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Abstract 

Analysis of host genetic factors influencing susceptibility to influenza A infections using 

knockout mice 

Hang Thi Thu Hoang 

Influenza A virus, which belongs to the Orthomyxoviridae family, is of global concern 

regarding human and animal health and has a great impact on worldwide economics. The 

high genetic variance of influenza A virus in addition to its capability to re-assort makes it 

very difficult to fight influenza disease in humans and animals. However, severity of 

influenza disease is not only caused by virulence factors of the influenza A virus itself but 

also depends on host factors. In my PhD thesis work, I used the mouse infection model to 

study host genetic factors that might contribute to the severity of disease after influenza A 

infection. 

Activation of the interferon pathway is essential for the host defense. The pathway is 

regulated by so-called interferon regulatory factors (IRFs). Among the nine members of the 

IRF family, IRF3 plays a crucial role in the initiation of the innate immunity against bacteria 

and viruses. Therefore, in my thesis work, I studied the host response to influenza A 

infection in a knockout (KO) mouse line that carried a mutation in the interferon regulatory 

factor 3 (Irf3) gene which resulted in a non-functional gene product. After infection with 

PR8M (H1N1) virus, C57BL/6J-Irf3
-/- mice revealed a more susceptible phenotype compared 

to wild type (WT) C57BL/6J controls. Irf3
-/- KO mice showed increased body weight loss and 

mortality compared to WT mice after infection with H1N1 virus. Concomitantly, 

hematological analysis showed a significantly higher ratio of granulocytes to lymphocytes 

(Gr/Lym) in Irf3
-/- KO mice indicating that mutant mice were able to mount an innate 

immune response. However, a delay in the expression of certain cytokines, chemokines and 

interferon stimulated genes in Irf3
-/- mice was observed in lung transcriptome analysis at 

day 3 post infection (p.i.). In addition, a delayed interferon type I response was seen at the 

protein level in broncho-alveolar lavage (BAL). Interestingly, interferon type III was 

expressed at a higher level in Irf3
-/- KO compared to WT at day 2 p.i.. These results suggest 

that Irf3 is necessary for regulating the immediate early host defense. However, in the 

absence of Irf3, alternative interferon activating pathways are up-regulated in KO mice 

which in part compensate for the absence of Irf3 and allow some mice to survive the 

infection. 

In the second part of my thesis, I analyzed another interferon regulatory gene, the 

interferon regulatory factor 7 (Irf7), with respect to the host defense against influenza A 

virus infections. After infection with PR8M (H1N1), maHK68 (H3N2) and SC35M (H7N7), 

guts, spleens and brains of C57BL/6J-Irf7
-/- (KO) and C57BL/6J-Irf7

+/+ (WT) mice were 

investigated for the presence of viral RNA. An obvious presence of viral RNA was detected in 
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spleens and brains of SC35M-infected mice compared to other samples. Furthermore, in 

these samples, a significantly higher amount of viral RNA was detected in Irf7
-/- mice 

compared to WT controls indicating an enhanced dissemination of SC35M in mice in the 

absence of  Irf7. 

In the third part of my thesis work, I studied the mouse protease TMPRSS11D which has 

been described in vitro to cleave viral hemmaglutinin (HA). Reduced viral titers in lungs and 

a delayed replication of maHK68 (H3N2) in trachea of Tmprss11d
-/- (KO) mice were observed 

when comparing to FVB/NRj (WT) controls early after infection. Furthermore, in my thesis 

work, I established an ex vivo model and showed significantly lower number of virus 

particles in tracheas of Tmprss11d
-/- at day 2 p.i. compared to tracheas from WT mice. These 

results suggest that TMPRSS11D is required for activation and replication of H3N2 in the 

respiratory tract of infected hosts. 

In conclusion, by using different mutant mouse lines, I showed that Irf3 and Irf7 genes are 

important contributors to the host response against influenza A virus. Further studies to 

elucidate the underlying mechanisms in more detail will be needed in the future to 

understand the complex and redundant system of the interferon pathways and the impact 

on virus and host biology. Furthermore, I demonstrated that the host protease TMPRSS11D 

is involved in HA cleavage. To understand the role and impact of this protease in 

combination with other proteases, future studies are required.   
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Zusammenfassung 

Charakterisierung des Einflusses genetischer Wirtsfaktoren auf die 

Suszeptibilität des Wirtes gegenüber Influenza A Infektionen in 

Mausmutanten 

Hang Thi Thu Hoang 

Das Influenza A Virus als Verursacher der echten Grippe gehört zu der Familie der 

Orthomyxoviridae und stellt eine globale Gefahr für die Gesundheit von Mensch und Tier 

dar, verbunden mit hohen jährlichen volkswirtschaftlichen Kosten. Sowohl fortlaufende 

genetische Veränderungen als auch die Möglichkeit zur Bildung neuer Subtypen durch 

Reassortation erschweren einen dauerhaften Schutz und medikamentöse Behandlung 

dieser Infektionskrankheit. Neben bekannten Risikofaktoren wie Virulenzfaktoren, 

Umwelteinflüsse und Gesundheitszustand spielt auch die genetische Prädisposition des 

Wirts für den Schweregrad des Verlaufs einer Influenzainfektion eine wichtige Rolle. Im 

Rahmen dieser Doktorarbeit habe ich mit Hilfe eines Infektionsmodells an Mäusen einzelne 

genetische Faktoren untersucht, welche einen Einfluss auf den Krankheitsverlauf ausüben 

können. 

Die Aktivierung des Interferon Signalweges nimmt eine essentielle Rolle in der 

Immunantwort des Wirts auf eindringende Pathogene ein. Dieser Signalweg wird durch 

sogenannte Interferon regulierende Faktoren (IRFs) reguliert. Unter den neun bekannten 

Mitgliedern der IRF-Familie übernimmt IRF3 eine entscheidende Rolle für die Initiation der 

angeborenen Immunität gegen Bakterien und Viren. Da die Rolle für Irf3 im Hinblick auf 

Influenzaviren im lebenden Organismus noch weitgehend unbekannt ist, sollte in meiner 

Doktorarebit dieser Faktor durch die Verwendung eines Knockout-Mausmodells mit 

mutiertem Irf3-Gen näher charakterisiert werden. Nach Infektion mit PR8M (H1N1) Virus 

zeigten die Irf3
-/- Mäuse eine erhöhte Suszeptibilität im Vergleich zu den Wildtypkontrollen, 

welche sich durch stärkere Gewichtsabnahme und erhöhte Sterblichkeit ausdrückte. In den 

Lungen infizierter Irf3
-/- KO Mäuse konnte zu frühen Zeitpunkten eine signifikant erhöhte 

Viruslast nachgewiesen werden, was zu einer stärkeren Rekrutierung von Granulozyten im 

periphären Blut führte. Begleitend zu diesen Daten wurde eine verzögerte Expression 

einzelner Zytokine, Chemokine und Interferon-stimulierter Gene in Irf3
-/- Mäusen auf RNA-

Ebene gezeigt. Zusätzlich wurde diese Verzögerung der Typ I Interferon-Antwort auf 

Protein-Level bestätigt. Interessanterweise konnte in diesen Proben auch eine Erhöhung der 

Typ III Interferon-Antwort detektiert werden. Diese Daten lassen auf eine Funktion von Irf3 

während der Initiation der Immunantwort auf eine Influenza A Infektion über den 

Interferon-Signalweg schließen. Zudem scheint es möglich, dass die Abwesenheit dieses 

Faktors möglicherweise zu Kompensationsmechanismen durch alternative 

Aktivierungsmöglichkeiten führt. 
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Im zweiten Teil meiner Arbeit wurde mit dem Interferon regulierendem Gen Irf7 ein 

weiterer Faktor des Interferon Signalweges im Kontext von Influenza A Infektionen 

untersucht. Es konnte gezeigt werden, dass der Verlust des Irf7 Gens in Mäusen zu einer 

verstärkten Dissemination bestimmter Influenza A Subtypen in verschiedene Organe führt. 

Ein erheblicher Anstieg viraler RNA in Milz und Gehirn von SC35M (H7N7) infizierten Tieren 

konnte über eine quantifizierende RT-PCR nachgewiesen werden. Dieser Unterschied wurde 

in PR8M (H1N1) und maHK68 (H3N2) infizierten Organen nicht detektiert. 

Zuletzt wurde von mir die Fähigkeit der TMPRSS11D Protease zur proteolytischen 

Aktivierung des viralen Hämagglutinins im lebenden Organismus näher untersucht. Der 

Knockout in diesem Gen führte zu verminderter Viruslast von maHK68 (H3N2) Viren in 

Lungen und verzögerter Virusvermehrung in Tracheen nach Infektion im Vergleich zu 

Wildtyp-Kontrollen. Zudem etablierte ich ein ex vivo Tracheen-Infektionsmodell, mit 

welchem eine signifikant verminderte Vermehrung von H3N2 Viren in KO-Tracheen gezeigt 

wurde. Diese Daten lassen auf eine Rolle der TMPRSS11D Protease bei der proteolytischen 

Aktivierung von Hämagglutinin schließen. 

Zusammengefasst zeigte ich in dieser Doktorarbeit, dass die Interferon regulierenden Gene 

Irf3 und Irf7 einen wichtigen Beitrag zur Wirtsantwort gegenüber Influenza A liefern. Es 

werden zukünftig weitere Studien notwendig sein, um die komplexen und redundanten 

Mechanismen des Interfon-Signalweges und dessen Auswirkung auf Wirt und Pathogen 

besser zu verstehen. Darüber hinaus konnte ich die Beteiligung der Wirtsprotease 

TMPRSS11D für die Replikation des Influenza A virus zeigen. 
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1. Introduction  

The influenza A virus causes acute infections of the respiratory tract, known as common flu. 

It is of global concern due to its detrimental effects on human health and the worldwide 

economy as each year, about 500 million people are infected by the virus worldwide, of 

which about 500,000 die (Fauci, 2006). Influenza emerges as epidemic (annual) outbreaks 

and as pandemic outbreaks caused by new virus strains and subtypes. The most severe 

pandemic (H1N1), in 1918, caused about 50 million deaths worldwide (Johnson and Mueller, 

2002). There were approximately one million deaths during the 1957 (H2N2) and 1968 

(H3N2) pandemics (Kilbourne, 2006). In 2009, a new variant of a seasonal H1N1 virus, 

pH1N1, that was derived from several viruses circulating in swine, caused a world-wide 

pandemic (Fraser et al., 2009; Garten et al., 2009; Itoh et al., 2009; Neumann et al., 2009; 

Smith et al., 2009; Wang, T. T. and Palese, 2009). 

In contrast to avian species which are the reservoir for all hemagglutinin subtypes, the 

diversity of influenza viruses in mammalian hosts is limited to few subtypes. Since the 

beginning of the 20th century, HA subtypes H1, H2 and H3, combined with NA subtypes N1 

and N2, have been found in human-adapted seasonal influenza viruses. H5, H6, H7, H9 and 

H10 HA subtypes from avian influenza virus were also found in naturally infected human 

cases (Freidl et al., 2014). From 2003 to December 2015, there were 844 H5N1-infected 

cases and 449 deaths in the human population (WHO, 2015a). Until now, the H7N9 subtype 

caused 571 laboratory-confirmed cases in human, including 212 deaths; most of them were 

infected through contact with infected poultry or contaminated environments. Many of the 

human patients infected with avian H7N9 virus have become severely ill. However, the 

ability of sustained transmission from person to person has not been reported (WHO, 

2015b). Nevertheless, the probability of antigenic drifts and shifts of influenza A virus 

highlights the potential of a new pandemic with high pathogenicity and transmission 

between humans. Therefore, early detection and investigation of both seasonal outbreaks 

and pandemics are required for risk assessment of new influenza A outbreaks. 

 

1. 1 Influenza A virus biology 

1.1.1 Structure and life cycle of  influenza A virus  

Influenza A virus, a member of the Orthomyxoviridae family, is an enveloped virus with a 

pleomorphic appearance and an average diameter of 80 - 120 nm (Noda, 2011; Palese, P.  

and Shaw, 2007) (Figure 1.1). It contains eight negative-sense, single-stranded RNA 

segments, encoding at least eleven proteins (Fodor, 2013; McCauley and Mahy, 1983; 

Palese, P.  and Shaw, 2007; Reid et al., 2004; Taubenberger and Kash, 2010). The two main 

antigenic surface glycoproteins, haemagglutinin (HA) and neuraminidase (NA), are used to 

classify influenza A  viruses into 18 HA and 11 NA subtypes, including two recently detected 
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subtypes in bats from Guatemala and Peru (Lamb and Choppin, 1983; Palese, P. et al., 1974; 

Tong et al., 2012; Tong et al., 2013). The nomenclature of an influenza A virus isolate 

includes its HA and NA variants, in addition to information on the influenza subtype, the 

geographical site, the serial number and the year of isolation, for instance: A/Puerto 

Rico/8/34 (H1N1) (WHO, 1980). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1. Structure of influenza A virus with segmented-RNA genome and proteins 

(Source: viralzone.expasy.org) 

 

The matrix protein (M) consists of two subunits: M1 constructs the matrix and M2 is an ion 

channel pump to regulate the pH of the endosome (Pinto et al., 1992). Inside the envelope, 

viral RNA segments are complexed with nucleocapsid protein (NP) to form the 

ribonucleoprotein structure (RNP) (Nayak, D.P. et al., 2009; Nayak, D. P. et al., 2004). The 

active RNA-dependent-RNA polymerase (RdRp) complex, containing polymerase A (PBA), 

polymerase B1 (PB1) and polymerase B2 (PB2), is responsible for transcription and 

replication of virus (Huarte et al., 2001; Samji, 2009). The non-structural protein (NS) has 

two subunits: NS1 promotes viral transcription (Hale et al., 2008) and NS2 is a nuclear 

export protein (Paterson and Fodor, 2012). 

The replication cycle of influenza virus requires participation of all viral proteins and 

includes the following steps. The binding of influenza HA to sialic-acid-link glycan (SA) 

molecules on a host receptor allows the virus to enter the cell. Recognition of either SAα2,3- 

or SAα2,6-glycan determines host specificity (de Graaf and Fouchier, 2014; Skehel and 

Wiley, 2000; Wilks et al., 2012). If an avian virus strain has the ability to bind to both types 

of receptors, it can infect human and may cause pandemics depending on its pathogenicity 

and transmission between humans (Peiris et al., 2009). After attachment, virus enters the 
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cell in an endosomic vehicle. The endosome has a low pH which triggers the fusion of the 

viral and endosomal membranes (reviewed in Mair et al., 2014). After release of the RNP 

complex into the cytoplasm, vRNPs enter the nucleus and viral RNA is transcribed into 

complementary RNA (cRNA) and messenger RNA (mRNA) for viral genomic RNA production 

and protein synthesis, respectively (Samji, 2009). The antigenic proteins (HA, NA) are 

transported to the endoplasmatic reticulum where the glycosylation of these proteins is 

performed. The post-translational modifications of HA, NA and M2 envelop proteins occur in 

the Golgi apparatus. The other newly synthesized proteins (PBA, PB1, PB2, M1, NS and NP) 

complex with vRNA in the nucleus to from RNPs and are transported back to the cytoplasm 

(Eisfeld et al., 2015; Samji, 2009). The assembly of all viral proteins and ribonucleoproteins 

occurs at the plasma membrane, followed by budding and release of infectious particles to 

the extracellular environment via the neuraminidase activity of NA and the cleavage of host 

protease (Matsuoka et al., 2013; Nayak, D. P. et al., 2004; Rossman and Lamb, 2011; Samji, 

2009; Veit and Thaa, 2011).  

 

1.1.2 Influence of genetic host factors on pathogenicity of influenza disease  

The outcome of influenza A infection may vary from mild symptoms (such as running nose, 

fatigue and body aches) to severe disease (such as high fever and primary viral pneumonia) 

which may lead to death. In addition to environmental effects and health conditions of 

patients at the time of infection, the severity of influenza A disease is caused by both viral 

and host genetic factors. In order to develop influenza treatment strategies, it is thus 

necessary to understand the underlying mechanisms of the host-virus interplay during an 

infection.  

First, influenza A virus has to cross the cell membrane to establish an infection. There are at 

least several well-characterized host proteins involved in this initial process to ensure a 

successful entry of virus. In humans, sialylated glycan SAα2,6-Gal receptors distributed in 

the upper respiratory tract allow the attachment of HAs from seasonal influenza A virus 

strains to the surface of target cells, whereas SAα2,3-Gal receptors in the lower respiratory 

tract are preferentially bound by HA of highly pathogenic strains (de Graaf and Fouchier, 

2014; Garcia-Sastre, 2010; Shinya et al., 2006; van Riel et al., 2010; van Riel et al., 2007). The 

GC and AT haplotypes of two SNPs (rs113350588 and rs1048479) in β-galactosidase α–2,3-

sialyltransferase 1 (ST3GAL1) gene, which is important for the formation of sialic receptors, 

are more frequent in severe H1N1 patients, therefore resulting in a higher risk to severe 

disease outcome (Maestri et al., 2015). In a genomic analysis of the 1000 Genomic Project 

(Clarke et al., 2012), solute carrier family 35 (UDP-galactose transporter), member A2, 

SLC35A2, which is responsible for the glycosylation process of sialic-link receptors, was 

shown to have 7.2 variants per kb including four frame-shift variants, all of which might alter 

the phenotype of the protein (Arcanjo et al., 2014). In addition, upon HA binding, 

conformational structures of host receptors are considered as key factors for the 
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recognition and binding affinity of influenza A virus and contribute to the host range and 

pathogenicity of the incoming virus (Sassaki et al., 2013). Furthermore, the virulence of an 

influenza A virus strain is not only determined by critical amino acids in the antigenic region 

of HA (Liu, J. et al., 2009; Stevens et al., 2006; Viswanathan et al., 2010) but also strongly 

depends on the activation of HA via host proteases that are cell-type-dependently 

expressed. Ubiquitous furin proteases are able to process HA containing multibasic cleavage 

sites and lead to the dissemination of highly pathogenic virus in the host (Fukuyama and 

Kawaoka, 2011; Horimoto et al., 1994). Another protease family, the transmembrane serin 

proteases (TMPRSS), are also essential for cleavage of HA. Investigation of the TMPRSS2 

revealed resistance to H1N1 and H7N9 infections in murine KO models (Hatesuer et al., 

2013; Sakai et al., 2014; Tarnow et al., 2014). Noticeably, a pilot genome-wide study in 409 

influenza-infected patients indicated that the GG genotype of rs2070788, a higher-

expression variant of TMPRSS2, confers high risk to the severe pandemic 2009 H1N1 

infection (Cheng et al., 2015). Moreover, another SNP in the putative regulatory region of 

TMPRSS2, rs383510, is associated with rs2070788 to increase the susceptibility of patients 

infected with H7N9, therefore highlighting the contribution of genetic variants of a host 

protease to the risk of human influenza infection. Next to proteases, fibronectin was shown 

to take part in the entry of influenza virus in a receptor-dependent manner. While the 

treatment of cells with fibronectin-specific small interfering RNA or anti-fibronectin 

antibodies inhibited H1N1 replication, there was no effect on the growth of H5N1 (Leung et 

al., 2012). 

Once influenza A virus enters the cell and releases its genetic materials to the endosome or 

cytoplasm, a rapid immune response is initiated in order to protect the host. The 

inflammatory process against influenza A virus is strickly regulated in different pathways via 

the cytosolic retinoic-acid-inducible gene I (RIG-I) sensor or the transmembrane Toll-like 

receptors (TLR3/TLR7) (reviewed in Garcia-Sastre, 2011). Among 342 SNPs present in the 

human RIG-I gene, one important variant (S183I) was found ex vivo to drastically down-

regulated IFNβ and NF-κB upon influenza A infection (Pothlichet et al., 2009). A mutation 

(F303S) in TLR3 as well as a SNP (rs5743313) in the coding gene was associated with 

influenza-related encephalopathy and pneumonia in children, respectively (Esposito et al., 

2012). 

So far, activation of IFN genes by IFN regulatory factors has been considered as the most 

powerful mechanism in mammals to restrict influenza A early after infection and activate 

the adaptive immune response (reviewed in Fukuyama and Kawaoka, 2011). The interferon 

regulatory factor 7 (IRF7) has lately been demonstrated to be crucial for human response 

against influenza A virus. A 2.5-year old girl (P) suffered severe acute respiratory distress 

syndrome (ARDS) during pandemic influenza A H1N1 (pH1N1) infection without prior 

vaccination. She had no detectable immunological abnormalities of T- or B cells but 

harbored two heterozygous mutations in the IRF7 gene: F410V and Q421X. Accordingly, a 
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profound or complete impairment of IFNα2 production was observed in P-derived 

peripheral blood mononuclear cells (PBMCs) and pDCs after pH1N1 infection (Ciancanelli et 

al., 2015). This clinical study shows the critical requirement of IRF7 for IFN amplication and 

human protection against primary exposure to influenza A virus. In addition, in a study of 

dendritic cells (DCs) from a cohort of 534 healthy individuals (295 Caucasians, 122 African 

Americans, 117 East Asians), a SNP (rs12805435) in IRF7 gene was identified to have effects 

on the induction of a subset of antiviral genes in response to influenza infection (Lee, M. N. 

et al., 2014). Next to IRF7, IRF3 was also shown to be important to protect the human 

central nervous system (CNS) against herpes simplex virus (HSV) infection (Andersen, L. L. et 

al., 2015). A 15-year old female patient with the clinical history of increase susceptibility to 

HSV had a mutation (R285Q) in IRF3 gene that leads to the unphosphorylation of the 

encoded protein and the impaired IFN production in her PBMC and fibroblast cell lines. 

