not clear if the CAST/EiJ Mx1 that exhibits a single amino acid exchange relative
to the Mx1 protein in PWK/PhJ is functional or not (see below). The current hypothesis
describes that Mx1 forms an oligomeric ring around the viral particle in a way that viral
replication is suppressed (Haller et al., 2015). Thus, I quantified viral load in infected lungs
of the CC founder strains to further investigate the impact of different Mx1 alleles. The
two resistant strains, PWK/PhJ and NZO/HlLtJ, were able to clear virus but differences
in viral replication were observed. In PWK/PhJ the increase in number of infectious viral
particles was prevented from day 3 post infection on whereas NZO/HlLtJ mice exhibited a
delay in the stop of viral replication. It remains unclear if the difference of virus replication
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is caused by the single amino acid exchange in the Mx1 protein of NZO/HlLtJ compared to
the PWK/PhJ. Alternatively, there might be other modulating host factors. Surprisingly, all
intermediate and highly susceptible mouse strains showed high viral loads already on day 3
which were not reduced until day 8 post infection. As a result, viral titers remained constant
for several days. Viral load did not increase or decrease through elimination by the immune
response. Interestingly, all intermediate and highly susceptible strains exhibited same viral
loads at 105 FFU per lung. It remains unclear, why all mice exhibited this constant level of
viral load. In the Rag2 KO mice which are deficient in B and T cells (Shinkai et al., 1992),
it was shown that the adaptive immune system is able to keep viral loads at a constant level,
but without the adaptive immune response virus could not be cleared (Wu et al., 2010). Since
all CC founder strains from the intermediate and highly susceptible group have a functional
adaptive immune system this could not be the explanation here. Alternatively, there might
be a maximum of infected cells achieved or there is a balance between newly infected cells and
virus particles eliminated by the immune system. Accordingly, there was no clear correlation
between viral loads and susceptibility. In other mouse inbred strains it has been shown that
high viral loads correlate well with increased susceptibility to IAV, e.g. DBA/2J, a highly
susceptible mouse strain had a higher viral load compared to the resistant strain C57BL/6J
(Dengler et al., 2014). To further elucidate the reasons for this steady high viral load not
correlating to survival rates additional studies are necessary. The underlying mechanisms
that lead to the observed kinetic of viral replication could be further investigated by utilizing
the in vivo imaging technology of a recently engineered replication competent IAVs carrying
luciferase reporter gene (Pan et al., 2013). Alternatively, histopathological examination of
lung tissue could determine localization of infected cells and visualize infiltrating immune
cells as well as damage caused by either the host or the pathogen. I already took samples
for all founder strains on different time points after infection to answer these questions. The
analysis of these samples is still ongoing (Cooperation with Judith van den Brand and Thijs
Kuiken, Viroscience lab, Erasmus Medical Center, Rotterdam, the Netherlands).

Furthermore, I investigated lymphocyte, granulocyte and monocyte amounts in the periph-
eral blood of the eight CC founder strains. Resistant strains showed only minor changes in
relative amounts of immune cells, whereas different levels of increasing granulocyte amounts
were observed for the intermediate and highly susceptible group. C57BL/6J and A/J exhib-
ited levels of lymphopenia and granulocytosis which were expected after infection (Gresser
et al., 1981; Schattner et al., 1983). 129S1/SvImJ, NOD/ShiLtJ and WSB/EiJ showed exag-
gerated immune responses. Therefore, immunopathology resulting from hyper-inflammatory
responses may also contribute to lung damage and lead to severe disease and death. Notably,
granulocyte amounts in mock infected NOD/ShiLtJ mice were increased compared to all
other CC founder strains. Since NOD/ShiLtJ is a mouse model for type I diabetes their im-
mune system is already in an activated status which includes increased granulocyte amounts
(Morin et al., 2003).

Relative lung weight is a suitable quantitative indicator of severity of IAV infection (van den
Brand et al., 2012). After an infection, there is a massive infiltration of immune cells. Addi-
tionally, in severe cases proteinaceous fluid is leaking into the alveolar space. Both infiltration
and fluid accumulation will increase the weight of the lung (Short et al., 2014). Relative lung
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8 DISCUSSION

weight did not show a high variation among the CC founder strains before and after infection.
Differences were only detected between resistant and non-resistant strains. Resistant strains
(NZO/HlLtJ and PWK/PhJ) exhibited only minor changes in lung weight relative to body
weight. For NZO/HlLtJ this may be caused by their very high body weight (up to twice the
body weight observed in classical lab strains). Accordingly, the NZO/HlLtJ lung would have
to become extremely heavy to detect a change in relative lung weight. However, PWK/PhJ
mice exhibit normal body weight and also do not show significant changes in relative lung
weight. All mouse strains belonging to the intermediate and susceptible group exhibited
a time-dependent increase in relative lung weight from 1% to 2% on day 8 post infection.
Increase in relative lung weight to an extent of 1% was observed in ferrets only for H5N1
infections whereas H3N2 infected ferrets hardly showed any change in relative lung weight
(van den Brand et al., 2012). The variation within the mouse strains was very small demon-
strating the robust and reproducible nature of this parameter. However, differences in the
kinetics were observed also among the non-resistant strains. The contribution of immune cell
infiltrates and fluid leaking into infected lung tissue should be further investigated in order to
understand the differences in the immune response among the different founder strains. Flow
cytometry analysis as well as histopathological analysis would be suitable methods. Alterna-
tively, gene expression analysis would help to further elucidate the individual differences in
the host response among the CC founder strains.

To address the question of sex-specific differences after IAV infection among the CC founder
strains, I compared infected female and male mice of all eight strains. Significant differ-
ences in body weight loss were observed in the highly and intermediate susceptible group,
but not in the highly resistant group after infection with a dose of 1x101 FFU. Thus, I was
able to confirm the results of a previous study by Robinson and colleagues (Robinson et al.,
2011) describing a higher susceptibility and more severe symptoms after IAV infection in
C57BL/6 females compared to males. However, I exclusively analyzed disease progression
and outcome through changes in body weight and survival rates and I did not characterize
the immune response and other disease related parameters in both sexes. For humans, it
has been observed that the outcome of pandemic and H5N1 infections is generally worse for
females (Kumar et al., 2009; WHO, 2010). Furthermore, it has been shown that pregnancy
contributes to severity of disease (WHO, 2010). Thus, it will be important to further in-
vestigate sex-related differences in influenza infectious disease because it may be relevant for
treatment in humans. Additionally, I observed a significant sex-specific difference in survival
rates exclusively in NOD/ShiLtJ mice, a mouse model for type 1 diabetes (T1D, (Makino
et al., 1980)) after IAV infection with the lowest dose. Female NOD/ShiLtJ mice are signif-
icantly more susceptible to IAV infection than males. This might be caused by their more
advanced pre-diabetic state compared to males, as females have been described to develop
T1D earlier than males (Kikutani and Makino, 1992; Bach, 1994; Anderson and Bluestone,
2005). However, it was shown that NOD/ShiLtJ mice are able to mount an effective immune
response to IAV (H1N1, PR8) even though they exhibit dendritic cell related immune defects
(Kreuzer et al., 2015). Additional studies are needed to unravel the reasons for the observed
differences between female and male NOD/ShiLtJ mice concerning their outcome after IAV
infection. For example, testosterone treated females or alternatively castrated males and sub-
sequent IAV infection could be used to elucidate the direct effect of sex hormones on disease
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progression and outcome.