The expression of interferon activates a number of interferon stimulated genes (ISGs) that 

establish an effective antiviral state through the signal transducer and activator of 

transcription (STAT) protein complex (Figure 1.2). For instance, Mx1, the Orthomyxovirus 

resistance gene, is responsible for resistance to influenza virus infection in mice (Pavlovic et 

al., 1992; Shin et al., 2015). A single amino acid substitution (Gly83Arg) in Mx1 of CAST/EiJ 

mice, which is distinct from the genotypes of other collaborative cross strains, contributes 

to an intermediate phenotype of this mouse strain with no strong body weight loss but 

increased viral titer and severe inflammatory responses (Ferris et al., 2013). Its human 

homologue, MxA, was also shown to restrict influenza replication (Dittmann et al., 2008). 

The 123C/A promoter SNP in MxA, which is associated with elaveated basal MxA expression 

and correlates with SARS protection, was speculated to be important in determination of 

H5N1 susceptibility (Ching et al., 2010). In addition, IFITM3, the interferon-inducible 

transmembrane 3, restricts viral entry and reduces morbidity and mortality associated with 

influenza virus infections (Everitt et al., 2012). Recently it was demonstrated that a SNP 

variant (rs12252-C) in human IFITM3  is associated with an increased susceptibility to severe 

influenza (Bailey et al., 2012; Everitt et al., 2012; Xuan et al., 2015). This SNP rs12252-C 

allele is rare amongst Caucasians but it is much more common in Han Chinese (Zhang, Y. H. 

et al., 2013). Oligoadenylate synthetase (OAS), activated by dsRNA, acts as a cofactor for the 

cytoplasmic RNAse, RNAseL. The activated RNAseL in turn cleaves viral and cellular RNA. As 

a consequence, replication of virus is blocked (Chakrabarti et al., 2011). The ubiquitin-like 

ISG15 protein can modify influenza A NS1 protein, thereby suppresses the viral gene 

expression and replication (Hsiang et al., 2009; Zhao et al., 2010). Moreover, the regulation 

of the mitogen-activated protein kinase (MAPK) family also contributes to the host defense 

against influenza A infection (Kakugawa et al., 2009). However, further studies are necessary 

to understand whether genetic polymorphisms of these ISGs and MAPKs had effects on the 

immune response of the hosts. 
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Despite the activation of an innate immune response by the host, influenza A virus has 

established several ways to counteract this defense (reviewed in Ehrhardt et al., 2010). For 

instance, an amino acid change (N66S) in PB1-F2 of H5N1 increased the virulence of virus 

with high proinflammatory cytokines and viral titers in the lung (Conenello et al., 2007). 

Similarly, a mutation (E627K) in PB2 H5N1 and H7N9 virus increased viral replication in the 

respiratory tract of (Hatta et al., 2007; Zhang, H. et al., 2014).  

However, there are also barriers for virus replication in different host species. For efficient 

virus replication, importin-α, a cellular host protein, transports viral material into the 

nucleus for viral transcription. Transportation of PB2 and NP of mammalian viruses requires 

importin-α7, whereas that of avian proteins needs importin-α3 (Gabriel et al., 2011). Thus, 

an influenza virus strain that can replicate in one species requires an adaptation to cross the 

nuclear barrier to infect another species. 

The signal transduction of RIG-I/TLR3 activates the production of multiple 

cytokines/chemokines with a wide range of antiviral effects. Genetic variations in these 

gene family also have an impact on the outcome of influenza infection. For example, the 

rs16944A genotype of IL1B gene was associated with an increased number of leukocytes in 

patients infected with pandemic H1N1 (Morales-Garcia et al., 2012). In another genome 

analysis, in the Caucasian population  which showed the highest frequency of the rs17561T 

variant in IL1A, also showed the higher susceptibility to H1N1 infection (Arcanjo et al., 

2014). Liu et al. confirmed the high risk of patients owning the rs17561T genotype (Liu, Y. et 

al., 2013). 

Furthermore, the induction of cytokines and chemokines attracts different immune cells to 

the site of infection. Expression of chemokine receptors on a specific immune cell type not 

only takes part in recruitment of this cell population but can also act as regulators of other 

cytokine/chemokines. For example, CD200 receptor (CD200R) on alveolar macrophages 

suppresses the induction of IL6 and TNF-α (Snelgrove et al., 2008). Antonopoulou et al. 

found that the frequency of SNP rs361525A in TNF-α was significantly greater in H1N1 

infected patients, commonly associated with pneumonia symptoms, than in the control 

group (Antonopoulou et al., 2012).  As an inhibitor of the inflammatory response, IL10 

produced by CD8 T cells is essential in controlling the exaggerated cytokine/chemokine 

response during influenza A infection (Sun et al., 2011). The rs1800896A in the promoter 

region of IL10 contributes to the unexpected response with increased risks of healthy 

volunteers after inactivated influenza vaccination (Tang et al., 2007), indicating crucial roles 

of host polymorphisims to the adaptive immunity after influenza triggering. Therefore, an 

effective interaction between different genes and proteins of the immune cell network is 

important for establishing an adequate immune response for the host.  

In the case of an excessive inflammatory response, due to both viral and host factors (high 

viral pathogenicity or uncontrolled induction of host cytokines/chemokines which is known 
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as “cytokine storm”), a primary viral pneumonia might be associated with capillary 

thrombosis, necrosis of alveolar wall, interstitial infiltrates of leukocytes and plasma cells as 

well as formation of hyaline membranes (Taubenberger and Morens, 2008). Different 

genetic backgrounds also resulted in different levels of pulmonary cell damage after 

influenza A virus infection. In mice infected with H1N1 virus, it was shown that the high 

susceptibility of DBA/2J mice was associated with a stronger expression of inflammatory 

genes compared to the resistant C57BL/6J mice. In addition, more immune infiltrates were 

observed in lungs of DBA/2J mice (Alberts et al., 2010; Srivastava et al., 2009).  

Overall, both protective and detrimental effects of cytokines/chemokines need to be kept in 

balance to ensure the maximal protection with the minimal damage to the host. Therefore, 

an ideal therapeutic intervention should consider the contributions of both viral and host 

genetic factors as well as incorporate beneficial effects of antiviral and immunomodulatory 

response (Peiris et al., 2009).  

 

1.2 Mouse as experimental model for influenza research  

Since the interactions between influenza and its host will ultimately decide the outcome of 

the infection, understanding of this complex interplay will help to protect human from 

severe influenza disease. However, due to the high genetic variation and different 

environmental factors in humans, it is difficult to unravel the mechanisms of these 

interactions in humans. Due to these reasons, animal models are the best alternative to 

study influenza in vivo. In order to generate an environment that can reflect human 

response to influenza A virus, it is important to have an appropriate animal model for the 

purpose of each study. Ferrets and mice are often used in influenza research (Peiris et al., 

2009). 

 

The use of mice as model for influenza infection has great benefits becasue the full genome 

sequence and a huge collection of mouse-specific immunological reagents are available. 

Gene editing technology allows the generation of gene-targeted mutant mice (Bouvier and 

Lowen, 2010). The presence of well-defined inbred mouse strains allows the analysis of 

responses in different genetic backgrounds. A recent study by Takao and colleagues showed 

extraordinarily significant correlations of gene expression levels in mouse models and 

humans after infection (Takao and Miyakawa, 2014). Many molecuar pathways are identical 

or very similarly regulated in humans and mice, and therefore strongly argue for the utility 

of mice for studying inflammatory disease including influenza A virus. Although some human 

symptoms such as fever, coughing and nasal discharge are not observed in mice (Margine 

and Krammer, 2014), other parameters like body weight and survival rates are valuable 

indicators for severity of influenza A infection in mice (Boon et al., 2009; Srivastava et al., 

2009). The low cost, small size and easy handling allow detailed experimental studies of 

biological pathways and mechanisms in mice (Wilk and Schughart, 2012). In summary, these 
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characteristics of mice explain why this species are the most widely used animal model in 

influenza research.  

1.3 Interferon pathways of the host defense 

Expression of interferon is a sophisticated mechanism of the host in response to many 

pathogens including bacteria and viruses. Since the first discovery of interferons as a 

cytokine family with antiviral activity (Isaacs and Lindenmann, 1957), an enormous progress 

has been made over the last fifty years in understanding interferon induction, signaling 

pathways and the resulting vital effects on the host defense after microbial exposure. These 

studies demonstrated diverse biological functions of interferons not only in pathogen 

restriction but also in immunomodulation as well as tumor suppression (Gonzalez-Navajas 

et al., 2012; Gresser, 1990; Lee, S. and Margolin, 2011; Randall and Goodbourn, 2008; 

Samuel, 2001; Sandler et al., 2014). Therefore, interferons became the subject of many 

basic and translational studies.  

Interferons are classified into three groups based on their nucleotide sequences and specific 

receptors: IFN type I (encompassing multiple IFNα subtypes and a single IFNβ), IFN type II 

(containing only IFNγ) and IFN type III (comprising four subtypes of IFNλ: IFNλ1 (IL29), IFNλ2 

(IL28A), IFNλ3 (IL28B) and IFNλ4 (Kotenko et al., 2003; O'Brien et al., 2014; Pestka and 

Langer, 1987; Prokunina-Olsson et al., 2013; Sheppard et al., 2003). IFN type I and type III 

initiate the innate immune response and shape the adaptive immunity for which IFN type II 

plays an important role. In the case of an acute viral infection, e.g. influenza A virus disease, 

a rapid immune response of the host is pivotal, highlighting the contribution of interferon 

type I and type III for establishing an early barrier against viruses (Killip et al., 2014). 
 

Recognition of pathogen-derived molecules by cellular receptors is the prerequisite for 

activation of IFN type I expression and initiation of the host response to an infection. There 

are two well-characterized classes of pattern-recognition receptors (PRRs): the cytosolic 

receptors (retinoic-acid-inducible gene I (RIG-I) and melanoma-differentiation-associated 

gene 5 (MDA5), IFN-inducible double stranded DNA-dependent protein kinase (PKR), 

nucleotide-binding oligomerization domain (NOD), receptor cytosolic GAMP synthase (cGAS) 

and DNA-dependent activator of IFN-regulatory factors (DAI)) as well as transmembrane 

receptors (Toll-like receptors (TLRs)) (reviewed in Akira et al., 2006; Beutler, 2009; Dixit and 

Kagan, 2013; Goubau et al., 2013; O'Neill et al., 2013; Paludan and Bowie, 2013). Depending 

on specific types of pathogen-associated molecular patterns (PAMPs), the induction of 

interferon type I during virus or bacterial infection is functioning via two distinct pathways: 

the cytosolic and the transmembrane TLR-mediated pathway (Figure 1.2) (reviewed in 

Honda et al., 2006; Honda and Taniguchi, 2006; McNab et al., 2015; Takaoka and Yanai, 

2006).  
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Figure 1.2 Activation of host type I interferon pathways in response to pathogens. (A) Interferon 

induction in host targeted cells of microbes. Upon recognition of pathogen associated molecular 

patterns (PAMPs) by either transmembrane Toll-like receptors (TLRs) or cytosolic RIG-I/MDA5, 

NOD2, cGAS or DAI receptors, a respective kinase cascade (1-4) is executive to transduce signals to 

the nucleus via IRF(s) and/or NFkB molecules. The binding of these proteins to IFN-stimulated 

response elements (ISREs) in Ifna/b promoters activates transcription of Ifna and/or Ifnb and 

production of the respective proteins thereof. (B) Downstream signaling of interferon induction. 

Binding of  IFN type I to their receptors in an autocrine or paracrine manner triggered the STAT, PI3K 

or MAPK signaling that leads to the regulation of multiple genes, including IFN-stimulated genes 

(ISGs), with a variety of biological effects. In case of influenza A virus infection, the induction of ISGs 

(such as Bst2, Eif2ak2, Ifi27la2, Ifit1, Ifitm3, Mx1, Oasl1, Rsad2, Trim25) is effective in establishing an 

antiviral state for infected host cells. Alt-IRF, IRFs other than IRF3 or IRF7; AP-1, activator protein 1; 

cGAMP, cyclic di-GMP-AMP; cGAS, cytosolic GAMP synthase; DAI, DNA-dependent activator of IRFs; 

ER, endoplasmic reticulum; GAS, γ-activated sequence; IKKε, IκB kinase-ε; MAVS, mitochondrial 

antiviral signaling protein; MDA5, melanoma differentiation-associated gene 5; MYD88, myeloid 

differentiation primary response protein 88; NF-κB, nuclear factor-κB; NOD2, NOD-containing 

protein 2; STING, stimulator of IFN genes; TBK1, TANK-binding kinase 1; TRAF, TNF receptor-

associated factor; TRAM, TLR adaptor molecule (also known as TICAM2); TRIF, TIR domain-

containing adaptor protein inducing IFNβ; TYK2, tyrosine kinase 2. The main picture was modified 

from McNab et al., 2015; picture for viral particles was taken from https://www.tgac.ac.uk; picture 

for the endosome was taken from https://www.en.wikipedia.org. 

RIG-I receptors can recognize short stretches of 5’-triphosphate (5’ppp) or 5’-diphosphate 

(5’pp) double stranded RNA (dsRNA) (from 10 to at least 19 bp) that are highly specific to 

viral RNA and distinct from endogenous 5’-capped mRNA (Kohlway et al., 2013; Yoneyama 

et al., 2004). MDA5 can bind to longer stretches of dsRNA without requirement of 

phosphorylation at the 5’terminal (Kato et al., 2006; Loo et al., 2008). RIG-I can also 

recognize DNA viruses by detecting RNA generated from RNA polymerase III. There are 
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other cytoplasmic sensors like DExD/H or STING that assist RIG-I to detect viral nucleic acids 

(Swiecki and Colonna, 2011). RIG-I deficient mice showed impaired IFN type I, IL6 and 

IL12p40 production after both negative- and positive-ssRNA virus infection (influenza virus, 

vesicular stomatitis virus (VSV), Newcastle disease virus (NDV) and Sendai virus (SeV)) (Kato 

et al., 2005; Saito and Gale, 2008). MDA5 deficient mice were highly susceptible, increased 

viral titer and reduced IFN type I and IL6 expression upon positive-ss RNA virus infection 

(Encephalomyocarditis virus (ECMV) and Mengo virus) (Kato et al., 2006; Saito and Gale, 

2008). 

Transmembrane receptors are sensitive to a broader range of PAMPs compared to the 

cytosolic receptors. TLR3 recognizes either extracellular dsRNA on the cell surface or 

intracellular dsRNA present in endosome or phagosome compartments (Alexopoulou et al., 

2001; Blasius and Beutler, 2010). TLR7/8 and TLR9 recognize ssRNA and unmethylated CpG 

DNA, respectively (Blasius and Beutler, 2010; Diebold et al., 2004; Hemmi, H et al., 2000; 

Latz et al., 2004; Lund et al., 2004). TLR4 is the only receptor that can activate IFN type I 

production upon lipopolysaccharide (LPS) ligation (reviewed in Honda et al., 2006; Vaure 

and Liu, 2014). The expression of these receptors are cell-type specific; hence, the 

production of IFN type I in the TLR-mediated pathway depends on the type of infected cell. 

For example, TLR3 is expressed at a high level in myeloid dendritic cells (mDCs), 

macrophages, NK cells, mast cells and fibroblasts (Hemont et al., 2013; Muzio et al., 2000; 

Perales-Linares and Navas-Martin, 2013; Randall and Goodbourn, 2008; Vercammen et al., 

2008), whereas TLR7 is found mainly in plasmacytoid dendritic cells (pDCs) and to a less 

extend in mDCs with distinct chemokines inductions (Ito et al., 2002; Jarrossay et al., 2001; 

Kadowaki et al., 2001; Randall and Goodbourn, 2008) 

Once binding to one of the above ligands has occured, the pathogen signals are transduced 

to the nucleus through different phosphorylation cascades (such as RIG-I/MD5-MAVS-(or 

TLR3-TRIF-)-TRAF3-TBK1-IKKε-IRF3/IRF7, TLR7-MyD88-TRAF6-IRF7, etc.). Attachment of an 

enhanceosome (including IRF3 (and/or IRF7), nuclear factor (NF-κB), co-activator cyclic-

AMP-responsive-element-binding protein (CREB)-binding protein (CBP)) on interferon-

stimulated response elements (ISRE) induces expression of the respective genes (Honda and 

Taniguchi, 2006; McNab et al., 2015; Randall and Goodbourn, 2008). The activation of 

interferons is transcriptional tightly controlled by the interferon regulatory factor (IRF) 

family (Nguyen et al., 1997; Taniguchi, T.  et al., 2001). Depending on the virus, the infected 

cell and the phase of infection, each of the nine IRF members in mammals has its own role 

in interferon induction and also other cytokines/chemokines activation (Honda and 

Taniguchi, 2006; Tamura et al., 2008). After influenza A virus infection, IRF3, IRF5 and IRF7 

were shown to have important contributions in the activation of the interferon-mediated 

pathways (Honda et al., 2005; Lazear et al., 2013; Marié et al., 1998; Proenca-Modena et al., 

2015; Thackray et al., 2014). The quantity and the timing of IFN type I production are crucial 

for the effectiveness of the downstream signaling cascades (e.g. IFNAR1/2 – TYK2/JAK1 – 

STAT1-STAT2-IRF9 – ISGs) and the control of pathogen replication (Boasso, 2013; Marcus et 
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al., 2005; Pontiroli et al., 2012), indicating essential roles of interferon regulation in the host 

immune response. Moreover, even the small amount of IFN type I in the early phase of 

infection is considered as a crucial signal priming cells for a robust IFN type I production for 

an enhanced antiviral state (Taniguchi, T. and Takaoka, 2001). 

Interferon type III, although having different protein structures and being recognized by 

distinct receptors, are also directly induced by virus infection as IFN type I (Crotta et al., 

2013; Ioannidis et al., 2013; Onoguchi et al., 2007). Within infected cells, production of IFN 

type III is the result of a signaling cascade triggered by the same sensors for IFN type I 

activation, for instance, dsRNA and 5’ppp ssRNA in the cytoplasm or dsRNA and ssRNA in the 

endosomes (Ank et al., 2006; reviewed in Iversen and Paludan, 2010; Nakai et al., 2015; 

Okamoto et al., 2014). Like IFN type I, induction of IFN type III is strictly controlled by the IRF 

family (Österlund et al., 2007). Furthermore, these interferon groups have similar antiviral 

activity with respect to activation of an overlap of ISGs through either IFN type I or type III 

(reviewed in Takaoka and Yanai, 2006).  

Despite these similarities, the presence of both IFNα/β and IFNλ gene family is not totally 

redundant in the host body. Although receiving the same signals from RIG-I/MDA5-MAVS or 

TLR-TRIF/MYD88-TRAF pathways, IFN type I and IFN type III may be differentially regulated 

due to differences in their promoter regions. While the expression of IFNα or IFNβ is 

dependent on the binding of IRF7 or IRF3-IRF7-NF-κB complex, respectively, the expression 

of IFNλ1 is more flexible with additional NF-κB binding sites in its promoter region (Thomson 

et al., 2009). In addition, the cells secreting these various interferons overlap but are not 

completely identical. For instance, murine macrophages produce IFNα and IFNβ but are not 

able to produce IFNλ after HSV infection (Ank et al., 2008). Likewise, after PR8 influenza 

infection, human alveolar macrophages did not secrete IL29. In contrast, this IFN was 

robustly secreted from human alveolar type II cells in a time- and infected-dose-dependent 

manner, whereas, IFNβ was not detectable by the same assay (Wang, J. et al., 2009). In 

agreement with this observation, the role of IFNλ to protect lung epithelial cells was 

revealed by a strongly increased replication of strictly pneumotropic viruses in Ifnar
-/-

Il28ra
-/- 

double knockout compared to single knockout mouse lines (Mordstein et al., 2010a; 

Mordstein et al., 2010b). Recently, Kuriakose demonstrated the importance of the serine-

threonine MAP kinase tumor progression locus 2 (Tpl2/MAP3K8) in the regulation of both 

IFNα/β and IFNλ (Kuriakose et al., 2015). However, only IFNλ required MAP3K8 for its 

optimal induction during influenza virus infection in vitro and in vivo. This is an example for 

distinct regulations of IFN type I and type III downstream of the viral signalling cascades. 