My studies showed that CAST/EiJ mice are highly susceptible which is reflected in high
viral loads in combination with rapid body weight loss. In addition, CAST/EiJ showed a
weak immune response. CAST/EiJ exhibited highest viral loads on day 3 post infection and
some mice were able to reduce viral load on day 8 post infection. The high susceptibility
could be explained by the single nucleotide exchanges of the CAST/EiJ Mx1 allele rela-
tive to the ancestral PWK/PhJ Mx1 allele (Ferris et al., 2013). In my experimental setup
CAST/EiJ mice were highly susceptible. In contrast, Ferris and colleagues reported a unique
combination of high viral loads and only low to intermediate body weight loss for CC lines
exhibiting a CAST/EiJ derived Mx1 (Ferris et al., 2013). The difference might be caused by
the infection with different IAV subtypes, H1N1 and H3N2, respectively.
However, my studies of the CC line CC001 suggest that Mx1 is at least in part functional (see
additional unpublished data 7.2). CC001 mice which carry the CAST/EiJ Mx1 allele
survive the infection with 1x101 FFU. Accordingly, CC001 mice might carry a yet unknown
interaction partner of Mx1. The combination of the CAST/EiJ Mx1 allele with the genetic
background of CC001 seems to confer resistance to IAV infection. Alternatively, CAST/EiJ
mice may possess more or additional receptors for IAV enabling the virus to replicate without
restrictions or the CC line CC001 exhibits an unknown host factor that is able to protect
mice from lethal IAV challenge even if Mx1 protein is non-functional.
Alternatively, CAST/EiJ may have a delayed immune response leading to high viral loads
early after infection (additional unpublished data chapter 7.1.1). I tested this hypoth-
esis by treating CAST/EiJ mice prior to infection with IFN. The treatment led to a delay
in body weight loss of about three days but at the end mice succumbed to the infection
(additional unpublished data chapter 7.1.3). If the CAST/EiJ Mx1 allele would be
functional the pretreatment with interferon should rescue the mice from lethal IAV chal-
lenge. Thus, further experiments are needed to elucidate if the CAST/EiJ Mx1 allele is at
least partially functional. The influence of the CAST/EiJ Mx1 allele on disease progression
and outcome could be investigated in the background of a mouse strain known to be resistant
to IAV infection. Alternatively, the CC population offers the opportunity of investigating the
same Mx1 allele on different genetic backgrounds. This might help to identify interaction
partners or new host genetic factors that are able to influence course and outcome after IAV
infection.
Furthermore, CAST/EiJ showed also only a slight decrease in lymphocytes and slight in-
crease in granulocytes after IAV infection. In contrast, A/J and WSB/EiJ, two strains with
similar survival rates showed clearly detectable changes. CAST/EiJ does not seem to react
to the challenge with IAV regarding granulocyte amounts in peripheral blood. To further
elucidate this deficiency in the immune response in CAST/EiJ mice, FACS analysis of lungs
on different time points after infection was performed (data not shown). It revealed that there
is hardly any increase in granulocyte amounts in infected lungs. Instead, a high increase in
macrophages was observed. Thus, we hypothesize that either CAST/EiJ mice have a defect
in signaling pathways that are responsible for the recruitment of further granulocytes or that
there is a physical barrier that hinders granulocytes but not macrophages from entering the
lung.
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8 DISCUSSION

In conclusion, my studies emphasize the importance of the host genetic background for the
course and outcome after IAV infection. Additional transcriptome and proteome studies may
allow identifying biomarkers that characterize a certain disease outcome already at early
stages of infection. In the future we will extend our analysis to the fast growing panel of
CC lines and subsequent genetic mapping studies will be used to dissect the complex genetic
traits for resistance and susceptibility to IAV infection. Identifying host genetic factors that
are able to influence disease progression and outcome are of highest interest for the develop-
ment of new prevention and treatment strategies for IAV infections.