The activation of several hundreds of interferon stimulated genes (ISGs), such as Mx1, Oas, 

Rnase L, Ifit1, Ifitm3, Rsad2, establishes antiviral response and contributes to survival of the 

host upon infection (Garcia-Sastre, 2011; Schneider, W. M. et al., 2014; Schoggins and Rice, 

2011). These essential roles of IFN becomes evident in humans with deficiencies in IFN or 

IFN signalling (Dupuis et al., 2003; Levin and Hahn, 1985). The susceptible to infections in 
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these patients could be improved by an IFN therapy early after pathogen exposure. In mice, 

it is not easy to generate a specific Ifn type I mutant as the high similarity in nucleotide 

sequence between the fourteen members of the Ifna family. However, Ifnα/β receptor 

deficient mice were unresponsive to IFN type I and quickly succumbed to certain viral 

infections (Semliki Forest virus (SFV), VSV, ECMV, Sindbis virus and Dengue virus) (Hwang et 

al., 1995; Müller et al., 1994; Ryman et al., 2000; van den Broek et al., 1995; Zust et al., 

2014). However, after influenza A virus infection, such mutant mice showed no significantly 

increased susceptibility compared to wild type mice (Price et al., 2000). However, using Irf3
-

/-
/Irf7

-/- double knockout mice, Rudd and colleagues observed a high mortality of the mice 

with undetectable levels of IFN type I in serum after Chikungunya virus (CHIKV) infections. 

These studies suggest important roles of adequate IFN type I production to prevent 

hemorrhagic fever and shock after viral infection (Rudd et al., 2012). Davison and colleagues 

have recently shown the severely detrimental effects of high level of IFN type I on the 129S 

mice, whilst a low level of these interferons could help to protect the C57BL/6J mice 

(Davidson et al., 2014). Therefore, depending on the nature of the pathogens, the site of 

infection and the host genetic background, presence or absence of IFNs may have different 

effects. 

Initial clinical trials with IFNα suggested benefits of the therapy for Hepatitis C Virus (HCV) 

infected patients (Foster, 2004). Recently, a patient with tracheal papilloma as a response to 

Human Papilloma Virus (HPV) infection received IFNα treatment in combination with 

cryotherapy and mechanical debridement. He showed no recurrence after eight months of 

the therapy (Yildirim et al., 2015). Similarly, administration of intranasal IFNs in 

experimental infections with coronaviruses and influenza viruses resulted in the reduction 

of virus replication and symptom scores (Higgins et al., 1983; Treanor et al., 1987; Turner et 

al., 1986). Furthermore, the application of interferon alfacon-1 plus corticosteroids resulted 

in reduced disease-associated impaired oxygen saturation and more rapid resolution of lung 

abnormalities in severe acute respiratory syndrome (SARS) (Loutfy et al., 2003). In summary, 

these trials suggest that IFNs might have therapeutic potency in influenza, SARS or other 

acute viral disease.  
 

1.4 Interferon regulatory factor 3 (Irf3) 

The interferon regulatory factor 3 is a member of the IRF family with an important role in 

the innate and adaptive immune response (Honda and Taniguchi, 2006; Tamura et al., 

2008). It has a conserved DNA-binding domain of 120 amino acids at the amino terminal 

(Taniguchi, T.  et al., 2001). This domain with a tryptophan pentad recognizes a consensus 

IFN-stimulated response element (ISRE) in the promoter regions of both type I IFNs and 

downstream IFN-stimulated genes (Ning et al., 2011; Taniguchi, T.  et al., 2001). The C-

terminal of IRF3 has an IRF-association domain, a nuclear export sequence, an auto-
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inhibitory domain and a signal-responding domain with serine residues that are critical for 

phosphorylation after infection (Eroshkin and Mushegian, 1999; Ning et al., 2011). 

The human IRF3 is a 50 kDa protein (427 amino acids) encoded by the IRF3 gene and was 

first identified by Au and coleagues in 1995 (Au, W. C. et al., 1995). This protein is 

constitutively expressed in almost all cell types. Viral infection or IFN treatment results in 

post-translational modification of the protein and its concomitant activation but does not 

activate its expression. It was shown that recombinant IRF3 can bind to ISRE element of 

ISG15 as well as inducible element (IE) of IFNA4 and IFNB1. However, the overexpression of 

IRF3 activates the transcription from ISG15 promoters in a transient expression assay, but 

does not activate IFNA4 and IFNB promoters nor induce expression of endogenous IFN 

genes in 293 cells. IRF3 activated by Newcastle disease virus (NDV) mediated transcription 

of IFNA4 in L cells (Au, W. C. et al., 1995). A study by Juang et al. showed that antiviral 

activity of IRF3 in human 2FTGH cells results mainly in the induction of IFN type I (Juang et 

al., 1998). This group could also demonstrate that phosphorylated serine/threonine residues 

at C-terminal facilitate its binding to CBP/p300 co-activator. The mouse Irf3 gene is located 

on chromosome 7, consists of seven exons and encodes a 46.85 kDa protein (419 amino 

acids) that shares 71.1% similarity with human IRF3 

(http://www.ensembl.org/Mus_musculus and http://www.uniprot.org/blast/uniprot) 

(Figure 1.3).  

 

 

Figure 1.3. Human and murine IRF3 genes have similar structures at both gene and protein levels 

(reference from http://www.ensembl.org and http://www.ebi.ac.uk/interpro). The two lines in the 

middle represent IRF3 genomic structures of Homo sapiens and Mus musculus with a length of 6.29 

and 5.20 kb, respectively. mRNA transcribed from seven coding exons is then translated to IRF3 

protein with four main domains. The N-terminal which is highly conserved between mammalian IRF 

family members is considered as interferon-regulatory-factor-DNA-binding domain. The C-terminal 

contains SMAD (Mothers against decapentaplegic (MAD) homolog) and FHA (Forkhead-associated)-

like superfamily domains with critical serine/threonine sites for phosphorylation. 
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Activation of IRF3 by RIG-I and TLR signaling  

IRF3 is one of several IRF members that can be activated by either the cytosolic RIG-I/MDA5- 

or the transmembrane TLR3- or TLR4-mediated pathway. Therefore, IRF3 can be activated 

by various type of bacteria and viruses (Honda and Taniguchi, 2006). 

In the classical cytosolic pathway, the phosphorylation of either MAVS or STING activates 

IRF3 via TBK1 and IKKε. In the early phase post infection, phosphorylation of IRF3 enables it 

to translocate to the nucleus and interact with co-activators CBP, p300 , p65 and p50 

subunit of NF-κB or ligand-bound glucocorticoid receptor (GR) to form an enhanceosome 

that binds to target DNA sequence and efficiently initiate transcription of target genes (e.g. 

Ifnb, Ifna4, Cxcl9, Cxcl10) (Honda and Taniguchi, 2006).  

In the transmembrane TLR-mediated pathway, IFN type I is induced by activated IRF3 

through either TLR3 or TLR4 in a Myd88-independent way (Doyle et al., 2002; Honda and 

Taniguchi, 2006). Signalling via TLR4 results in the induction of Cxcl10 and Ifnb genes but not 

of Ifna genes (Hoshino et al., 2002; Kawai et al., 2001; Sakaguchi et al., 2003). DCs from Irf3
-

/- knockout mice showed an abrogation of Ifnb, Cxcl9 and Cxcl10 induction in response to 

LPS. In contrast, DCs from Irf7
-/- knockout mice showed almost normal activation of these 

genes (Honda et al., 2005; Sakaguchi et al., 2003; Werner et al., 2005). Therefore, IRF3, 

rather than IRF7, is more essential in this TLR4-mediated pathway. Similarly, after poly(I:C) 

exposure, macrophages from Trif
-/-, Tbk1

-/- or Irf3
-/- mutant mice exhibited a severely 

decrease of Ifn type I gene expression (Hemmi, H. et al., 2004; Perry et al., 2004; Yamamoto 

et al., 2003). Like in the cytosolic pathway, TBK1 and IKKε are important in coordinating the 

contribution of IRF3 in the innate immune response  (Fitzgerald et al., 2003; Liu, S. et al., 

2015). 

Participation of IRF3 in the host defense against pathogens 

IRF3 was reported to promote antibacterial and antiviral innate immunity by direct 

induction of cytokines (Ifnb, Ifna4) and chemokine genes (e.g. Cxcl9, Cxcl10). It was 

suggested as a candidate for NDV protection in 3T3 cell culture (Beljanski et al., 2015; Sato, 

M.  et al., 1998). It also promotes resistance to EMCV and LPS-induced endotoxic shock 

(Sakaguchi et al., 2003; Sato, M. et al., 2000). In primary human foreskin fibroblasts (hFFs), 

depletion of IRF3 by small interfering RNA (siRNA) blocking dominant negative IRF3 variant 

demonstrated that IRF3 is necessary for induction of antiviral genes during human 

cytomegalovirus (HCMV) infection (DeFilippis et al., 2006). Daffis et al. showed that cell-

specific IRF3 responses protected against West Nile Virus (WNV) by interferon-dependent 

and independent mechanisms. Irf3 had a small and transient effect on IFN production. 

Although peripheral IFN responses were almost normal, Irf3
-/- mice were considerably more 

susceptible to infection and showed increased WNV titers in peripheral and central nervous 

system (CNS)  tissues. Expression patterns of key host defense molecules (including RIG-I, 

MDA5, ISG54, and ISG56, IFNA4, IFNB1) as well as viral titers in Irf3
-/- macrophages were 
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noticeably different with those in cortical neurons (Daffis et al., 2007). However, in diseases 

of the CNS, IRF3 acts as a modulator of inflammatory responses and induces both IFNβ and 

the IL1 family proteins (Tarassishin et al., 2013; Tarassishin et al., 2011). When SUMOylated 

sites of IRF3 and IRF7 were mutated, IFNB expression in VSV-infected cells varied (Kubota et 

al., 2008). When characterizing 360 SNPs in 86 genes coding for immune regulators in 735 

WNV-infected patients with or without symptoms, Bigham and colleagues found a single 

nucleotide polymorphism (SNP) in IRF3 associated with symptomatic WNV infection 

(Bigham et al., 2011). More recently, IRF3 was demonstrated to be associated with anti-

inflammatory microenvironments and contributes to the polarization toward a M2 

macrophage phenotype (Gunthner and Anders, 2013). In addition, by comprehensive 

genome-wide analysis, Freaney et al. proposed an extensive cooperation of IRF3 and NF-kB 

to stimulate transcription at non-annotated loci encoding for novel virus-inducible RNAs 

(nviRNAs). Analysis of nviRNAs revealed their common activation in various cell lines by a 

number of investigated virus (EMCV, Sendai virus, and influenza A virus); IRF3 and p65/RELA 

play essential roles in activating their transcription (Freaney et al., 2013).  

In contrast to previously suggested roles of IRF3 in IFN induction, Patel et al. demonstrated 

that IRF3 is not necessary for IFN production but is able to activate pathways of innate 

immunity against Yersinia pestis infection in a murine model and contributes to host 

defense (Patel et al., 2012). Furthermore, while Irf3
-/- or Ifnar1

-/- mice were highly 

susceptible to viral infection, they exhibited a clear resistance to infections caused by 

Listeria monocytogenes (Gram-positive intracellular bacterium) compared with wild type 

controls (O'Connell et al., 2004). This increased bacterial clearance was concomitant with a 

block in L. monocytogenes–induced splenic apoptosis in the mutant mice. In contrast, a 

study by Carrigan et al. showed an important contribution of Irf3 to clear Pseudomonas 

aeruginosa in mouse lungs (Carrigan et al., 2010). These studies highlight the divergent roles 

of type I IFNs during viral and bacterial infections and emphasize the importance of tightly 

controlled IFN regulation during the host defense. 

 

1.5 Interferon regulatory factor 7 (Irf7)  

Together with IRF3, the interferon regulatory factor 7 (IRF7) also participates in the host 

defense. It is considered as the master regulator of the IFN-type I-dependent immune 

response (Honda et al., 2005). Human IRF7 protein consists of 503 amino acids (55kD); 

mouse IRF7 protein consists of 457 amino acids (52kD) (Ning et al., 2011). IRF7 protein 

shares the same highly structural domains as that of IRF3 (Au, W. et al., 1998). 

IRF7 can be activated through the RIG-I pathway. Secreted IFNB in the first step early after 

infection (mainly activated by IRF3 and NF-κB) stimulates type I IFN receptors (in autocrine 

or paracrine way) and leads to activation of the Interferon Stimulated Gene Factor 3 (ISGF3) 

complex (STAT1-STAT2-IRF9) and IRF7 transcription. A positive-feedback loop has been 

proposed in which type I IFN-dependent IRF7 activation ensures the second step to induce a 
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pronounced and effective antiviral IFN type I. The homodimer of IRF7 or the heterodimer of 

IRF3 and IRF7 was more important than IRF3 in this virus-induced cytosolic pathway 

(reviewed in Honda and Taniguchi, 2006).  

Besides the classical pathway, activation of IRF7 is also mediated via TLR7/TLR9 signals, 

making this regulatory factor more flexible in pathogen recognition. The TLR7/TLR9-MyD88-

dependent pathway was shown to be crucial for a robust production of IFN type I upon 

proper triggers  (Honda et al., 2005). In a recent study, Leong and colleagues showed that 

viral replication of HBV was comparable between Mavs
–/–

 or Toll-like receptor adaptor 

molecule 1 Ticam1
–/– knockout and wild type mice, but the absence of Myd88, Irf3 or Irf7 

transcription factors showed an adverse effect on the inhibition of Hepatitis B Virus (HBV), 

implicating the Myd88-IRF3/IRF7-dependent viral clearance (Leong et al., 2015).  

The participation of IRF7 in the immune response was also shown in non-mammalian 

species. Chicken are susceptible to almost all avian influenza A virus, and it is important to 

understand their antiviral response after infection. A transcriptome analysis was performed 

in chicken DF-1 cell line focusing on the participation of IRF7 (Kim and Zhou, 2015). Despite 

of the low amino acid sequence similarity between chicken and mammals, a similar pattern 

of IFN modulation was observed for chicken IRF7. Overexpression of IRF7 upon poly(I:C) 

stimulation significantly increased IFNβ expression. However, neither overexpression nor 

knockdown of IRF7 resulted in a significant change of IFNα at 6h post induction. Therefore, 

more later time points will have to be investigated to confirm the role of IRF7 in a positive 

feedback loop. 

In order to keep a balance between beneficial and detrimental effects of interferons within 

the host, a robust induction of these genes is only implemented in certain cases upon 

specific signals (such as viral infections). Sathish and colleagues have found a remarkable 

feature of the IRF7 inhibitory domain that contains many hydrophobic residues of two α-

helices H3 and H4 and two β-sheets (Sathish et al., 2011). These structures contribute to the 

auto-inhibition of IRF7 in the absence of viral signals.  

The interferon regulatory function of IRF7 could be inhibited by several other host proteins. 

OASL1 can bind to the 5’ untranslated region (5’UTR) of Irf7 with high affinity and inhibit the 

translation of Irf7 mRNA (Lee, M. S. et al., 2013). Oasl1
−/− mice produce more IFN type I than 

wild type mice after poly(I:C) treatment and are more resistant to EMCV and HSV1 infection. 

Furthermore, Litvak et al. identified FOXO3 as a critical negative regulator of IRF7 

transcription. FOXO3, IRF7 and IFN type I were demonstrated to form a coherent feed-

forward regulatory circuit presenting a novel mechanism for establishing a balanced 

antiviral response (Litvak et al., 2012). In the later phase, the TLR7/TLR9-activated TRIM35 is 

considered to represent a negative feedback regulator of IFN type I due to its ability to 

interact with IRF7 and promote the ubiquitination and degradation of IRF7 via a 

proteasome-dependent pathway (Wang, Y. et al., 2015).  
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In a comparison of the innate immune responses between normal human bronchial 

epithelial cells Beas2B and 7 lung cancer cells, Li and colleagues found that epigenetic 

silencing of IRF7 and/or IRF5 caused an abolishment in IFN signalling and enhanced viral 

titers in cancer cell lines (Li and Tainsky, 2011). This study emphasizes the importance of 

IRF7 in controlling viral replication and suggests potential markers for selective destruction 

of cancer cells by oncolytic viral therapy. 

 

1.6 Transmembrane protease, serine 11D (TMPRSS11D) 

The type II transmembrane serine proteases (TTSPs) are typically distinct from other serine 

proteases by the presence of C-terminal extracellular domains with different cleavage sites 

and catalytic specificity. In addition to this proteolytic domain, all members in this protein 

family have two other conserved domains: transmembrane domain and cytoplasmic domain 

at the N’ terminal (Barre, 2014; Hooper et al., 2001). 

Depending on the specific tissue, TTSPs have diverse physiological and pathobiological 

functions, such as enteropeptidase activity in digestion, blood pressure regulation (Corin), 

thyroid hormone metabolism for proper hear function (MATRIPTASE2 and TMPRSS6), iron 

metabolism (TMPRSS3 and TMPRSS5), epithelial carcinogenesis (TMPRSS1 (Hepsin), 

TMPRSS2, and TMPRSS14 (matriptase)), etc. (Bugge et al., 2009). Interestingly, in addition to 

these functions, some members of the TTSP family have the ability to maintain epithelial 

homeostasis. For example, through the proteolytic cleavage of the epithelial sodium 

channel, TMPRSS2 has been proposed to participate in inflammatory responses in the 

prostate (Wilson et al., 2005) and regulate epithelial sodium currents in the lung (Donaldson 

et al., 2002). Furthermore, a strongly resistant phenotype was observed in Tmprss2
-/- mice 

and tissue cultures after influenza virus infection (Hatesuer et al., 2013; Sakai et al., 2014; 

Tarnow et al., 2014). While it was also shown that TMPRSS4 (CAP2) was able to activate 

epithelial sodium channels (ENaCs) by cleaving the ENaC gama-subunit at position R138 in 

oocytes (Garcia-Caballero et al., 2008), a recent in vivo study showed the unaltered cleavage 

activity of ENaC subunit in  Tmprss4
-/- mice under sodium restriction (Keppner et al., 2015). 

However, together with TMPRSS2, TMPRSS4 contributes to cleavage of influenza A 

hemagglutinin and supports viral replication (Bertram et al., 2010; Kühn, 2015, PhD 

Dissertation). Moreover, two new members of the TTSP family, MSPL and TMPRSS13, have 

been shown to activate membrane fusion and induce multicycle replication of H5N1 in 

human cell cultures (Okumura et al., 2010). Therefore, the contributions of other members 

of this growing TTSP family to the inflammatory responses against various pathogens are 

subject of many studies. 

TMPRSS11D, as a member of the TTSP family, also shares the same genomic structure with 

the other members. It is also known as HAT (human airway trypsin-like protease) due to the 

first isolation in sputum of patients with chronic bronchitis and bronchial asthma (Yasuoka 
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et al., 1997). The encoding gene is located on chromosome 4 in humans and chromosome 5 

in mouse, respectively (NCBI genome database, http://www.ncbi.nlm.nih.gov/genbank). 

TMPRSS11D mRNA was detected in different tissues including trachea, heart, brain, 

placenta, thymus, prostate, ovary, gastrointestinal tract esophagus and cervix (Bertram et 

al., 2012; Sales et al., 2011; Yasuoka et al., 1997). The expression of TMPRSS11D was 

associated with cell movement during inflammation of the airway (Beaufort et al., 2007). 

The in vivo functions of TMPRSS11D in normal physiological conditions as well as in viral 

infection of the airway still need to be investigated. 

In previous studies of our laboratory, Tmprss11d
-/- mice showed less mortality than wild 

type mice after infection with 10 FFU of maHK68 (H3N2) virus. However, the difference 

disappeared when the infection dose was increased to 2x103 FFU (Kühn, 2015, PhD 

dissertation). Therefore, the participation of this protease in mice during influenza A 

infection is still unclear.  
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2. Objectives  

Influenza is a pathogen causing yearly epidemics and occasional pandemics. It is a serious 

threat for humans and animals thereby affecting considerably public health and economy. 

The severity of influenza disease depends on influenza A virus virulence factors, host 

susceptibility or resistance factors and environmental factors such as adverse health 

conditions of the host. Mouse models have demonstrated a clear genetic effect on host 

susceptibility to influenza A infection (Srivastava et al., 2009). However, only few 

susceptibilty genes have been identified in humans, for examples, Ifitm3 and Tmprss2 

(Bailey et al., 2012; Everitt et al., 2012; Hatesuer et al., 2013; Sakai et al., 2014; Tarnow et 

al., 2014; Xuan et al., 2015). Therefore, the objective of my thesis was to study further 

genetic factors that may influence the host response to influenza infections and be 

associated with severe courses of disease. Specifically, in my thesis, I wanted to investigate 

the function of Irf3, Irf7 and Tmprss11d, for their role in the host response. 

Interferon regulatory factor 3 (IRF3) has been reported to contribute to antiviral innate 

immunity at different levels (Carrigan et al., 2010; Honda and Taniguchi, 2006; Thackray et 

al., 2012). However, the role of this regulatory factor for the host defense against influenza 

A virus protection has not been studied yet in the organism (in vivo). Therefore, in the first 

part of my thesis work, a mouse knockout line carrying an Irf3 null allele should be used to 

determine the role of the Irf3 gene for the host response to infection with influenza A. Mice 

should be infected with different influenza A virus subtypes (PR8M (H1N1) and SC35M 

(H7N7)) and monitored for body weight loss and survival. Peripheral blood and lungs of 

infected mice should be prepared on different days p.i., and blood composition and viral 

load should be determined. In addition, a detailed analysis at the RNA and protein level for 

the induction of interferons, interferon-induced and inflammatory genes should be 

performed. I expected from these studies to obtain a better understanding of the role of 

IRF3 for the host response to influenza A infection. 