In a previous mapping study utilizing the BXD recombinant inbred panel of mice our lab
identified several quantitative trait loci (QTLs) associated with susceptibility or resistance
to IAV H1N1 infection (Nedelko et al., 2012). The leukocyte specific transcript 1 (Lst1 ) was
one of the most promising candidate genes because it is non-functional in highly susceptible
DBA/2J mice. Additionally, several studies proposed a role in the immune response to in-
flammatory diseases in humans (Mulcahy et al., 2006; Mewar et al., 2006; Nagy et al., 2006;
Heidemann et al., 2014).
I infected Lst1 knock-out mice (C57BL/6N-Lst1 tm1(KOMP)Vlcg, B6-Lst1 -/-) and C57BL/6N
wildtype mice with a H1N1 IAV to investigate the role of LST1 during infection. Lst1 KO
mice exhibited significantly increased body weight on two days after infection. All wildtype
mice survived the infection whereas the KO mice showed a lethality of 20%. Histopathologi-
cal analyses of infected lungs did not reveal obvious differences in morphology and immune
cell infiltration between Lst1 -/- and wildtype mice at day 3 and 5 p.i.. Thus, I was able to
confirm results from our previous study suggesting a contribution of Qivr17-2 to susceptibil-
ity of DBA/2J mice (Nedelko et al., 2012). However, the effect of Lst1 is rather small and
other polymorphisms in other genes within Qivr17-2 as well as in additional QTL regions on
other chromosomes have to be responsible for the high susceptibility of DBA/2J mice.
It has been described that an overexpression of LST1 in human cell lines led to the formation
of filopodia-like membrane protrusions (Raghunathan et al., 2001) and that LST1 promotes
the formation of tunneling nanotubes (Schiller et al., 2013). Interestingly, it has been shown
that several persistent viruses, like HIV and herpes viruses, are able to use those nanotubes
for intercellular transfer (Sherer et al., 2007; Sowinski et al., 2008; Eugenin et al., 2009).
Additionally, my study is the first one that addresses the biological function of Lst1 in an in
vivo model.
Even if Lst1 deficiency might not have a large effect on the host response to IAV infection,
it would be interesting to challenge Lst1 KO mice with persistent viruses. Lst1 deficiency
might have a greater effect on the host response to HIV and herpes viruses which use the
connection between distant cells through filopodia-like membrane protrusions or nanotubes.
Thus, Lst1 could be an interesting new therapeutic target for other infectious diseases caused
by persistent viruses.

Besides forward and reverse genetic approaches differential gene expression analysis is a so-
phisticated way to identify host genes influencing susceptibility and resistance to infectious
diseases. Thus, I analyzed changes in the transcriptomes of lungs of resistant C57BL/6J and
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susceptible DBA/2J mice after IAV challenge. Using the innovative method RNAseq gave us
the opportunity to investigate both viral and host gene expression in the same individual. In
this way, we were able to identify correlations between host genes and viral gene expression
and identify host genes involved in viral replication. In addition, we found genes showing
differential expression between the two mouse strains after infection. Our analysis of differ-
ences in gene expression profiles between the two mouse strains confirmed earlier studies of
our laboratory using microarrays (Alberts et al., 2011).