The role of another regulatory gene, interferon regulatory factor 7 (IRF7), for the host 

response to influenza A infection was the second subject of my studies. Previous work from 

our group showed that Irf7 deficient mice were highly susceptible to influenza virus 

infection (Wilk et al., 2015). 60% of mice died at day 5-7 post H1N1 infection in contrast to 

100% survival of control mice. Further unpublished results indicated differences in viral 

dissemination after infection with the polybasic virus SC35M (H7N7) (Wilk et al., 

unpublished data). Therefore, I wanted to investigate the dissemination of influenza A virus 

in Irf7
-/- mutant mice. For this project, several experimental methods like absolute 

quantification of viral particles by qRT-PCR in different organs had to be established. I 

expected from these studies to obtain a first indication whether IRF7 may be involved in 

restricting influenza A virus to the lung. 
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Thirdly, in our research group, the role of proteases from the TMPRSS family is being 

investigated (Hatesuer et al., 2013) for its role in influenza HA processing and pathogenesis. 

Tmprss11d (transmembrane protease serine 11D) KO mice revealed a significantly lower 

mortality compared to wild type controls (Kühn, 2015, PhD dissertation). Since Tmprss11d 

was shown to be expressed mainly in tracheas, my third project intended to elucidate the 

replication of H3N2 virus in tracheas of Tmprss11d
-/- mice. For this project, an ex vivo 

method had to be established to complement other in vivo experiments from our 

laboratory. I expected from these studies to elucidate the role of Tmprss11d for HA-

processing of influenza A virus in tracheas. 

 



21 

 

3. Materials and Methods 

3.1 Materials 

3.1.1 Mice and ethics statements 

C57BL/6J and FVB/NRj mice were purchased from Janvier, France. B6;129S6-

Bcl2l12/Irf3
tm1Ttg (Irf3

-/-
)
 and B6;129P2-Irf7

tm1Ttg (Irf7
-/-)  mice were kindly provided by Prof. 

Dr. Tadatsugu Taniguchi (Honda et al., 2005; Sato, M. et al., 2000) and backcrossed to 

C57BL/6J for at least 10 generations. The background was confirmed by Mouse Universal 

Genotyping Array (MUGA). The analysis revealed 99.86% of the single nucleotide 

polymorphisms matched to C57BL/6J background containing a 18.66 Mb congenic region on 

chromosome 7 in Irf3
-/- mice and 99.89% C57BL/6J background containing a 6.12 Mb 

congenic region on chromosome 7 in Irf7
-/- mice, respectively. Mutant FVB.Tmprss11d

tm1Bug 

(Tmprss11d
-/-) mice were kindly provided by Dr. Thomas H. Bugge and generated as 

described previously (Sales et al., 2011). All mice were maintained under specific pathogen 

free conditions at the animal facilities of the HZI. All experiments were approved by an 

external committee 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 Artikel 4 Absatz 90 des Gesetzes vom 7. August 2013 (BGBl. 

I S. 3154) geändert worden ist’). The protocol used in these experiments has been reviewed 

by an ethics committee and approved by the ‘Niedersächsisches Landesamt für 

Verbraucherschutz und Lebensmittelsicherheit, Oldenburg, Germany’ (Permit Number: 3392 

42502-04-13/1234).  

3.1.2 Influenza A virus 

Original stocks of viruses were obtained from Prof. Dr. Stefan Ludwig, University of Münster 

(PR8M, A/Puerto Rico/8/34 H1N1, Münster variant) (Hoffmann et al., 2002), from Prof. Dr. 

Georg Kochs, University of Freiburg (maHK68, A/Hong Kong/01/68 H3N2) (Haller et al., 

1979), from Prof. Dr. Peter Stäheli, University of Freiburg (SC35M_Freiburg, 

A/Seal/Massachusetts/1/80 H7N7) and Prof. Dr. Gülsah Gabriel, Heinrich-Pette-Institut 

Hamburg (SC35M_Hamburg, A/Seal/Massachusetts/1/80 H7N7) (Gabriel et al., 2005; Kochs 

et al., 2007). Virus stocks were propagated in the chorioallantoic cavity of ten-day-old 

pathogen-free embryonated chicken eggs for 48 h at 37 °C as described previously (Wilk and 

Schughart, 2012). Viral titer was determined by focus-forming unit (FFU) assay. 

3.1.3 Chemicals and reagents 

All laboratory chemicals and reagents (Phosphate buffered saline (PBS), Tween-20, 

electrophoresis-grade agarose, ethidium bromide, Midori green nucleic acid loading dye, 

Bovine serum albumin (BSA), N-Acetylated Trypsin (NAT), Penicillin and Streptomycin, etc.) 

were purchased from Invitrogen, Merck, Sigma-Aldrich and Bulldog Bio. In addition, 

Ketamine and Xylazine for mice anesthesia were ordered from Invesa Arzneimittel GmbH, 

Freiburg and from Bayer Health-Care, Leverkusen, respectively. RNAlater® solution was 
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ordered from Qiagen. True Blue substrate, 3,3′,5,5′-Tetramethylbenzidine (TMB) substrate 

and TMB stop solution were purchased from KPL.  

3.1.4 Solutions and ex vivo culture media 

Table 3.1. List of solutions used 

Buffer Components 

Tail lysis buffer 100 mM Tris (pH 8,5), 5 mM EDTA (pH 8), 0,2% SDS, 200 mM NaCl  

1x TAE buffer 20mM acetic acid, 1mM EDTA, 40mM Tris/HCl, pH 8.0 

1x TBE buffer 89 mM boric acid, 2 mM EDTA, 89 mM Tris base, pH 7.6 

Washing buffer for ELISA PBS with 0.05% Tween-20, pH 7.2-7.4 

Blocking buffer for ELISA PBS with 1% BSA, pH 7.2-7.4 

Fixative 4% Formalin in PBS 

Quencher 0.5% Triton X-100, 20 mM Glycine in PBS 

Washing buffer for FFU assay 0.5% Tween-20 in PBS 

Blocking buffer for FFU assay 0.5% Tween-20, 1% BSA in PBS 

 

Table 3.2. List of media used 

Medium Components 

MDCK culture medium MEM with 10%FCS and 1% P/S 

Infection medium for FFU assay MEM with 0.1 % BSA, 1% P/S and 2.5 µg/ml NAT 

Overlay medium for FFU assay 
2xDMEM with 1% Avicel, 2mM L-Glutamin  2.5% NAT and 

0.1%BSA 

Explant culture medium DMEM with 10% FCS, 5% L-Glutamine, 5% P/S and 1% NEAA 

 

Essential tissue and cell culture medium (MEM and DMEM) were ordered from Gibco. 

3.1.5 Antibodies 

Table 3.3. Antibodies  

Antibody Company Catalogue number 

Goat anti-Influenza virions (H1N1) Virostat  1301 

Anti-goat-IgG[H+L] Antibody-HRP KPL 14-13-06 

 

3.1.6 Oligonucleotides and plasmids 

Table 3.4. Primers for mouse genotyping 

Primer name Sequence Note 

Irf3-common GAA CCT CGG AGT TAT CCC GAA GG Hatesuer, INFG, HZI 

Irf3-ds GTT TGA GTT ATC CCT GCA CTT GGG Hatesuer, INFG, HZI 

Irf3-neo TCG TGC TTT ACG CTA TCG CCG CTC CCG ATT Hatesuer, INFG, HZI 

Irf7-uzu   GTG GTA CCC ACT CCT GCC CTC TTT ATA ATC T Hatesuer, INFG, HZI 

Irf7-neo  TCG TGC TTT ACG GTA TCG CCG CTC CCC ATT C Hatesuer, INFG, HZI 

Irf7-long   AGT AGA TCC AAG CTC CCG GCT AAG TTC GTA C Hatesuer, INFG, HZI 
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Table 3.5. Primers for RT-PCR 

Primer name Sequence Note 

Irf3-F1 CCTGGCTAGAGCATGGAAACCC * 

Irf3-R1 CAGGAGAGGCACCCAGATGTACG * 

Irf7-F1 GACGGAGCAATGGCTGAAGTGAG * 

Irf7-R1 GGATCCCCTGAATTGTCTTGGCGC * 

Actb-F1 GATGGTGGGAATGGGTCAGAAG Kühn, INFG, HZI 

Actb-R1 CAGTCCGCCTAGAAGCACTTG Kühn, INFG, HZI 

Actb-F2 AACCCTAAGGCCAACCGTGAAAAG INFG  

Actb-R2 AGGATGGCGTGAGGGAGAGCA INFG  

 

Table 3.6. Primers for qRT-PCR 

Primer name Sequence Note 

Ccl5-F TCGTGTTTGTCACTCGAAGG * 

Ccl5-R CCCTCTATCCTAGCTCATCTCC (Lazear et al., 2013, modified) 

Cxcl9-F CTCGGCAAATGTGAAGAAGC * 

Cxcl9-R GACGACTTTGGGGTGTTTTG * 

Cxcl10-F GGTCTGAGTGGGACTCAAGG * 

Cxcl10-R GTGGCAATGATCTCAACACG * 

Flu-M-F CTTCTAACCGAGGTCGAAACG (Fouchier et al., 2000) 

Flu-M-R GCATTTTGGACAAAGCGTCTAC Lambertz, INFG, HZI 

Ifit1-F GAGCCAGAAAACCCTGAGTAC (Daffis et al., 2007, modified) 

Ifit1-R TTAACCGGACAGCCTTCCTC * 

Ifna4-F CAAGCCATCCTTGTGCTAAGAG * 

Ifna4-R GGAGGTTCCTGCATCACACAG * 

Ifnb-F CCAGCTCCAAGAAAGGACGAAC (Takaki et al., 2013, modified) 

Ifnb-R CTTCTCCGTCATCTCCATAGGG (Daffis et al., 2007) 

Il28ab-F GCCACATTGCTCAGTTCAAG * 

Il28ab-R GCACCTCATGTCCTTCTCAAG * 

Il6-F TACTTCACAAGTCCGGAGAGG * 

Il6-R TCCACGATTTCCCAGAGAAC * 

Irf3-F3 CTTCTCAACAACTGCCAAGC * 

Irf3-R3 TCGAACTCCCATTGTTCCTC * 

Irf7-F CCAGACTGCCTGTGTAGACG * 

Irf7-R CCGAAATGCTTCCAGGGTAC * 

Rsad2-F ACACAGCCAAGACATCCTTCG (Lazear, 2013, modified) 

Rsad2-R CAAGTATTCACCCCTGTCCTG (Lazear, 2013) 

Rpl4-F CGAAAAGGGAGAGTCATCTGG * 

Rpl4-R CCAATTCACTGACGGCATAGG * 

Note: * These primers were designed based on ENSEMBL mouse database, Primer3Plus and Primer-

BLAST (http://www.ensembl.org/Mus_musculus/Info/Index, http://www.primer3plus.com,  and 

http://www.ncbi.nlm.nih.gov/tools/primer-blast). 
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All of  the above gene specific primers were ordered from Eurofins, Germany. In addition, 

the Oligo(dT)20 Primer (Cat.No. 18418-020), random hexamers (Cat.No. 48190-011) and 

dNTP mix (Cat.No. 18427-013) were ordered from Invitrogen, USA. 2-Log DNA ladder were 

ordered from New England Biolabs Inc. (Cat.No. N3200L). 

 

The pGT-SP6-M vector, which was kindly provided by Dr. Ruth Lambertz, was used to 

generate in vitro RNA for building the standard curve for RNA quantification with Flu-M 

primers.  

3.1.7 Kits 

Table 3.7. List of kits used 

Kit Company Catalogue number 

Bioscript™ Reverse Transcriptase Bioline BIO-27036 

DIY Mouse IFN Lambda 2/3 (IL-28A/B) ELISA PBL 62830-1 

DNase I Recombinant, RNase free Roche 04 716 728 001 

MEGAscript® SP6 Transcription Kit Ambion AM1330 

Mouse Gene Expression v2 4x44K Microarray Kit Agilent G4846A 

LightCycler® 480 SYBR Green I Master Roche 4707516001 

LightCycler® 480 Probes Master Roche 4707494001 

RNase-Free DNase Set, for DNA digestion on column Qiagen 79254 

RNeasy® Midi Kit Qiagen 75144 

RNeasy® Lipid Tissue Mini Kit Qiagen 74804 

RNAseOUT™ Recombinant Ribonuclease Inhibitor Invitrogen 10777-019 

SuperScript™ III Reverse Transcriptase Invitrogen 18080-044     

VeriKine™ Mouse IFN Alpha ELISA kit PBL 42120-1 

VeriKine-HS™ Mouse IFN Beta Serum ELISA Kit PBL 42410-1 
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3.1.8 Apparatuses 

Table 3.8. List of apparatuses used 

Equipments and Apparatus Company and version 

Biological Safety Cabinet Thermo scientific, Herasafe™ KSP with CO2 supply 

Cell counting chamber Assistant, Germany 

Cell incubator Thermo scientific, Heracell 240 

Centrifuge Heraeus, Multifuge®  1 S-R 

Electrophoresis units Biostep, Horizontal system 

ELISA Microplate Reader Tecan, Sunrise™ Absorbance Reader 

Fluid aspiration system Vaccubrand, Vacuum-Pump unit, BVC 21NT 

Gel documentation system Olympus, U-Transilluminator, InTAS 

Hematological analyzer Abaxis, VetScan HM5 

Microcentrifuges 
Thermo Scientific, Thermo Scientific™ MicroCL 17/17R 

Eppendorf, Centrifuge 5417C 

Microincubator Eppendorf, Thermomixer comfort 

Microscope Leica DMIL 

Mouse dissecting set Braun, Germany 

Multiple Homogenizer MP Biomedicals, USA, FastPrep®-24 Instrument  

PCR Thermocyclers Biometra, Tgrandient 96/Tprofessional Basic 96  

Pipettes and mutichannel pipettes Eppendorf, Germany 

Real-time PCR system Roche, LightCycler® 480 System 

Single Homogenizer Polytron, Polytron® PT 2100 

Spectrophotometer  Thermo Scientific, Nanodrop-1000 V3.60 

Water bath GFL, 1083 

 

3.1.9 Software 

Microarray data processing was performed by Prof. Dr. Klaus Schughart using the Linear 

Models for Microarray Data (limma package) (Smyth, 2004), the affycoretools package 

(MacDonald, 2008) and the R software package (R_Core_Team, 2013). Subsequent analysis 

on the normalized log2 transformed expression values was performed by me using Microsoft 

Excel (2010).   

Light Cycles 480 Software, version 1.5 , was connected to the Light Cycle 480® Real-time PCR 

System to record and calculate optical signals from real-time PCR in the microplates as well 

as to create standard curves.  

Magellan™ Data Analysis Software, Tecan, was used to record optical signals from the ELISA 

reader.  

GraphPad Prism version 5.00 for Windows (GraphPad Software, San Diego, California) was 

used to generate graphs and perform data and statistical analysis.  
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3.2 Methods 

3.2.1 PCR genotyping of mice 

The homozygous mutant B6;129S6-Bcl2l12/Irf3
tm1Ttg (KO, C57BL/6J.Irf3

-/-) was genotyped by 

three-primer strategy. Genomic DNA was extracted from 3-4 week old mouse-tails  by an 

overnight digestion with 15µl Proteinase K in 300µl lysis buffer at 55oC. After centrifugation 

at 10.000 rpm for 5 minutes, the supernatant was transferred into new tube and 300µl 

isopropanol was added, mixed well and incubated at room temperature for 15 minutes. 

After centrifugation at 13.000 rpm for 15 minutes, the supernatant was discarded. The 

precipitated DNA was washed with 300µl 70% ethanol and centrifuged at 13.000 rpm for 5 

minutes. The pellet was briefly air-dried and dissolved in 50 µl Tris-buffer at 65°C for 1 hour. 

The obtained nucleic acid was determined by spectrophotometry (Nanodrop-1000 V3.60). 

50 ng/µl genomic DNA was used for each PCR reaction with the following components 

(primers in Table 3.4) and program: 

Table 3.9. PCR components to genotype Irf3
-/-

 mice 

Component  Final concentration  Volume (μl) 

2x Probes Master buffer  1x 5.0 

Primer Irf3-common (10 μM)  0.5 μM 0.5 

Primer Irf3-ds (10 μM)  0.5 μM 0.5 

Primer Irf3-neo (10 μM)  0.5 μM 0.5 

DNA template  50ng approx. 1.0 

H2O  to a final of 10 μl  

 

Table 3.10. PCR program to genotype Irf3
-/-

 mice 

Step Temperature Time Numbers of cyclers 

1 95°C 5 min 1 

2 95°C 30 sec 

35 3 66°C 40 sec 

4 72°C 40 sec 

5 72°C 5 min 1 

6 4°C storage  1 

 

The homozygous mutant B6.Irf7
tm1Ttg (C57BL/6J.Irf7

-/-) mice were genotyped by three-primer 

strategy before and after every infection. Genomic DNA was extracted as described above. 

50 ng/µl genomic DNA was used for each PCR reaction with the components and program 

indicated in Table 3.11 and Table 3.12.  

PCR products were loaded in 1.5% agarose gels prepared in 1xTBE and 0.5μg/ml ethidium 

bromide solution. The electrophoresis was performed in 1xTBE running buffer for 55 

minutes at 120 volts. PCR fragments were visualized on a UV unit (U-Transilluminator; 
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Olympus). The sizes of the PCR products were determined by comparing with a 2-log DNA 

ladder (NEB).  

Table 3.11. PCR components to genotype Irf7
-/-

 mice 

Component  Final concentration  Volume (μl) 

2x Probes Master buffer 1x 5.0 

Primer Irf7-uzu (10 μM)  0.5 μM 0.5 

Primer Irf7-neo (10 μM)  0.5 μM 0.5 

Primer Irf7-long (10 μM)  0.5 μM 0.5 

DNA template  50ng  approx. 1.0 

H2O  to a final of 10 μl  

 

Table 3.12. PCR program to genotype Irf7
-/-

 mice 

Step Temperature Time Numbers of cyclers 

1 95°C 5 min 1 

2 95°C 30 sec 

35 3 60°C 40 sec 

4 72°C 40 sec 

5 72°C 5 min 1 

6 4°C storage 1 

 

3.2.2 Mouse infection  

Female animals (8–12 weeks of age) were anesthetized by intra-peritoneal injection of 

Ketamin-Xylazine solution (10% (v/v) 100 mg/ml ketamine and 5% (v/v) 20 mg/ml xylazine in 

0.9% (w/v) NaCl) with a dose adjusted to the individual body weight (200µl per 20g body 

weight) and infected intranasally with the specified dose of virus in 20 μl sterile PBS (Wilk 

and Schughart, 2012). Weight loss and survival of infected mice were monitored over a 14-

day period. In addition to mice that were found dead, animals showing more than 30% of 

body weight loss were euthanized and documented as dead. 

3.2.3 Ex vivo infection 

For preparation of ex vivo organ cultures, 9- to 11-week-old Tmprss11d
-/-

 and FVB mice were 

euthanized with CO2 and tracheas were extracted. After removing of surrounded fatty 

tissues, each trachea was rapidly washed with PBS and put into a well in 24-well tissue 

culture plates that contain explant medium (Tarnow et al., 2014) and incubated at 37°C and 

5% CO2 for two hours before infection. For infection, tracheas were inoculated with 2x105 

FFU maHK68 (H3N2) per 1 ml of explant media for 2 hours. Afterwards, the infection media 

was removed. Tracheas were washed one time with PBS and two times with explant media, 

then cultured in fresh explant medium at 37°C and 5% CO2. At every 24 hours, the whole 

volume of supernatant in each well was collected in aliquots and fresh medium was added. 

Viral counts in supernatants was titrated by FFU assay. 
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3.2.4 Hematological measurement 

After intranasal infection of mice with 2x105 FFU PR8M (H1N1) virus, peripheral blood was 

taken from non-infected- (mock) and infected mice by heart puncture at day 1, day 2, day 3 

and day 5 post infection and collected in EDTA tubes. Density of cells in the blood (e.g. of 

leukocytes, granulocytes and red blood cells) was immediately determined by the 

hematological system (VetScan apparatus HM5, Abaxis). At least seven samples were 

analyzed at each time point p.i. to generate the hematological graphs. Blood from non-

infected mice was used for data normalization. 

3.2.5 Virus titration (Focus Forming Unit (FFU) assay and modified FFU assay) 

FFU assay 

Lungs from infected mice were collected at different time points p.i. and homogenized in 

PBS + 0.1% BSA. Virus titers in these homogenates were determined by FFU assay on MDCK 

II (Madin–Darby Canine Kidney II) cells. Briefly, 6×104 MDCK II cells per well were seeded in 

96-well culture plates and incubated at 37 °C and 5% CO2 for 24 h. Serial 10-fold dilutions of 

extracts were prepared in MEM containing 2.5 μg/ml NAT (N-Acetylated Trypsin, Sigma), 

0.1% BSA, 1% penicillin/streptomycin (infection medium) and added to MDCK II cells. 

Specific virus stocks (PR8M or maHK68) were used as positive controls for the assay. After 1 

h of incubation at 37 °C in 5% CO2, the inoculates were replaced with 100 μl of 1% Avicel 

overlay prepared in DMEM containing 2.5% NAT, 0.1% BSA and the cells were incubated for 

24 h. Subsequently, the cells were washed twice with PBS and fixed with 4% formalin in PBS 

(100 μl/well) for 10 min at room temperature. Then, the cells were washed twice and 

incubated with Quencher (100 μl/well; 0.5% Triton X-100, 20 mM Glycine in PBS) for 10 min 

at room temperature. Afterwards, the cells were washed with Washing Buffer (100 μl/well; 

0.5% Tween20 in PBS). The primary antibody (anti-influenza Nucleocapsid NP polyclonal 

goat antibody, Virostat) and the secondary antibody (anti-goat-HRP from KPL, MA, USA) 

were diluted 1:1000 in Blocking Buffer (50 μl/well; 0.5% Tween, 20% BSA in PBS). 50 μl of 

the primary antibody was added to each well and incubated at room temperature. After 45 

min, the cells were washed with Washing Buffer, incubated with 50 μl of secondary 

antibody for 45 min, then washed again and incubated with 30 μl of True Blue substrate and 

exposed until blue spots from infected cells appeared (about 30 min). Foci were counted 

under microscopy and viral titers were calculated as focus formation units (FFU) per lung 

(Blazejewska et al., 2011). 

Modified FFU assay 

A modified FFU assay was applied to titrate only HA-activated virus particles (in the absence 

of exogenous proteases). For this purpose, the infection medium (described above) did not 

contain N-Acetylated Trypsin (NAT). MDCK II cell plates were washed two times with this 

infection medium before the infection procedure. After one hour of infection, the infection 
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media were dumped out and plates were washed two times with PBS. 100µl overlay was 

added and protocol was proceed as described above. 

3.2.6 Microarray gene expression analysis 

Mice were intranasally infected with 2x103 FFU PR8M (H1N1) or with PBS for mock controls 

as described previously  (Alberts et al., 2010; Blazejewska et al., 2011). Infection was 

confirmed by body weight loss and hematological data. At day 3 post infection (p.i.), PR8M- 

and mock-infected mice were euthanized by CO2 asphyxiation; heart blood was taken (for 

hematological analysis) and each entire lung was extracted and immediately stored in 

RNAlater reagent following Qiagen’s instructions. For each group, 4-5 mice were prepared 

as independent biological replicates. The procedure for RNA isolation was performed 

according to the detailed protocol from RNeasy Midi Kit (Qiagen) including an on-column 

genomic DNA digestion step (Qiagen’s instruction). RNA was eluted in RNase-free water, 

measured by NanoDrop Spectrophotometer and stored at -80oC. Three RNA samples (with 

an RNA Integrity Number (RIN) of ≥ 9.7) for each group were chosen for microarray analysis 

using Agilent 4x44k_Mouse V2 array, Design ID: 026655. Data processing (preprocessing of 

array signals, PCA analysis, ANOVA, identification of DEPS) were done by Prof. Dr. Klaus 

Schughart. Further analysis was performed by using Microsoft Excel (2010). 

3.2.7 RT-PCR and qRT-PCR  

PR8M- and mock-infected mice were euthanized by CO2 asphyxiation; heart blood was 

taken (for hematological analysis) and each entire lung was extracted and immediately 

stored in RNAlater reagent following Qiagen’s instruction. For each group, 5-7 mice were 

prepared as independent biological replicates. The same procedure was applied for the 

small intestine, spleen and brain extraction from PR8M, HK68 or SC35M infected mice. Total 

RNA from the lung, small intestine or spleen was prepared according to the detailed 

protocol from RNeasy Midi Kit (Qiagen) including an on-column genomic DNA digestion step 

(Qiagen’s instruction). Total RNA from one cerebrum of each brain was isolated by RNeasy® 

Lipid Tissue Mini Kit with on-column genomic DNA digestion step as well. The concentration 

of these materials was measured by spectrophotometer (NanoDrop-100, V3.60). 

For verifying the absence of Irf3 or Irf7 transcript in respective mutant mice, cDNA was 

synthesized from 1 µg of lung-extracted RNA by BioScript Reverse Transcriptase following 

instructions of the kit. The cDNA was 10-time diluted in PCR-graded water and used for PCR. 

Amplification of the Irf3 or Irf7 segment and actin-beta (Actb) as controls was done using 

LightCycler® 480 Probes Master (Roche) with the PCR components and program in Table 

3.13 and Table 3.14. Gene specific primers were listed in Table 3.5. PCR product 

visualization was performed as describe above. 

For quantification of the expression of specific cytokines, chemokines and interferon 

stimulated genes (ISGs) at the transcriptional level, 1 µg of lung-extracted RNA from each 

sample was used for cDNA synthesis (SuperScript™III, Invitrogen) using a 1:1 mixture of 
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oligodT and random hexamers (Invitrogen). Specific primers were designed for the 

respective genes (Table 3.6). For quantification of influenza viral RNA, random hexamers 

were used for cDNA and Flu-M primers were used for amplification of a 250-bp region in 

segment M of influenza A (Table 3.6). The obtained cDNA was diluted into the final volume 

of 50 µl. Real-time PCR was carried out with the DNA Master SYBR Green I kit (Roche) using 

a LightCycler 480 apparatus (Multi-well Plate 96, Roche). For relative quantification of 

specific host genes, standard curves were built from a serial 10-fold dilution of cDNA from 

one PR8M-infected lung, which was always used as an internal control between different 

runs of qPCR, using the respective specific primers. PCR components and programs were 

presented in Table 3.15 - 3.18. Gene induction was normalized to either β-actin (Actb) or 

ribosomal protein L4 (Rpl4) housekeeping gene using ∆∆CT method (Livak and Schmittgen, 

2001) and was displayed as the fold-change on a log10-scale. In order to create an external 

standard curve for viral RNA titration, a serial 10-fold dilution of in vitro RNA generated from 

pGT- SP6-M vector using the MEGAscript®EKit (Ambion, AM1330) was used. 

Table 3.13. PCR components for Irf3 and Irf7 gene expression controls 

Component  Final concentration  Volume (μl) 

2x Probes Master buffer  1x 5.0 

Primer Irf3 (or Irf7 or Actb) Forward (10 μM) 0.5 μM 0.5 

Primer Irf3 (or Irf7 or Actb) Reverse (10 μM) 0.5 μM 0.5 

cDNA  approx. 2.0 

H2O  2.0 

 

Table 3.14. PCR program to check the presence of Irf3 and Irf7 mRNA 

Step Temperature Time Numbers of cyclers 

1 95°C 2 min 1 

2 95°C 20 sec 

35 3 60°C 20 sec 

4 72°C 35 sec 

5 72°C 2 min 1 

6 4°C storage 1 

 

Table 3.15. qPCR components for quantification of specific host gene expression  

Component  Final concentration  Volume (μl) 

SYBR Green  1x 7.5 

Specific forward primer (10 μM) 0.3 μM 0.45 

Specific reverse primer (10 μM) 0.3 μM 0.45 

cDNA  - 1.0 

H2O - 5.6 

Total  15.0 
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Table 3.16. qPCR program for relative quantification of host gene expression 

Step Temperature Time Numbers of cyclers Analysis mode 

1 95°C 10 min 1 Pre-incubation 

2 95°C 10 sec 

42 Amplification 3 60°C 10 sec 

4 72°C 15 sec 

5 95°C 5 sec 

1 Melting Curves 6 60°C 60 sec 

7 97°C Continuous 

8 40°C 10 sec 1 Cooling 

 

Table 3.17. qPCR components for quantification of influenza viral RNA  

Component  Final concentration  Volume (μl) 

SYBR Green  1x 7.5 

Flu-M-F primer (10 μM) 0.5 μM 0.75 

Flu-M-R primer (10 μM) 0.5 μM 0.75 

cDNA  - 1.0 

H2O - 5.0 

Total  15.0 

 

Table 3.18. qPCR program for relative quantification of viral gene induction 

Step Temperature Time Numbers of cyclers Analysis mode 

1 95°C 10 min 1 Pre-incubation 

2 95°C 10 sec 

45 Amplification 3 58°C 10 sec 

4 72°C 15 sec 

5 95°C 5 sec 

1 Melting Curves 6 60°C 60 sec 

7 97°C Continuous 

8 40°C 10 sec 1 Cooling 

 

3.2.8 Cytokine analysis 

After intranasal infection with 2x105 FFU PR8M (H1N1) virus or with PBS (for controls), mice 

were anesthetized by isoflurane inhalation and euthanized by retro-orbital collection of 

blood at indicated time points.  A sterile, 22-gauge catheter was inserted into the exposed 

tracheal lumen. Broncho-alveolar lavage (BAL) fluid was collected from an 1-ml PBS 

instillation and subsequent aspiration from the lung of each mouse. Supernatants were 

aliquoted, stored at -80oC and used to detect IFNβ1, IFNα and IFNλ2/3 (IL28-A/B) protein 

concentration by the respective ELISA kit from PBL company (Table 3.7). For detection of 

IL28-A/B, samples had to be diluted by the reagent diluent for obtaining optical values 

within the detection range of the kit. Standard curves were performed according to PBL’s 
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instruction. OD value from each sample was plotted to the resulting standard curve for 

calculating the amount of desired protein (GraphPad Prism 5 software).  

3.2.9 Statistical tests 

Means ± SEM were calculated and the data for percent body weights, viral titers and the 

expression of cytokines/chemokines were evaluated for statistical significant differences 

between different murine groups by the nonparametric Mann-Whitney-U-test using 

GraphPad Prism version 5.00 for Windows (GraphPad Software, San Diego, California). 

Adjusted p-values ≤ 0.05 were considered significant. Log rank Mantel-Cox test was used to 

calculate the significance of differences between survival rates between KO and WT mice. 
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4. Results  

4.1. Irf3
 
deficient mice exhibited a delay in the immune response 

after influenza A infection  

4.1.1 Genotyping of Irf3 deficient mice   

To evaluate the role of Irf3 for the host response to influenza A infections, I studied 

knockout (KO) mice that were deficient in the Irf3 gene. In this null mutation, the first two 

exons of the Irf3 open reading frame were replaced by a PKG-Neo-cassette. The deleted 

region of Irf3 contained the putative transcription initiation site and the coding exon for the 

N-terminal part of the DNA binding domain (Sato, M. et al., 2000). The KO mice were 

generated on a 129S/SvEv-Gpi1c genetic background and therefore had to be backcrossed 

to C57BL/6J for additional ten generations. The congenic genotype was confirmed by MUGA 

SNP-genotyping (Dr. Bastian Hatesuer, INFG, HZI; data not shown). The genetic background 

of the congenic strain was 99.8% C57BL/6. The following nomenclature will be used in my 

thesis: homozygous mutant (KO, C57BL/6J-Irf3
-/-) and wild type (WT, C57BL/6J-Irf3

+/+). 

 

 

 

 

 

 

 

 

 

 

Figure 4.1. Genotyping of Irf3
-/-

 KO mice. (A) Scheme of primer design for the Irf3 genomic region to 

distinguish between mutated and wild type Irf3 alleles (see Table 3.4 for sequence). (B) 

Representative PCR analysis of mouse tail DNA on 1.5% agarose gel. The homozygous Irf3
+/+ 

genotypes gave a band of 350 bp (WT, +/+), the homozygous Irf3
-/- genotypes showed a band of 450 

bp (KO, -/-) while the heterozygous Irf3
+/- genotypes presented two bands of 350-bp and 450-bp size 

(+/-). All five mice tested (#1 - #5) were homozygous knockout mice. 

The congenic KO mice were generated by Dr. Bastian Hatesuer (INFG, HZI). To confirm the 

correct genotype, I extracted genomic DNA from mouse tails and used a three primer 

strategy to distinguish KO and WT Irf3 alleles (Figure 4.1). Each mouse that displayed a single 
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DNA band of 450 bp carried a homozygous KO genotype and was used for further breeding 

or experiments.  

In order to verify the absence of Irf3 mRNA expression in KO mice, I performed RT-PCR, using 

an exon-spanning primer combination covering the targeted region (see Table 3.5 for primer 

sequence). The expression of Irf3 and β-actin was analyzed in lung, kidney and spleen of 

three KO and WT mice, respectively. The lack of Irf3 full-length mRNA in KO mice was 

confirmed by the absence of a specific amplification product and amplifications from the Irf3 

exon-spanning primers were observed in WT mice (Figure 4.2). 

 

Figure 4.2. RT-PCR analysis of Irf3 full-length transcripts in Irf3
-/-

 KO mice. Primers spanning the 

region from exon1 to exon4 were designed to analyze the presence of Irf3 mRNA. 1 µg RNA from 

spleen, kidney and lung of non-infected KO and WT mice (at the age of 9-11 weeks) were prepared. 

RT-PCR products from Irf3 primers resulted in a specific band of 385bp. β-actin primers were used as 

control. (-) was a negative control without template. Three animals were used from each mouse line. 

A specific band for Irf3 was obtained in WT (Irf3
+/+) but not in KO (Irf3

-/-) mice. 

4.1.2 Irf3
-/-

 mice showed an increased mortality after influenza A infection  

KO and WT female mice at the age of 9-11 weeks were intra-nasally infected with 2x105 FFU 

PR8M (H1N1) virus. Body weight and survival of mice were recorded daily over a period of 

14 days post infection (p.i.) (Figure 4.3). KO mice showed a statistically significantly higher 

body weight loss compared to WT mice between days 2 and 7 p.i.. In addition, 39% of KO 

mice died within the first seven days after infection, whereas 100% of B6 mice were able to 

recover, regain body weight and survive.  

Furthermore, KO and WT mice were infected with 2x104 FFU H7N7 influenza A virus 

(rSC35M). Irf3 deficient mice showed increased mortality and slightly increased body weight 

loss compared to WT mice after infection with this polybasic influenza A virus (Figure 4.4). 

However, these differences were not statistically significant. 
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Figure 4.3. Irf3
-/- 

KO mice showed increased body weight loss and mortality after H1N1 influenza A 

infection compared to WT controls. KO and WT female mice at the age of 9-11 weeks were infected 

intranasally with 2x105 FFU PR8M (H1N1) influenza A virus. Body weight and survival were 

monitored over a period of 14 days post infection. Mice that lost more than 30% of the starting 

weight were euthanized and recorded as dead. The data presented are combined from two 

independent experiments. Data are shown as mean value +/- SEM. n = number of mice. From day 1 

to day 7, KO mice lost significantly more weight than WT mice (p-value was calculated using two-

tailed Mann-Whitney U test; * P<0.05; ** P<0.01; ***P<0.001). KO mice showed also a significantly 

lower survival rate compared to WT mice (using the log rank Mantel-Cox test). 

 

 

 

 

 

 

Figure 4.4. Body weight loss and survival of Irf3
-/- 

KO and WT mice after infection with H7N7 

influenza A virus. KO and WT female mice at the age of 9-11 weeks were infected intranasally with 

2x104 FFU rSC35M virus. The body weight and survival were monitored over a period of 14 days post 

infection. Mice that lost more than 30% of the starting weight were euthanized and recorded as 

dead. Data are presented as mean value +/- SEM. n=number of mice. P values for differences 

between body weight of KO and WT was calculated using two-tailed Mann-Whitney U test (* P<0.05) 

and survival curves were compared using the log rank test. KO mice lost slightly more body weight 

and showed increased mortality. However these differences were not statistically significant. 

4.1.3 Irf3
-/-

 mice had higher viral loads in their lungs on day 1 after influenza 

A infection  

The viral load in infected lungs was determined by focus-forming unit (FFU) assay. Virus 

replicated to a significantly higher titer in KO compared to WT mice (5.156 fold, P < 0.05) at 
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day 1 after infection (Figure 4.5). Viral counts in both mouse strains reached a peak of 105.4 

to 105.5 at day 2 p.i., then gradually decreased at days 3 and 5 p.i. without significant 

differences between KO and WT (104.9 and 104.9 at day 5, respectively). These data revealed 

that the PR8M virus replicated faster in KO than in WT mice during the first 24 hours after 

infection. However, at later time points, KO mice were able to control virus replication to a 

similar level as WT mice. 

 

 

 

 

 

 

Figure 4.5. Viral load in lungs of Irf3
-/-

 KO and WT mice after infection with influenza A H1N1 virus. 

Viral titers from day 1 to day 5 post infection were determined. After intranasal infection of female 

mice at the age of 9-11 weeks with 2x105 FFU PR8M, lungs were collected in PBS + 0.1%BSA and 

homogenized. Viral titers in homogenates were determined by FFU assay with at least two technical 

replicates for each sample. Dilutions of PR8M stocks were used as controls. The detection limit of 

the assay was at 80 infectious particles per lung as indicated by the blue line. The titer was 

calculated as log10-value and is presented as mean +/- SEM. Day 1 p.i., n = 12 for KO, n = 10 for WT; 

day 2 p.i., n = 7 for KO and WT; day 3, p.i. n = 12 for KO, n = 12 for WT; day 5, p.i. n = 11 for KO, n = 

13 for WT. P value was calculated using two-tailed Mann-Whitney U test (significant difference 

between KO and WT mice at day 1 p.i. (* P<0.05), no significant differences between KO and WT 

mice at days 2, 3 and 5).  

4.1.4 Hematological analysis of peripheral blood indicated a pronounced 

immune response in Irf3
-/- 

mice 

In addition to body weight loss, survival and viral load, the chronological changes of cellular 

components of white blood cells in the peripheral blood were compared between WT and 

KO mice. It was shown previously in our laboratory that changes in peripheral blood cell 

compositions correlate with the severity of respiratory disease and local inflammatory host 

responses (Dengler et al., 2014). The absolute amounts of total white blood cells, 

lymphocytes and granulocytes in KO mice reached a peak (11.62, 8.08 and 3.27x109cells/l, 

respectively) at day 1 which was one day earlier than WT controls (10.06, 7.36 and 2.34 x109 

cells/l) (Figure 4.6A and 4.6B). While there was a relative decrease of lymphocytes, the 

percent of granulocytes increased more rapidly in KO mice (from 5.65% in mock control to 

28.65% at day 1) than in WT (from 14.5% in mock control to 27.07% at day 2) (Figure 4.6C 

and 4.6D).  
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Figure 4.6. Hematological parameters of peripheral blood revealed differences in Irf3
-/- 

KO and WT 

mice early after influenza A infection. Kinetics of white blood cells (WBC) are presented in absolute 

(A) and relative (B) numbers (lymphocytes (Lym), granulocytes (Gr) and monocytes (Mon)). KO and 

WT mice were intranasally infected with 2x105 FFU PR8M virus. Blood was collected at indicated 

days post infection and measured by VetScan: day 0 (non-infected) n= 19 for KO, n = 17 for WT; day 

1, n = 14 for KO, n = 16 for WT; day 2, n = 6 for KO, n = 7 for WT; day 3, n = 16 for KO, n = 15 for WT; 

day 5, p.i. n = 14 for KO, n = 19 for WT. Data are depicted as mean value +/- SEM. 

 

 

 

 

Figure 4.7. A significantly higher ratio of granulocytes to lymphocytes was observed in Irf3
-/- 

KO 

compared to WT mice after influenza A infection. After intranasal infection with 2x105 FFU PR8M 

virus, cell composition in blood from KO and WT female mice at the age of 9-11 weeks was 

measured at indicated days post infection (day 1, n = 14 for KO, n = 16 for WT; day 2, n = 6 for KO, n 

= 7 for WT; day 3, n = 16 for KO, n = 15 for WT; day 5, p.i. n = 14 for KO, n = 19 for WT). Data were 

calculated as ratio of granulocytes to lymphocytes for each mouse, then normalized to the values 

from non-infected animals for each respective mouse line (controls, n = 6 for KO and n = 7 for WT). * 

P < 0.05 (two-tailed Mann-Whitney U test).  
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Figure 4.7 depicts the ratio of granulocytes to lymphocytes (Gr/Lym) after normalization to 

non-infected controls which was also shown previously to correlate with severity of disease 

(Dengler et al., 2014). There was a marked increase of this ratio in both mouse lines after 

infection. However, the increase of Gr/Lym ratio was significantly higher in KO compared 

WT mice (3.82- and 1.76-fold change compared to mocks, respectively) at day 1 p.i. and 

remained significantly larger in KO mice until day 5 p.i. 

 

4.1.5 Comparative transcriptome analysis of Irf3
+/+

 versus Irf3
-/-

 mice after 

infection with PR8M (H1N1) virus 

4.1.5.1 Identifcation of differentially expressed probe sets in KO and WT mice 

after infection 

From my results described above, a defect in the early innate immune response may explain 

the susceptible phenotype of Irf3 deficient mice. Therefore, a genome-wide transcriptome 

analysis of WT and KO mice was performed to identify differences in transcriptional 

regulation of genes. Three female mice each at the age of 9-11 weeks were infected with 

2x103 FFU PR8M (H1N1) virus. As mock controls, mice were treated with PBS. Lungs were 

collected on day three after infection or mock-treatment and isolated three days later. Total 

mRNA was analyzed on an Agilent 4x44k microarray. The infection experiments were 

performed by Dr. Bastian Hatesuer (INFG,HZI), mouse body weight, hematological 

measurement and RNA isolation was performed by me, array experiments were performed 

by the central array facility of the HZI. Data processing (preprocessing of array signals, 

principle component analysis (PCA) analysis, ANOVA, identification of differentially 

expressed probe sets (DEPS) was performed by Prof. Dr. Klaus Schughart. All further 

analyses (described in chapter 4.1.5.2 and 4.1.5.3) were performed by me. The PCA 

indicated a clear separation between mock-treated and influenza A infected samples for 

both KO and WT mice (Figure 4.8). The gene expression level of each mouse group  is 

presented as mean value of three samples, that is also refered to as average (ave) value in 

Tables 4.1-4.11. Probe sets with a two-fold difference in expression levels (abs(log2) ≥ 1) 

between two occasional groups and an adjusted p-value of < 0.05 were considered as DEPS; 

note that several genes were represented by multiple probe sets on the array; therefore, I 

refer here to as probe sets rather than genes. Volcano plots showed a similar pattern of 

expression and corresponding p-values for KO and WT lines (Figure 4.9). There were in total 

1.869 and 1.707 DEPS regulated in KO and WT, respectively. Of those that were up-

regulated after influenza infection, there was an overlap of 848 genes between KO and WT 

mice. 359 down-regulated DEPS overlapped between the two mouse lines (Figure 4.10). 
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Figure 4.8. Principal component analysis (PCA) of normalized lung expression signals in Irf3
-/- 

KO 

and WT after influenza A infection. After intranasal infection of mice with 2x103FFU PR8M, lungs 

were collected at day 3 (d3) and total RNA was used for microarray analysis. PBS-infected mice were 

used as mock controls (md3). All mice were infected at the age of 9-11 weeks. Each dot refers to a 

single mouse. Three replicates per time point and strain were analyzed. Legend refers to the 

treatment groups.  