Viral as well as host RNAs carry a poly(A) tail for which both use different mechanisms.
However, since we selected specifically for poly(A) RNAs for our RNAseq analysis we were
able to investigate both, viral and host gene expression. In this way, we confirmed that
time-dependent changes in expression levels of viral mRNA correlate well with viral load in
infected lungs. Thus, the relative changes in viral mRNA expression may serve as a surrogate
for viral replication and viral load in infected mice. We identified 25 significantly up-regulated
genes that overlapped with a study in which human cell lines were used to perform siRNA
screens and partially overlapped with a study combining transcriptional profiling and yeast
two-hybrid approaches (Shapira et al., 2009; Zhou et al., 2014). We selected one of those
genes, the interferon regulatory factor 7 (Irf7 ), and investigated its biological role in IAV
infection in a KO mouse model. Irf7 KO mice exhibited a more pronounced body weight loss
and increased mortality compared to wild-type mice after infection with H1N1 virus. Thus,
we demonstrated that Irf7 is essential for the host response to IAV infection. Furthermore,
we identified 182 host genes that were positively or negatively correlated with IAV gene ex-
pression in infected lungs from C57BL/6J mice. The role of many of the positively correlated
genes has already been described and partially validated in KO mouse models. The negative
correlation of other genes may reflect that the immune response can have beneficial as well
as detrimental effects to the host. We were able to identify several genes for which a role in
the immune response or even directly in the host response to IAV infection has been shown
already. Therefore, our work is a proof-of-principle for RNAseq as a new method. In addition,
we identified host genes that have not been described in the context of IAV infections, yet.
Exactly those genes are promising candidate genes for intervention strategies or can serve as
biomarkers for IAV infections.
We additionally performed a comparison of differentially expressed genes (DEGs) between
the two mouse strains with opposing outcomes after H1N1 infection. We hypothesized that
these genes are responsible for the resistance of C57BL/6J against IAV infection. Two genes,
Cd72 and Reg3g, which were exclusively up-regulated in C57BL/6J mice were identified. One
of those was the B cell co-receptor Cd72 which is known for its inhibitory effect on the im-
mune response (Li et al., 2006; Alcon et al., 2009). For Reg3g it has been shown that it limits
activation of the adaptive immune response (Vaishnava et al., 2011). The resulting deficit in
the inhibitory effect on the immune response may be a good explanation for the exaggerated
immune response observed in DBA/2J mice (Dengler et al., 2014). We selected Reg3g as a
candidate gene to be analyzed in vivo in a KO mouse model. However, although the Reg3g
gene was upregulated after influenza virus infection, deletion of this gene had no strong effect
on the susceptibility of the host to infections with H1N1. It may, however, be possible that
Reg3g deficient mice are susceptible to other influenza virus subtypes or other viral infections.
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8 DISCUSSION

In conclusion, we identified novel genes that are important for viral replication or host defense.
We suggested new candidate genes that might be crucial for host susceptibility or survival
during IAV infections and contributed additional knowledge to host pathogen interaction.
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9 Conclusion and outlook

In my thesis, I analyzed different levels of the host response ranging from changes in body
weight, survival rates, hematological parameters and histological analyses to investigations
on the single gene expression in mouse genetic reference populations (GRPs) as well as in
knock-out (KO) mouse lines. I found large variations in different phenotypic traits depend-
ing on the genetic background of the host. Forward as well as reverse genetic approaches
and expression analysis were used to find candidate genes for susceptibility or resistance to
influenza A virus (IAV) infection. In summary, my studies contributed to narrow down the
list of candidate genes that are involved in susceptibility or resistance to IAV infection.

Forward genetic studies to identify host susceptibility and resistance loci will be of prime
importance in the future. GRPs like the Collaborative Cross reflecting the genetic variation
in humans make it possible that data from distinct biological fields can be combined leading
to a deeper and more detailed knowledge of human disease pathogenesis mechanisms and
subsequently its treatment.

My studies on the CC founder strains after IAV infection revealed very diverging host re-
sponses. It will now be important to identify candidate gene that are responsible for that.
For this, we already started to characterize the CC lines concerning their response after IAV
infection. These data will be used to perform genetic mapping studies to reveal genomic
regions associated with susceptibility or resistance to IAV infection. Additionally, we will
utilize this study to identify biomarkers that are characteristic for a certain outcome of dis-
ease. Biomarkers are urgently needed and will be of great value to predict the course of
infections in humans to counteract severe disease progression.

The validation of findings from forward genetic studies by reverse genetic approaches will
confirm candidate genes to reveal further details of the influence of host genetics for infec-
tious diseases.

In summary, these studies will contribute to better understand the influenza disease in hu-
mans and to identify new targets for therapeutic intervention strategies.
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hat meine Doktorarbeit in seiner Abteilung anzufertigen und weil er mir die Begeisterung für
die Wissenschaft erfolgreich übermittelt hat. Für die außerordentliche Möglichkeit an einer
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Dr. Leonie Dengler, als meine schwäbische Verbündete im hohen Norden und Organisations-
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