 

Figure 4.9. Volcano plots of differentially expressed probe sets (DEPS) in Irf3
-/- 

KO and WT after 

influenza A infection. Infection was performed for KO and WT mice at the age of 9-11 weeks with 

2x103 FFU PR8M virus. (A) infected-WT vs mock-WT; (B) infected-KO vs mock-KO. Volcano plots were 

generated using the R software package (R_Core_Team, 2013). Each dot represents one probe set, 

showing the log2 difference between groups (logFC) and the corresponding p-value (-log10). DEPS 

exhibiting abs(log2FC) ≥1 and p < 0.05 are labeled orange, DEPS exhibiting abs(log2FC) ≥ 3, p < 0.001 

are labeled green. 
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Figure 4.10. Venn diagrams of differentially expressed probe sets (DEPS) in Irf3
-/- 

KO and WT after 

influenza A infection. Infection was performed for KO and WT mice at the age of 9-11 weeks with 

2x103 FFU PR8M virus. (A) Down-regulated DEPS (Dif_Irf3d3-md3 < -1 for KO and Dif_WTd3-md3 < -1 

for WT). (B) Up-regulated DEPS (Dif_Irf3d3-md3 > 1 for KO and Dif_WTd3-md3 > 1 for WT). Black 

circles represent the respective cluster of DEPS in WT and red circles represent the respective cluster 

of DEPS in KO. Only DEPS with adjusted p-values smaller than 0.05 were considered. 

4.1.5.2 Analysis of specific gene groups involving innate immune response 

As Irf3 plays an important role in the interferon pathway. The expression of genes encoding 

for cytokines and chemokines was reported to change when Irf3 was missing either in ex 

vivo or in vivo infections with encephalomyocarditis virus (EMCV), vesicular stomatitis virus 

(VSV) or Pseudomonas aeruginosa (Carrigan et al., 2010; Honda and Taniguchi, 2006). 

Therefore, I first compared the expression of these genes from the microarray analysis in 

infected KO and WT mice after PR8M infection. In addition, other genes including interferon 

regulatory factors (Irfs) and interferon stimulated genes (ISGs) that were shown to be up-

regulated in our previous studies (Pommerenke et al., 2012) were investigated. To compare 

the expression regulation of individual genes after infection with adjusted p-value < 0.05, 

the difference of infected WT or KO mice was calculated with respect to the corresponding 

mock controls.  

The differential expression of interferon genes is shown in Table 4.1. The increase of Ifna4 in 

WT was 1.975 fold compared to mock WTs; in KO, this increase was 1.220 fold compared to 

mock KOs. In contrast to this slight up-regulation, the expression of Ifnb1 was more 

pronounced in both KO and WT (9.487 and 47.835 fold-change compared to mocks, 

respectively). This stronger activation of Ifnb1 (compared to Ifna4) in WT at day 3 p.i. was 

also observed in a previous study (Pommerenke et al., 2012). A lower up-regulation of Ifna4 

and Ifnb1 was seen in KO mice compared to WT (1.689 and 5.042 fold, respectively) in my 

analysis. In contrast to the lower induction of Ifna4 and Ifnb1, a slightly higher up-regulation 

of Ifng was seen in KO mice (1.509 folds higher than WT). The differential expression of Ifnl3 

between KO and WT was -0.183 and 0.976 for the two different probe sets (probe 

A_55_P1994117 and probe A_52_P254088, respectively). This observation was validated by 

qRT-PCR in later experiment described below.  
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In addition to interferons, expression changes for several members of the interleukin family 

are shown in Table 4.1. Il6, Il12a and Il12b are expressed specifically in granulocytes but not 

in macrophages (Sasmono et al., 2007). Il6 is also well known as an early marker of acute 

inflammation (Rincon, 2012). In my study, Il12a was not activated in both KO and WT mice 

after PR8M infection. In contrast, Il6 showed the strongest induction among all other 

interleukins (67.696 folds compared to mocks). Both Il6 and Il12b showed only a slight 

increase in KO mice (1.206 and 1.744 fold higher than WT, respectively).  

After PR8M infection, there was a strong induction of many chemokines (12/14 members of 

the Ccl family and 15/22 members of the Cxcl family. Among these, Ccl2 and Cxcl10 were the 

most strongly activated chemokines in both mouse lines. Only Ccl21b and Ccl28 showed a 

small difference in the regulation between KO and WT. All other chemokines showed a 

similar behavior in mutant and wild type mice after infection. The most up-regulated 

chemokines (top ten) are shown in Table 4.2. Their induction varied from 2.6 to 297.4 fold 

compared to mock controls.  

A comparison between KO and WT showed a higher expression level of almost all Cxcl(s) 

(except Cxcl13) in KO mice (from 1.478 (Cxcl5) to 2.112 (Cxcl9) fold higher than WT). Cxcl13 

was also activated in KO mice but to a lesser extend (2.921 fold lower than WT). Cxcl15 was 

shown to attract granulocyte to inflammation sites in lungs (Chen, S. C. et al., 2001). Since 

PR8M-infected KO mice had a high number of granulocytes in peripheral blood, I wanted to 

elucidate whether this chemokine was also increased after PR8M infection. However, Cxcl15 

was not activated after infection. Similarly, Cxcl11 was reported to be Irf3-dependent after 

HCMV and HCV infection in vitro (DeFilippis et al., 2006; Helbig et al., 2008) but it was not 

induced in our infection model. 

Table 4.2 also shows six chemokines that had lower expression levels in KO compared to WT 

mice (Ccl5, Ccl7, Ccl9, Ccl11, Ccl19 and Ccl21b) but all these differences were less than 1.5 

fold. In contrast, Ccl1, Ccl2, Ccl4, Ccl8, Ccl12 and Ccl28) had a slightly stronger activation in 

KO mice (from 1.121 to 1.528 folds higher than WT). More interestingly, Ccl3 showed even a 

stronger induction in KO mice (2.081 folds higher than WT).  

Of the Irfs, Irf4 was down-regulated after infection in both mouse lines (Table 4.3). Two 

probe sets for Irf6 showed a small change in KO and WT compared to mock controls. No 

difference was observed in the up-regulation of Irf2 between KO and WT (∆KO-WT = -0.034, 

log2 scale). Since Irf3 is a constitutively expressed gene, there was nearly no difference 

between mock and treated mice for the WT samples. However, the expression of Irf3 was 

still observed in both mock and treated KO samples, thereby it was necessary to validate by 

RT-PCR as described in part 4.1.5.4. Irf5, Irf7 and Irf9 were the three strongest up-regulated 

members of the Irf family. Whereas Irf5 decreased in KO mice by 1.254 fold, Irf1, Irf7 and 

Irf9 only showed a slight increase in KO mice (from 1.339 to 1.436-fold change compared to 

WT) (Table 4.3).  
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Table 4.4 lists the expression changes for 43 interferon stimulated genes (ISGs), e.g. Ifit, Isg, 

Oas, and Trim family, that were differentially expressed in KO versus WT mice. Except for 

Ido1, Ifitm1, Ifitm2, Rnf135, Trim12c, Trim21 and Trim25 which showed a small increase 

(from 1- to 2-fold change) in KO and WT after infection, all other ISGs were strongly up-

regulated in both mouse lines. Among these ISGS, Ifi44, Ifit1, Ifit2 and Isg15 showed the 

highest increase in KO mice compared to WT (1.821, 1.769, 1.642 and 1.749 times higher 

than in WT, respectively). In contrast, Ifi27l2a was induced to a lesser extend in KO mice 

(1.790 times lower than WT). There was a minor difference between KO and WT in the 

expression of several members of the Trim and Slfn family but differences were all lower 

than 2 fold. 

In addition to the cytokines and chemokines mentioned above (Cxcl1, Cxcl2, Cxcl5, Cxcl15, 

Il12a and Il12b), I analyzed the expression of some other genes that are thought to be 

involved in the recruitment of granulocytes to infected lungs, e.g. Ccr1, Elane, Fpr1, Fpr2 

and S100a8 (Sasmono et al., 2007). However, none of them showed a stronger than two-

fold increase after infection in KO compared to WT samples except for Ccr1 which was 1.248 

fold higher in KO mice (Table 4.5).  

Ltb and Ltbr were suggested by Steinberg et al. to influence expression of initial levels of 

Ifnb1 when Irf3 and Irf7 were missing after MCMV infection (Steinberg et al., 2009). Notably, 

in my array studies, I observed an increase in the expression of Ltb in WT mice whereas it 

was not activated in KO mice. Ltbr did not increase after influenza infection in both KO and 

WT mice (Table 4.5). 
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 4.1.5.3 Identification of novel genes with a differential expression in 

influenza A infected lungs of KO and WT mice   

 In addition to specific gene groups described above, I performed a comparison of all 

transcripts in order to find novel genes that had not been described previously to have a 

function for the host response to infections. For this, I started this analysis with all probesets 

that were significantly regulated (ANOVA, adjusted p-value <0.05) and showed at least a 2-

fold difference between KO and WT (absolute value of ∆Irf3-WT ≥ 1). This filter identified a 

total of 129 DEPS (Figure 4.11). Individual genes presented by these DEPS were analyzed in 

this chapter in detail; from here they were also refered to as differentially expressed genes 

(DEGs). I then sorted them into three groups based on their regulation in WT mice after 

infection: group 1: down-regulated genes in WT (Dif_WTd3-WTmd3 ≤ -1) (Table 4.6), group 

2: slightly regulated genes in WT (-1 < Dif_WTd3-WTmd3 < 1) (Table 4.7 - 4.9) and group 3: 

up-regulated genes in WT (Dif_WTd3-WTmd3 ≥ 1) (Table 4.10 - 4.11). 

 

 

Figure 4.11. Selection scheme for filtering of different groups of differentially expressed probe sets 

(DEPS).  Data from the microarrays described above were further processed. The first criteria in the 

filtering scheme was the difference between KO and WT using an adjusted P value lower than 0.05 

and abs(logFC ≥1) expression difference between KO and WT mice, resulting in 129 gene candidates. 

For the following steps, the classification into further groups and subgroups was based on the 

differential expression of individual genes in WT post infection.  
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� Group 1:  

All gene members in group 1 (Table 4.6) were strongly down-regulated in WT. None of them 

was up-regulated in KO mice. Except Acot1, the initial expression of all members showed at 

least one log2-difference between KO and WT mocks. The first six genes in Table 4.7 had a 

higher expression level in KO mocks compared to WT mocks. In contrast, the remaining 

fourteen genes showed a lower expression level in KO mock-treated compared to WT mock-

treated mice. However, after infection, except for Pck1, Cyp1a1, Klra1 and Gm2658 (abs of 

(AveKOd3-AveWTd3) > 1), all other genes in group 1 reached comparable levels of 

expression between KO and WT (abs of (AveKOd3-AveWTd3) < 0.5). The gene which was 

most strongly regulated in WT mice after infection  was Cyp1a1 (Dif_WTd3-md3 = -2.847), 

whereas it was Thrsp in KO mice (Dif_KOd3-md3 = -4.674). Among all genes in group 1, Thrsp 

also showed the largest difference between KO and WT (Dif_KO-WT = -2.444). The possible 

roles of these genes and differences in expression with respect to the susceptible 

phenotype in Irf3
-/- KO mice are discussed in chapter 5. 

Group 2 contains 83 members that showed a minor or no change in expression levels in WT 

mice. This group was further separated into three categories:  

• 2A (abs(Dif_WTd3-md3) <  0.5): genes that were not regulated in WT (54 members) 

(Top 20 in Table 4.7). 

• 2B (-1 < Dif_WTd3-md3 ≤ -0.5): genes that were slightly down-regulated in WT; 15 

members (Table 4.8). 

• 2C (0.5 ≤ Dif_WTd3-md3 < 1): genes that were slightly up-regulated in WT; 14 

members (Table 4.9). 

� Subgroup 2A:  

Except Lonrf3 which was up-regulated in KO mice, all members of this subgroup shared a 

common feature of strong down regulation in KO (Dif_KOd3-md3 < -1) but no change in WT 

(-0.5 < Dif_WTd3-md3 < 0.5). This feature resulted from the large difference of expression 

level between KO and WT mock controls. However, after PR8M infection, the average 

expression level of all genes in KO mice decreased to a comparable level as in WT, resulting 

in remarkable differences between two mouse lines (abs(Dif_KO-WT) >> 1). The expression 

levels of Mup3, Mup5 and Gys2 in both infected- and mock- WT samples were close to the 

detection limit of the assay. In KO mice, their expression in mock-treated samples was 2- to 

3- log2 higher than WT. All other genes showed initial levels of 8.467 to 17.188 and then 

exhibited a decrease of at least 1.409-log2 change. The most pronounced difference 

between KO and WT was seen for Ucp1, Gm2083 and Mup20 (Dif_KO-WT = -5.304, -4.132 

and -4.039, log2 scale, respectively). 

� Subgroup 2B:  

This group contains fifteen genes showing a minor down-regulation in WT (-1 < Dif_WTd3-

md3 < 0.5) and a further notable decrease in KO (Dif_KOd3-md3 < -1). The only exception 
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was Gm4253 with no changes in KO mice post infection (Dif_KOd3-md3 = 0.273). Pltp 

showed equal levels of expression in KO and WT mock-treated mice followed by a larger 

degree of down-regulation in KO mice p.i. In contrast, all other genes showing higher 

expression levels in KO mocks reached comparable levels as in WT mice after infection. The 

difference between KO and WT in the regulation of Adipoq and Retn was larger than two 

log2. The differences in the remaining genes in subgroup 2B ranged from -1.011 to -1.867, 

log2 scale. 

 

� Subgroup 2C:  

Thirteen genes in this group revealed a minor up-regulation in WT (0.5 < Dif_WTd3-md3 < 

1). Five of them were strongly down-regulated in KO, therefore resulted in the most 

pronounced difference between KO and WT mice (from 3.170 to 4.804, log2). Except for 

Ighg3, these genes belong to the Mup family (including Mup2, Mup4, Mup9 and Mup19). 

Four other genes in this group were slightly down-regulated (Eaf2) or unchanged (Vmn1r87, 

Cd37 and Cd74) in KO after PR8M infection (-0.5 < Dif_KOd3-md3 < 0). Four remaining 

members (Adm, Spp1, Cebpe and Fst) showed a stronger up-regulation in KO compared to 

WT. Except for Eaf2, Cebpe and Fst, all other genes in subgroup 2C showed a different 

expression level in mock-treated but a comparable level in infected samples. 

Group 3 contains 26 members of significantly up-regulated genes in WT after infection. This 

group was separated into two categories: 

• 3A (∆Irf3-WT ≤ -1): genes that showed a decrease of ≥ 2 folds in KO compared to WT; 

16 members (Table 4.10) 

• 3B (∆Irf3-WT ≥  1): genes that showed an increase of ≥ 2 folds in KO compared to WT; 

10 members (Table 4.11) 

� Subgroup 3A:  

All candidates in this group were more than two-fold up-regulated in WT and showed a 

weaker activation in KO mice. The largest difference between KO and WT mice was 

observed for the expression of Ighg which was due to its strong down-regulation in KO p.i. 

In contrast, Ifnb1 and Cxcl13 were up-regulated in KO but to a lesser extend as compared to 

WT. H2-Q10, Krt16, Acap1, Ltb, Ptprcap and Gm13105 showed no changes in KO mice (-0.5 < 

Dif_WTd3-md3 < 0.5). Their expression levels in mock-treated samples were close to that of 

WT infected samples. After infection, the expression of Gm4382, Orm2, A530040E14Rik, 

Hap1 and Wdr92 was similar in KO and WT mice. 

 

� Subgroup 3B:  

All candidates in this group were strongly up-regulated in WT mice and revealed an increase 

of more than two-fold in KO compare to WT mice. One unannotated gene (Gm4841) 

showed the strongest difference between KO and WT (Dif_KO-WT = 1.207, log2 scale). Cxcl9 
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was already mentioned above (Table 4.2). Iigp1, Tgtp2, and Gm4951 had equal expression 

levels between KO and WT after PR8M infection. Overall, the stronger up-regulation of all 

genes in KO mice may be related to the stronger inflammatory response (such as Cxcl9, Ccl3) 

or to immune signals that recruit effector cells to infected areas (such as Csf2, Tgtp2 and 

Rtp4). 
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4.1.5.4 Validation of microarray expression changes for selected differentially 

expressed genes (DEGs) by qRT-PCR  

To validate the results from the microarray experiments with an alternative method, I 

analyzed the expression of eleven genes by quantitative reverse transcriptase - polymerase 

chain reaction (qRT-PCR): Irf3, Irf7, Ccl5, Cxcl9, Cxcl10, Ifna4, Ifnb1, Ifnl2/3, Il6, Rsad2 and 

Ifit1 (Table 3.6). These specific genes were identified by at least one DEPS in the array. In the 

setup step for qRT-PCR, both β-actin (Actb) or ribosomal protein L4 encoding gene (Rpl4) 

were used as house keeping genes and showed similar results (data not shown). In this 

analysis, Rpl4 was chosen as internal reference for normalization. In addition, individual 

standard curve was performed for each primer set to ensure an optimal condition and 

efficiency of the PCR (data not shown). The same three KO and three WT RNA samples that 

were also used for the array were tested in this assay.  

As expected, there was no induction of Irf3 in WT samples after PR8M infection. However, 

in agreement with the microarray data, a signal for Irf3 was still observed in KO samples. On 

the other hand, no signal was seen in the RT-PCR studies described in chapter 4.1.1 (RT-

PCR). This observation is most likely due to the different regions targeted by the different 

primers: Irf3-F1R1 (to the deletion region of Irf3 gene) and Irf3-F3R3 primers (to the 

remaining region of Irf3 gene). Similarly to the second primer pair, Irf3 probe set of the 

microarray targets to the non-deleted region of Irf3 gene.  

Figure 4.12 and Table 4.12 also showed the similar values of ∆KO-WT obtained by both qRT-

PCR and microarray for the six other genes (Irf7, Ifnb1, Ccl5, Cxcl10, Rsad2 and Ifit1).  For 

each of these individual genes, only a small difference (from 0.035 to 0.340, log2 scale) was 

seen between the two assays. The similar gene regulation was observed in the expression of 

Cxcl9 and Ifnl2/3. Cxcl9 expression was measured by two probes in the array and both gave 

a positive value of ∆KO-WT; one of these probes showed a similar signal to that of qRT-PCR 

(∆KO-WT = 0.760 and 0.666, respectively, Table 4.12). There were also two probes for Ifnl3 

but they gave contradicting results in the array analysis (∆KO-WT = -0.183 and 0.976). My 

qRT-PCR data with the Ifnl2/3 primers showed nearly the same increase as the second 

probe (∆KO-WT = 0.858). In contrast, a marked difference of Ifna4 between the two mouse 

lines (∆KO-WT = -2.175, log2 scale) was found by qRT-PCR (Figure 4.12), whereas the down-

regulation of this gene was much less pronounced in the array (∆KO-WT = -0.695, log2 scale) 

(discussed in chapter 5.1).  In addition, while  there was a minor up-regulation of Il6 

accessed by the microarray,  the qRT-PCR data indicated a slight down-regulation of this 

gene. However, the difference between the two assay was smaller than 1, log2 scale. In 

conclusion, except for a minor difference in the induction of Il6, the same trend of 

differential expression between KO and WT that was observed in the microarray experiment 

could be confirmed with the qRT-PCR assay for the ten investigated genes.  
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Figure 4.12. Validation of microarray data by qRT-PCR for selected genes. KO and WT female mice 

at the age of 9-11 weeks were  intranasally infected with PBS or with 2x103FFU PR8M virus. Lungs 

were collected at day 3 and total RNA was isolated for qRT-PCR to check the expression of 

chemokines (A), cytokines (B), Irf(s) and interferon stimulated genes (ISGs) (C). These RNA samples 

were also used to perform the microarray gene expression analysis. Three technical replicates were 

performed for each sample. Relative induction of each gene was normalized to Rpl4 housekeeping 

gene using ∆∆CT method and the respective standard curves, and then is displayed as the fold-

change on a log2 scale. Data are presented as mean +/- SEM of three biological replicates for each 

group. There was no significant difference between KO and WT mice (n = 3 per group; two-tailed 

Mann-Whitney U test).  
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Table 4.12. Validation of microarray data for selected genes by qRT-PCR (Data are presented in 

log2 scale) 

 Microarray qRT-PCR 

Gene 

symbol 
Probe ID 

Dif_WT 

d3-md3 

Dif_KO 

d3-md3 
Dif_KO-WT 

Dif_WT 

d3-md3 

Dif_KO 

d3-md3 
Dif_KO-WT 

Irf3 A_55_P2083939 0.024 0.410 0.386 -0.178 0.516 0.694 

Irf7 A_51_P421876 5.330 5.852 0.522 5.773 6.260 0.487 

Ifna4 A_51_P355829 0.982 0.287 -0.695 7.928 5.753 -2.175 

Ifnb1 A_51_P144180 5.580 3.246 -2.334 12.791 10.496 -2.295 

Ifnl2/3 A_52_P254088 2.712 3.688 0.976 14.864 15.722 0.858 

A_55_P1994117 1.337 1.153 -0.183       

Il6 A_55_P1997756 6.081 6.351 0.270 8.050 7.589 -0.461 

Ccl5 A_52_P638459 2.353 2.070 -0.283 3.023 2.557 -0.466 

Cxcl9 A_55_P1977038 3.802 4.887 1.086 5.625 6.291 0.666 

A_51_P461665 4.838 5.599 0.760       

Cxcl10 A_55_P2016462 7.588 8.216 0.629 8.678 9.049 0.370 

Rsad2 A_52_P670026 5.013 5.499 0.485 5.953 6.098 0.145 

Ifit1 A_51_P327751 4.403 5.227 0.823 4.993 5.864 0.871 

  (Note: The adjusted p-values for all of these DEGs from the microarray data were smaller than 0.05) 

 

4.1.6 Irf3
-/-

 exhibited differences in the early induction of cytokine and 

chemokine encoding genes after 2x10
5
 FFU PR8M infection  

The increased susceptibility of Irf3
-/- mice displayed by increased weight loss and viral load, a 

reduced survival rate, and more pronounced changes in hematological parameters after 

PR8M infection was accompanied by the differential expression of certain cytokines and 

chemokines revealed by microarray (described above). To further analyze the very early 

response to influenza A infection, RNA expression levels of seven cytokine and chemokine 

encoding genes (Ccl5, Cxcl9, Cxcl10, Ifna4, Ifnb1, Ifnl2/3, Il6), Irf7 and two interferon 

stimulated genes (ISGs) (Ifit1 and Rsad2) (Table 3.6) were determined by qRT-PCR at days 1 

and 2 p.i.. KO and WT mice were infected with 2x105 FFU PR8M virus and gene expression 

was studied at day 1 and day 2 post infection as well as day 3 and 5 p.i.. Furthermore, an 

analysis at the level of secreted interferon type I and type III proteins was performed in the 

broncho-aveolar lavage (BAL) from KO and WT mice infected with PR8M. 

Expression of four cytokines and chemokines in KO and WT 

Ccl5, Cxcl9, Cxcl10 and Il6 were previously shown to be up-regulated after bacterial and viral 

infection (Liu, M. et al., 2011; Patel et al., 2012; Srivastava et al., 2009).  In addition, Ccl5, 

Cxcl9, Cxcl10 were shown to be dependent on the activation by IRF3 (Honda and Taniguchi, 

2006). Therefore, I first investigated the regulation of these genes after influenza A 

infection. Ccl5 gradually increased until day 2 p.i. in both KO and WT mice. Moreover, at day 
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1, the expression of this gene was significantly lower in KO than in WT mice (3.570 folds) 

(Figure 4.13A). Similarly, the expression of Cxcl9 in KO was 4.385 fold lower than WT mice. 

However, at day 1 p.i., Cxcl9 in KO was higher than in WT mice, followed by a comparable 

expression level in both mouse strains after 48 hours p.i. (Figure 4.13B). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.13. Analysis of gene expression of cytokines, chemokines and interferon stimulated genes 

(ISGs) in KO and WT mice infected with influenza A H1N1 virus by qRT-PCR. After intranasal 

infection of female mice at the age of 9-11 weeks with PBS or 2x105FFU PR8M, lungs were collected 

at indicated time points and total RNA was isolated for qRT-PCR. Three technical replicates were 

performed for each sample. Relative induction of each gene was normalized to Rpl4 housekeeping 

gene using ∆∆CT method and the respective standard curves, and then is displayed as the fold-
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change on a log10 scale. Data are presented as mean +/- SEM of biological replicates for each mouse 

line. KO mice were compared with WT at each time point by two-tailed Mann-Whitney U test (for 

PR8M-infected mice). n = number  of biological replicates; n=3 for PBS-treated mice ); asterisks 

indicate differences that were statistically significant (* P<0.05; ** P<0.01; ***P<0.001). 

Furthermore, an immediate activation of Cxcl10 and Il6 was observed in both KO and WT 

mice early after infection. Figure 4.13C and G show the same kinetics in the expression of 

Cxcl10 and Il6 in WT and KO mice. There was only a minor difference of Il6 at day 3 but it 

was less than two-fold. The strong induction of Cxcl10 and Il6 expression after H1N1 

infection resulted in high transcript levels already at day 1 (117.7 and 802.1 folds compared 

to mock, respectively). Until day 5, these genes continued to be expressed at high levels. 

Since Cxcl10 and Il6 are considered as markers of inflammation (Chan et al., 2011; Rincon, 

2012), the up-regulation of these cytokines indicate strong inflammatory responses in both 

PR8M infected KO and WT mice. 

Expression of interferon type I in KO and WT 

To investigate the role of Irf3 in regulating the interferon type I response, the expression of 

both Ifnb1 and Ifna4 genes were analyzed by qRT-PCR early after infection. A higher 

induction of these interferons in WT than in KO mice was observed during the first three 

days post infection (from a 8.140- to 9.767-fold increase of Ifna4 and from a 11.887- to 

16.423-fold increase of Ifnb1 transcripts) (Figure 4.13D and 4.13E). In WT mice, Ifnb1 and 

Ifna4 were rapidly up-regulated and increased to the highest amount at day 2, followed by a 

gradual decline. In KO mice, the expression kinetics of these genes showed a similar 

decrease after two days p.i. as in WT mice, but then a significant increase in expression of 

Ifna4 but not Ifnb1 was observed. Thus, these results showed a reduced induction of Ifna4 

and Ifnb1 gene expression in KO mice. In order to determine whether different expression 

levels for interferon type I between KO and WT mice was also observed at the protein level, 

IFNα and IFNβ1 were measured in broncho-aveolar lavage (BAL) by Enzyme Linked 

Immunosorbent Assay (ELISA) at day 1 and day 2 p.i.. A difference of 2.531-fold higher level 

in WT compared to KO mice on day 1 and 4.203-fold on day 2 p.i was observed for the IFNβ1 

(Figure 4.14B). This difference was less pronounced for IFNα expression on day 1 p.i (a 

2.329-fold higher in WT mice) and absent at two days p.i (Figure 4.14A). The discrepancy 

between differential induction of Ifna4 mRNA and protein between KO and WT still needs to 

be investigated. However, it is worth to note that until now, there has not yet been a kit 

that can specifically detect murine IFNα4, therefore the kit used in my study detected all 

IFNα subtypes. 
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Figure 4.14. Quantification of interferon type I protein levels in Irf3
-/-

 and WT mice infected with 

influenza A virus. After intranasal infection of female mice at the age of 9-11 weeks with PBS or 

2x105 FFU PR8M, broncho-alveolar lavage (BAL) was collected at indicated days (d) and used for IFNα 

or IFNβ1 detection by ELISA. Each sample was measured in duplicates and the respective mean value 

was presented. Data for these graphs are combined from two independent experiments. n=3 (mock 

controls); n=7 for KO and n=6 for WT at d1 p.i.; n=6 for KO and WT at d2 p.i. (infected animals). The 

detection limit of each assay is indicated by the blue line. Samples that were below the detection 

limit were set to the detection limit. Significance of differences in protein concentrations between 

the KO and WT mice was calculated at each time point by two-tailed Mann-Whitney U test; asterisks 

indicate differences that were statistically significant (** P<0.01). 

 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.15. Quantification of IFNλ2/3 (IL28-A/B) protein levels in Irf3
-/-

 KO
 
and WT mice infected 

with influenza A virus. After intranasal infection of mice at the age of 9-11 weeks with PBS or 

2x105FFU PR8M, broncho-alveolar lavage (BAL) was collected at indicated days (d) and used for 

IFNλ2/3 detection by ELISA. Each sample was measured in duplicates and the respective mean value 

was presented. Data for this graph were combined from two independent experiments. n=3 (mock 

controls) and n=7 for KO and n=8 for WT at d1 p.i.; n=8 for KO and n=7 for WT at d2 p.i. (infected 

animals). The detection limit of the assay is indicated by the blue line. Significance of differences 

between KO and WT mice was calculated at each time point by two-tailed Mann-Whitney U test; 

asterisks indicate differences that were statistically significant (*** P<0.001). 
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Expression of interferon type III in KO and WT 

In addition to type I interferons, type III interferons (IFNλ) were also investigated by qRT-

PCR early after infection. No significant differences between KO and WT in the gene 

expression of Ifnl2/3 could be detected (Figure 4.13F). Ifnl2/3 was up-regulated to high 

levels already at day 1 in both KO and WT (1.734 and 2.618 fold, compared to mocks, 

respectively), and continuously increased at day 2 (9.311 and 5.023 fols in KO and WT, 

respectively). At the protein level, I detected a comparable amount of IFNλ2/3 (also refered 

to as IL28-A/B) in BAL from KO and WT mice at day 1 p.i (431.632 and 621.672 pg/ml, 

respectively) (Figure 4.15). A remarkable increase of this interferon was observed at day 2 in 

the BAL of KO mice (2752.888 pg/ml) which was four-fold higher than in the BAL of WT mice 

(687.916 pg/ml).  

Expression of Irf7 was delayed in Irf3
-/- 

mice 

Irf7 was well shown to have essential roles in regulation of cytokine expression upon viral 

infection (Honda et al., 2005). To address the induction of Irf7 in Irf3
-/-

 KO mice after 

influenza A infection, gene expression of Irf7 was also studied at different time points p.i. by 

qRT-PCR. In both mouse strains, an up-regulation of Irf7 early after infection (Figure 4.13K) 

was seen. The induction of Irf7 in WT mice was significantly stronger than in KO mice at day 

1 (51.523 and 9.354 folds compare to mock controls, respectively). At day 2 after infection, 

KO mice reached Irf7 expression level similar to WT controls. 

Interferon stimulated genes were induced normally in Irf3
-/- 

mice in spite of the delayed 

expression of IFN type I 

To determine the impact of the impaired induction of IFN type I in Irf3
-/- mice, expression of 

downstream ISGs expression was investigated by qRT-PCR. Rsad2 and Ifit1 showed a slightly 

lower expression level in KO compared to WT mice at all time points (from 1.046 to 2.873-

fold change). However, for both genes, the difference was not significantly different at day 1 

between KO and WT mice. A significant difference was observed for Rsad2 at later time 

points and for Ifit1 at day 5. (Figure 4.13I and 4.13H). Overall, the delayed expression of IFN 

type I had a minor effect on the activation of Rsad2 and Ifit1 in KO mice after influenza A 

infection. 
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4.2. Enhanced virus dissemination in Irf7
-/-

 mice after infection with 

SC35M 

The interferon regulatory factor 7 (Irf7) acts as a master regulator for the host innate 

immune response against various pathogens (Honda et al., 2005). Irf7 deficient mice (Irf7
-/-) 

exhibited a susceptible phenotype after PR8M infection (Wilk et al., 2015). Moreover, 

additional results from our research group revealed a different induction of interferon β in 

other organs than the lung in Irf7
-/- mice after intra-nasal infection with SC35M virus (Wilk et 

al., unpublished data). Therefore, I wanted to investigate whether the absence of Irf7
 may 

allow dissemination of influenza virus from the lung to other organs. 

Irf7 deficient mice 

To determine the role of Irf7 for the host control of influenza A replication and spreading, 

Irf7 deficient (KO, C57BL/6J-Irf7
-/-) and wild type (WT, C57BL/6J-Irf7

+/+) mice were used. The 

null mutation was generated by inserting a PGK-betageo cassette into the Irf7 gene locus to 

replace exon 2 and 3 of the Irf7 open reading frame (Honda et al., 2005). Knockout mice 

were backcrossed to C57BL/6J for 10 generations at the HZI. The background was confirmed 

by Mouse Universal Genotyping Array (MUGA) (data not shown). These experiments were 

performed by Dr. Bastian Hatesuer (INFG, HZI). 

For genotyping of Irf7 KO mice, I extracted genomic DNA from mouse tails. A three primer 

strategy was used to distinguish between KO and WT Irf3 alleles (Figure 4.16). Each mouse 

that displayed a single DNA band of 200 bp, being representative for the homozygous KO, 

was used for further experiments or for breeding.  

The absence of Irf7 full-length mRNA expression in KO mice was confirmed by RT-PCR with 

an exon-spanning primer combination located at the targeted region (Table 3.5). The 

expression of Irf7 and β-actin as housekeeping control was analyzed in lung, kidney and 

spleen of three KO and WT mice, respectively, showing the amplifications with Irf7 fragment 

in only WT samples (Figure 4.17).  

Detection of viral RNA in different organs by PCR  

Three female C57BL/6J.Irf7
-/- (Irf7

-/-) and C57BL/6J.Irf7
+/+ (WT) mice at the age of 9 – 11 

weeks were infected with 2x105 PR8M (H1N1), 2x103 maHK68 (H3N2) or SC35M (H7N7) 

influenza A virus. At day 5 after infection, intestine, spleen and lung were collected from 

each mouse. Mouse infections were performed by Christin Fricke (INFG, HZI). From the 

collected organs, I prepared the total RNA and subsequently performed a qualitative RT-PCR 

analysis (Table 4.13) with primers specific for a conserved region from the viral Matrix (M) 

segment (Fouchier et al., 2000, modified by Dr. Lambertz, INFG) (see sequence in Table 3.6). 

The PCR was weakly positive for few organs from PR8M- or maHK68-infected mice and only 

for the intestine of SC35M-infected mice (referred to as PR8M-intestines, maHK68-spleens, 

or SC35M-brains). However, I detected a markedly stronger band of 250-bp size in spleen 

and brain of all Irf7
-/- and WT mice infected with H7N7 (Table 4.13 and Figure 4.18). These 

results provided further evidence to demonstrate virus dissemination after infections with 
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the high pathogenic virus strains. Therefore, the next step was aimed to see whether the 

deficiency of Irf7 has an impact on the spreading of influenza A virus. 

 

 

 

 

Figure 4.16. Genotyping of Irf7
-/-

 KO mice. A representative PCR analysis of mouse tail DNAs on 1.5% 

agarose gel is depicted. The homozygous WT Irf7
+/+ genotypes gave a band of 300 bp (WT, +/+), the 

homozygous KO Irf7
-/- genotypes gave a band of 200 bp (KO, -/-) while the heterozygous Irf7

+/- 

genotypes showed two bands of 200-bp and 300-bp size (+/-). All five mice tested (#1 - #5) were 

homozygous KO mice. 

 

 

 
 
 
 
 
 
 
 
 

 

 

 

Figure 4.17. The absence of Irf7 full-length transcripts in Irf7
-/- 

KO mice was validated by RT-PCR 

using exon-spanning primers. 1 µg total RNA from spleen, kidney and lung of non-infected KO and 

WT mice (at the age of 9-11 weeks) was prepared. RT-PCR product from Irf7 primers gave a specific 

band of 539 bp for the WT allele. β-actin primers were used as control. (-) was negative control 

without DNA template. Three animals were used for each mouse lines. A specific band for Irf7 was 

obtained in WT (Irf7
+/+) but not in KO (Irf7

-/-) mice. 
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Figure 4.18. Viral RNA was detected in different organs of influenza A infected mice. At day 5 after 

intra-nasal infection of mice (at the age of 9-11 weeks) with 2x105 FFU PR8M (H1N1), 2x103 FFU 

maHK68 (H3N2) or 2x103 FFU SC35M (H7N7), intestine (gut), spleen and brain from each mouse 

were collected in RNAlater reagent. Total RNA was isolated and reversely transcribed for virus 

detection by PCR. Flu-M primers were used to amplify a 250-bp conserved region of the segment M 

from influenza A virus. β-actin primers were used as control for every sample. PCR products were 

loaded on 1.5% agarose gel. In the first panel, mix = no template control; (-) = lung cDNA from PBS-

infected WT; (+) = lung cDNA from PR8M-infected WT; “B” represents WT C57BL/6J mice  and “I” 

represents Irf7
-/-  KO mice; “Ma” represents 2-log DNA ladder (NEB); for each mouse line, #1, 2 and 3 

were PR8M-infected mice; #4, 5 and 6  were maHK68-infected mice; #7, 8, 9 and 10 were SC35M-

infected mice. 

Table 4.13. Detection of influenza A virus in three murine organs by PCR at day 5 post 

intranasal infection 

Organs \ infection 2x10
5 

PR8M (H1N1) 2x10
3 

maHK68 (H3N2) 2x10
3 

SC35M (H7N7) 

Intestine (-) 0/3 WT, 0/3 KO (+/-) 1/3 WT, 2/3 KO (+/-) 2/4WT, 2/4KO 

Spleen (+/-) 0/3 WT, 1/3 KO (+/-) 3/3WT, 1/3KO (+) 4/4WT, 4/4KO 

Brain (+/-) 1/3 WT, 2/3 KO (+/-) 2/3WT, 2/3KO (+) 4/4WT, 4/4KO 

(-): all samples are negative for viral RNA detection 

(+/-): some samples are positive for viral RNA detection 

(+): all samples are positive for viral RNA detection 

 

Quantification of viral RNA by qRT-PCR 

Since the presence of viral RNA in three murine organs was shown in the experiments 

described above, the next step was to perform a quantitative analysis for the overall 

amount of viral RNA in the organs of Irf7
-/- and WT mice. For this, a protocol for 

quantification of RNA amounts from influenza virus by qRT-PCR using Flu-M (Matrix) primers 

was established (see Material and Methods). Each CT value from the individual sample (run 

in three replicates) was plotted on the M-standard curve to calculate the concentration of 

Flu-M RNA. This method detected different amounts of viral RNA in lungs of susceptible 

DBA/2J and resistant C57BL/6J mouse strains and was consistent with the data obtained by 

FFU assay for the same infected mice (Figure 4.19). Therefore, it was used to quantify viral 

RNA in the different organs. 
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Figure 4.19. Protocol setup for quantification of influenza A virus by two different methods. Lungs 

of DBA/2J and C57BL/6J 2x105FFU PR8M-infected female mice at the age of 10 weeks were collected 

in PBS/0.1%BSA at day 3 p.i.. Homogenates were centrifuged, then supernatants were aliquoted and 

used for viral quantification either by FFU assay (A) or by qRT-PCR (B). For the external standard 

curve, a serial 10-fold dilution of in vitro transcribed pGT-M RNA was used. The quantity of a 250-bp 

product from influenza M segment was displayed as a fold-change compared to the standard curve 

on a log10-scale.The dotted lines represent the detection limits for each assay. Significance of 

differences between DBA/2J and C57BL/6J mice was calculated at each time point by two-tailed 

Mann-Whitney U test; ns: no significance; asterisks indicate differences that were statistically 

significant (*P<0.05). 

SC35M-spleens and SC35M-brains showed detectable amounts of viral M RNA and a 

significant increase in Irf7
-/- compared to WT organs. The signals of M products in spleens 

and brains of SC35M-infected KO mice were 10- and 100-times higher than WT, respectively 

(Figure 4.20). In contrast, minimal amounts of M segment were found in maHK68-intestines 

which were close to the detection limit. Spleen and brain of maHK68 infected mice revealed 

low amounts of 94-500 influenza copies per µg RNA. In addition, there was no significant 

difference between Irf7
-/- and WT after H3N2 infection. The same results were obtained 

with intestines from SC35M infected mice. Taken together, there was no detectable 

difference in viral titers in the organs from Irf7
-/- and KO mice infected with maHK68. Data 

obtained from spleens and brains of SC35M infected mice provided evidence of 

dissemination to other organs in the periphery of Irf7 deficient mice on day 5 after infection 

with H7N7 virus. 
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Figure 4.20. Quantification of viral RNA in different organs of influenza A infected mice by qRT-

PCR. After intranasal infection of female mice at the age of 9-11 weeks with 2x103 FFU maHK68 or 

2x103 FFU SC35M, total RNA from the intestine (gut), spleen and brain of each mouse was isolated 

and used for qRT-PCR. For the external standard curve, a serial 10-fold dilution of in vitro transcribed 

pGT-M RNA was used. The quantity of a 250-bp product from influenza M segment was displayed as 

a fold-change compared to the standard curve on a log10-scale. Data are presented as mean +/- SEM; 

n = 3 for maHK68-infected samples; n = 4 for SC35M-infected samples. Asterisks indicate differences 

that were statistically significant (* P<0.05, two-tailed Mann-Whitney U test). The dotted line 

represents the detection limit of the assay. 
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4.3. Reduced replication of H3N2 virus in the respiratory tract of 

Tmprss11d
-/-

 mice  

Transmembrane protease serine 11D (TMPRSS11D) is a member of the serine protease 

family that is predominantly expressed in larynx and trachea (Tarnow et al., 2014). It was 

shown previously that Tmprss11d cleaves influenza A virus hemagglutinin (HA) of H3N2 

viruses and supports multicycle virus replication in vitro (Bottcher et al., 2006). However, 

the role of TMPRSS11D in influenza pathogenesis in vivo is still not clear. 

Unpublished data from our laboratory revealed an increase in survival of Tmprss11d 

deficient (KO, FVB/NRj-Tmprss11d
-/-) mice after infection with 10 FFU maHK68 (H3N2) 

compared with the respective wildtype (WT, FVB/NRj-Tmprss11d
+/+) controls (data not 

shown). Therefore, I investigated viral replication in the respiratory tract of KO and WT 

mice. 

To identify the role of TMPRSS11D in cleavage of HA from H3N2 influenza A viruses, 9-11 

weeks old Tmprss11d
-/- KO and WT female mice were infected with 10 FFU maHK68 virus 

(Dr. Bastian Hatesuer, INFG, HZI). I then determined viral titers at 12 hours (in collaboration 

with Karin Lammert), day 1, day 2 and day 3 after infection. In the lungs of infected KO mice 

a reduced titer compared to WT mice was observed early after infection (Figure 4.21A). 

However, this difference was not statistically significant. Tracheas from Tmprss11d deficient 

mice revealed a delayed replication of H3N2 virus. 12 hours after infection, no infectious 

viral particles were detected neither in wild type nor in knockout mice (Figure 4.21B). At day 

1 after infection a viral titer was observed in WT tracheas whereas no virus was detectable 

in tracheas of Tmprss11d
-/-

 mice. At later stages, H3N2 virus in KO samples reached 

comparable titers as in WT tissue from day 2 p.i. on. 

To follow-up on the role of TMPRSS11D for the replication of H3N2 viruses in tracheas of 

mice, I established an ex vivo model for infection of tissue explants (adapted from Tarnow et 

al., 2014). In a first step, I performed infections with different virus doses (2x103, 2x104, 

2x105 and 2x106 FFU/ml infection medium) to determine the optimal infection dose for this 

system (data not shown). Supernatants were collected every 24 hours and viral titer was 

determined by FFU assay. An infection dose of 2x105-FFU/ml resulted in the best growth 

kinetics of the virus (Figure 4.22) and was thus used for the following experiments. I could 

show that virus replication was significantly reduced (p=0.0303) at day 2 p.i. in organ 

cultures from Tmprss11d KO mice compared to cultures from WT mice (Figure 4.23). 

To examine if there is a difference in viral replication between KO and WT tracheas due to a 

consequence of impaired HA processing, a modified FFU assay for non-activated viruses in 

tracheas of H3N2 infected mice was performed. In this assay, no trypsin was added to the 

cell culture and therefore only viruses that carry a mature fully processed HA protein can 

enter cells and replicate. In addition, a standard FFU assay was used as a control. However, 

no difference between the titers of KO and WT tracheas was detected (Figure 4.24). 
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Therefore, the difference in viral replication between KO and WT could not be explained 

with this technique and further studies will be necessary to confirm a difference in HA 

cleavage.   

 

 

 

 

 

 

 

Figure 4.21. Viral titers were determined for lungs and tracheas of in vivo infected Tmprss11d
-/- 

and Tmprss11d
+/+ 

(FVB/NRj) mice. After intranasal infection of female mice at the age of 9-11 weeks 

with 1x101 FFU H3N2, lungs (A) and tracheas (B) were collected in PBS / 0.1% BSA.  Homogenates 

were used to titer virus by FFU assay. The blue lines represent the detection limits of the assay 

specified for each organ. No significant difference was observed between KO samples and WT 

controls (two-tailed Mann-Whitney U test, n = 5 per group). 

 

 

 

 

 

 

Figure 4.22. An optimized ex vivo culture for analysis of viral growth after infection. Tracheas of 

FVB/NRj female mice at the age of 10 weeks were isolated and infected with 2x105FFU maHK68 per 

1 ml of explant medium. After 2 hours, each trachea was washed and incubated separately in 24-

well plates in the explant-medium at 37°C and 5% CO2. Supernatants were collected every 24 hours 

post infection. After removing the supernatant, tracheas were washed and fresh medium was 

added. Viral counts in supernatants were determined by FFU assay. A significant increase was 

observed in viral titer of day 2 compared to day 1 p.i (two-tailed Mann-Whitney U test; n as 

indicated in the figure). 
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Figure 4.23. Ex vivo infection showed lower viral titers in Tmprss11d
-/- 

compared to Tmprss11d
+/+ 

(FVB/NRj) cultures. Tracheas were prepared from Tmprss11d
-/- and Tmprss11d

+/+ female mice (at the 

age of 10 weeks) and infected with 2x105 FFU maHK68 per 1 ml of explant medium. After 2 hours, 

each trachea was washed and incubated separately in 24-well plates in the explant-medium at 37°C 

and 5% CO2. Supernatants were collected every 24 hours p.i.. After removing the supernatant, 

tracheas were washed and fresh medium was added. Viral counts in supernatants were determined 

by FFU assay. Viral titers in the explants of KO were compared with WT controls by two-tailed Mann-

Whitney U test (n = 5-6 per group); asterisks indicate differences that are statistically significant (* 

P<0.05). The blue line represents the detection limit of the assay.  

 

 

 

 

 

 

 

 

Figure 4.24. No significant difference between non-activated influenza viral titers of Tmprss11d
-/-  

and
 
Tmprss11d

+/+ 
(FVB/NRj)

 
tracheas was detected by modified FFU assay. After intranasal infection 

of mice at the age from 9 to 11 weeks old with 1x101 FFU H3N2, tracheas were collected in PBS / 

0.1% BSA at day 2 p.i.. Homogenates were used to titer virus by standard FFU assay and modified 

FFU assay (see Materials and Methods). Significant difference between each group was tested by 

two-tailed Mann-Whitney U test (n = 5 per group). 
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5. Discussion 

5.1 Irf3
-/-

 mice revealed susceptible phenotypes and a delay of 

immune response after influenza A virus infection 

As a first line of the host defense against various pathogens, IRF3 is one of the essential 

components for initiating an antiviral environment which in turn triggers multiple 

downstream signals. By generating a mouse line carrying an Irf3 null allele (Irf3
-/-, KO), Sato 

et al. could show the critical role of IRF3 in EMCV infection as a significantly higher mortality 

was observed in KO compared to wild type (Irf3
+/+, WT) mice (Sato, M. et al., 2000). 

Subsequent studies also showed the participation of IRF3 in the host immune response 

against various viral and bacterial pathogens (Basler et al., 2003; Carrigan et al., 2010; 

DeFilippis et al., 2006; Grandvaux et al., 2002; James et al., 2015; O'Connell et al., 2004; 

Rudd et al., 2012; Thackray et al., 2012). However, until now the contribution of IRF3 after 

influenza A infection has not been studied in vivo.  

Therefore, in my thesis study, Irf3
-/- mice were used to investigate the function of Irf3 gene 

in the context of influenza A infection. Although a detectable amount of Irf3 mRNA was still 

observed in our assays, a functional IRF3 protein could not exist in the KO mice for the 

following reasons. First, the deletion of the first two exons of Irf3 gene was already 

confirmed; therefore, a frameshift resulted in many stop codons within the remaining 

region of Irf3 transcripts and the translation into a long protein hardly occurred. Second, 

even if a secondary protein was produced from short Irf3 transcript(s), it would lack the 

DNA-binding domain for Ifn genes which is the critical region for Irf3 in the innate immunity. 

Furthermore, in addition to the dysfunctional IRF3 protein, a pure C57BL/6J background is 

very important for dictating the phenotypes the Irf3
-/- mouse lines (O'Connor and Green, 

2014). Since a 99.8%-C57BL/6 background was confirmed in the KO colony, any phenotype 

that I saw in the KO mice compared to WT mice was refered to the mutation of Irf3 gene. 

After infection with PR8M (H1N1) virus, I observed increased susceptibility of the KO mice 

compared to WT mice with respect to body weight, survival and virus replication in the lung. 

In addition, KO mice exhibited a higher ratio of granulocytes to lymphocytes, a blood marker 

for severe influenza infection in mice (Dengler et al., 2014). Studies by Dengler et al. showed 

that this ratio is significantly higher in susceptible DBA/2J mice than in resistant C57BL/6J 

mice infected with PR8M and PR8F virus (from day 2 p.i. afterwards). Also, our 

hematological data suggests that inflammatory response remains higher in KO mice 

compared in WT mice over a period of 5 days post PR8M (H1N1) infection. Using lung 

transcriptome analysis and bronchio-alveolar lavage (BAL) protein measurements, we 

observed lower expression level of type I interferons and a delay in the expression of 

specific cytokines and chemokines. Taken together, these data show an important role of 

Irf3 for the host immune response of mice after H1N1 infection. 
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Moreover, KO mice exhibited a lower survival rate than WT mice after SC35M (H7N7) 

infection; however, this difference was not statistically significant. In order to obtain robust 

results about the involvement of Irf3 in mice infected with this highly pathogenic virus, 

further experiments need to be performed such as increasing number of mice or decreasing 

the infection dose of SC35M. 

In the following, I will thus discuss only the contribution of IRF3 in the host defense after 

PR8M infection. 

In our department, we showed that body weight loss and survival of mice represent very 

suitable parameters to follow pathology in mice after influenza A infection (Hatesuer et al., 

2013; Shin et al., 2015; Srivastava et al., 2009). This was also confirmed by studies of other 

groups (Boon et al., 2009; Ferris et al., 2013; Fukushi et al., 2011; Manicassamy et al., 2010; 

Muto et al., 2012). Thus, the significantly decreased body weight and increased mortality of 

our Irf3
-/- mice were signs for the higher susceptible phenotype of this KO mutant after 

influenza A infection, in contrast with the resistant phenotype of 100% Irf3
-/-  mice survived 

after infection with murine cytomegalovirus (MCMV) (Steinberg et al., 2009). Based on 

these first observations of our study, lung transcriptomic studies and proteome analyses 

were performed allowing me to investigate the host immune response in more detail at the 

molecular level.  

A delay in the expression of interferon type I was observed in KO mice 

Since IRF3 was considered as an important factor mediating the activation of Ifn type I, 

particularly Ifnb1 genes, early after viral infection (Carrigan et al., 2010; Freaney et al., 2013; 

Juang et al., 1998; Sato, M. et al., 2000; Tarassishin et al., 2011), I first investigated the 

induction of these Ifn genes in our KO mice after influenza A infection. After infection with 

2x103 FFU PR8M, a lower level of Ifnb1 was shown in our KO mice compared to WT at day 3 

p.i. by both microarray and qRT-PCR (Table 4.1 and Figure 4.13E).  When the infection dose 

was increased to 2x105 FFU PR8M and the mRNA quantification was expanded to earlier 

time points (day 1 and day 2 p.i.), a significantly lower level of Ifnb1 was noticeable in KO 

compared to WT mice. A similar delay in KO mice was observed for the induction of Ifna4 

expression (more than 5-fold lower than WT). This difference was also observed in the 

microarray data although less pronounced (1.619-fold lower in KO). However, it should be 

noted that the mice for the array studies were infected with a lower dose of PR8M. Also, the 

low expression levels of Ifna4 may be close to the detection limit in the array; hence a single 

specific primer set used in qRT-PCR may better amplify low levels of expression.  

Our results are consistent with many previous reports revealing important roles of Irf3 in 

the innate immunity against bacteria and other viruses; the most relevant function being 

the regulation of Ifn type I genes. When infecting Irf3
-/- mice with Pseudomonas aeruginosa, 

Carrigan et al. showed a reduction of Ifnb1 transcript levels in lungs and the respective 

protein in BAL of KO compared to WT mice. They also observed significantly higher bacterial 
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titers at 24 hours p.i. in KO (3.6 folds higher than WT mice) which suggests that Irf3 

deficiency leads to impaired clearance of P. aeruginosa from the lung (Carrigan et al., 2010). 

Recently, a study by Spann and colleagues showed a significant reduction of IFNβ1 protein in 

BAL from Irf3
-/- mice at day 1 after human metapneumovirus (hMPV) infection associated 

with a markedly higher viral load in lungs of KO mice (Spann et al., 2014). These findings are 

in agreement with our observations from infections of Irf3
-/- mice with influenza A virus. 

Moreover, in our study, the difference of IFNβ1 protein between KO and WT was significant 

on both day 1 and day 2 p.i.. Meanwhile, the production of IFNα in KO was only lower than 

WT on day 1 p.i., then a comparable level of this protein between KO and WT was observed 

at day 2 p.i.. It should be noted that the ELISA assay in our study detects all murine IFNα 

subtypes. The similar amounts of IFNα between our KO and WT at day 2 are in agreement 

with the previous report stating that, except IFNα4, the induction of other IFNα subtypes 

are mainly dependent on IRF7 (Honda and Taniguchi, 2006). In addition, our result further 

supports the contribution of Irf3 having a stronger effect on the regulation of Ifnb1 than Ifna 

and other chemokines (Honda et al., 2005). Concomidantly, Spann et al. did not detect any 

differences in the induction of Ifna4 at both mRNA and protein levels between Irf3
-/-  KO and 

WT mice, but a remarkable decrease of IFNα in BAL from Irf7
-/- and Irf3

-/-/Irf7
-/- double 

knockout mice. 

On the other hand, there are still several aspects regarding the regulation of IFN type I in the 

absence of Irf3 that need to be clarified. First, Crotta et al. showed that IRF3 is less 

important than IRF7 with respect to IFNβ1 induction in murine tracheal epithelia cells 

(MTECs), but complete abolition of influenza-triggered IFNβ1 was seen only in the absence 

of both factors. They also showed that the expression level of Irf7 was higher than Irf3 at 

steady state of murine tracheal epithelial cells (MTEC), therefore IRF7 may directly induce 

IFNs at the earliest stage of infection (Crotta et al., 2013). Our results are in line with their 

observation as the delayed response of IFN type I in Irf3
-/- KO mice early after infection could 

be compensated at later times post infection (less pronounced difference of Ifn type I at day 

5 p.i.). Furthermore, our results indicate that mice need at least 24 hours p.i to activate Irf7 

and the positive feedback loop (Honda and Taniguchi, 2006), thus demonstrating a pivotal 

role of Irf3 in vivo very early after influenza infection. A spontaneous expression level of IFN 

type I in non-infected mice by unknown mechanisms was suggested to stimulate strong 

antiviral signals after infection even in the absence of IRF3 or IRF7 (Crotta et al., 2013; 

Schneider, K. et al., 2008; Steinberg et al., 2009; Taniguchi, T. and Takaoka, 2001). This could 

be the reason for the detectable levels of these interferons in our Irf3
-/- KO mice within 24 

hours p.i. in the lung transcriptomes. However, the production of both IFNβ1 and IFNα 

proteins in BAL mock-treated mice were below the detection limit of the assay. 

In the future, lung homogenate analysis utilizing more sensitive assay might help to clarify 

this issue. Finally, at least in the inflammatory situation after pathogen exposures, IRF3 was 

found to participate in another pathway rather than Ifnb1 regulation. By using Irf3
-/- mice, 

Patel showed that IRF3 is necessary for the host survival after Yersinia pestis infection 
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because of its contribution to pulmonary phagocytosis (Patel et al., 2012). They also showed 

that the Ifnar
-/-

 mice had a pronounced decrease of neutrophil depletion compared to the 

wild type C57BL/6. One may thus hypothesize detrimental effects of IFN type I on immune 

cell death, which might explain the high number of neutrophils in our Irf3
-/- mice after 

influenza infection when IFN type I was reduced.  

The expression of Ifnl2/3 was not reduced in the absence of Irf3 

In addition to IFN type I, IFN type III was also shown to take part in the defense against 

influenza virus (Crotta et al., 2013; Jewell et al., 2010; Mordstein et al., 2008). In MEFs and 

airway epithelial cells, the induction of influenza A virus , through the RIG-I-MAVS pathway, 

activates both IFN type I and type III which in turn regulate two completely redundant 

activation pathways for antiviral genes. This induction is completely abolished only when 

both amplification loops are inactivated (Crotta et al., 2013; Onoguchi et al., 2007). In our 

transcriptomic data, the two probe sets for Ifnl3 did not give the same result (Table 4.1). I 

thus checked the nucleotide sequence of these two probe sets from the microarray 

database. Probe A_55_P1994117 targets to only one exon of Ifnl3 gene, therefore might 

give signals from both cRNA and a small amount of residual DNA in the samples. In contrast, 

the design of probe A_52_P254088 used an exon-exon strategy resulting in a much lower 

background signal of the array and may reflect the differential induction of this gene 

between KO and WT after PR8M infection. Furthermore, it should be noted that there is a 

high similarity (97% of 582 nucleotides) in the nucleotide sequence of Ifnl2 and Ifnl3. A qPCR 

primer set (Il28ab-F/R, exon-exon spanning) targeting at the conserved region of Ifnl2 and 

Ifnl3 showed that the expression of Ifnl2/3 in KO mice was clearly higher than WT mice 

(0.858, log2 scale) which was in accordance with the signals from probe A_52_P254088.   

For the higher infection dose (2x105 FFU PR8M), although we could not find significant 

difference of Ifnl2/3 between two mouse lines at the mRNA level (Figure 4.13F), we 

observed a remarkable increase of IFNλ2/3 protein in BAL from KO mice (4-fold higher than 

WT) at day 2 p.i.. This difference between RNA and protein levels might be due to 

translational or post-translational regulation. Spann et al. showed an attenuated production 

of IFNλ2/3 lung protein at day 1 p.i. in all KO mice (Irf3
-/-, Irf7

-/- and Irf3
-/-/Irf7

-/-) and an 

increase in KO than WT mice at day 5. However, KO mice still have higher viral titers than 

WT. They therefore concluded that IFNβ, but not IFNλ2/3, produced via an IPS-1-IRF3 

signaling pathway, is important for hMPV clearance (Spann et al., 2014). In contrast, the 

increase of IFNλ2/3 early at day 2 p.i. in our KO mice might support the hypothesis of a 

delay in influenza A virus control or clearance. Osterlund et al. suggested different roles of 

IRF family members in regulating the expression of IFN type III (Österlund et al., 2007). 

Accordingly, IFNλ2/3 induction is mainly controlled by IRF7 and resembles functions of IFNα, 

which nicely fits to the observation from our Irf3
-/- mice where an increase of IFNλ2/3 

remunerates the delay of IFNα production. However, their study was performed with 

human monocyte-derived DCs (moDCs) culture and Sendai virus (SV). Therefore, the 
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participation of specific pulmonary cell types as well as that of immune cells from the 

periphery of Irf3
-/- mice can not be excluded and will require further investigation. Recently, 

the serine-threonine kinase tumor progression locus 2 (Tpl2/MAP3K8) was identified as a 

positive regulator for an optimal production of IFNλ (Kuriakose et al., 2015). The expression 

of Tpl2 showed a minor increase in our KO compared to WT mice (Dif_KO-WT = 0.31, log2 

scale, data not shown). In conclusion, the strong induction of IFNλ2/3 might compensate for 

the delay in IFN type I and explain why 60% of infected KO mice survived the infection. 

Irf3
-/-

 mice exhibited a differential expression of certain cytokines and chemokines 

compared to WT 

In addition to IFN type I, other members of the cytokine and chemokine family were also 

shown to be dependent on IRF3 (Carrigan et al., 2010; DeFilippis et al., 2006; Honda and 

Taniguchi, 2006; Tarassishin et al., 2013). In our influenza infection model, Ccl2, Ccl3, Ccl5, 

Cxcl9, Cxcl10, Cxcl13 and Il6 were strongly up-regulated upon influenza infection, especially 

in susceptible DBA/2J mice compared to C57BL/6J (Pommerenke et al., 2012; Srivastava et 

al., 2009). In my study, the strong induction of these chemokines was observed in both KO 

and WT indicating that KO mice were able to mount a normal chemokine / cytokine 

inflammatory response after H1N1 infection. 

IL6, which is considered as a marker of inflammation, is produced by both innate immune 

cells (macrophages, dendritic cells, mast cells, etc) and non-immune cells (epithelial cells, 

endothelial cells, keratinocytes, fibroblasts, etc) in response to specific stimuli (Kishimoto, 

2010; Scheller et al., 2011). It has been described as an innate immune cytokine that can 

protect neutrophils from virus-induced death in lungs and promote neutrophil-mediated 

H1N1 influenza clearance (Dienz et al., 2012). At 4 hours after intracerebral injection of a 

cytokine mixture IL1/IFNγ, Il6 was up-regulated in Irf3
-/- mice but to a much lower amount 

compared to C57BL/6 mice (Tarassishin et al., 2013) indicating an impact of IRF3 on Il6. 

However, we did not detect differences in Il6 expression on day 1 after infection in KO 

versus WT mice. We can not exclude that differences might exist earlier than day 1 after 

infection. Similarly, the expression levels of Cxcl10 were comparable between KO and WT at 

all investigated time points after the high dose of PR8M infection. At the lower infection 

dose, there was a slight increase of Cxcl10 in KO compared to WT mice (Dif_KO-WT = 0.629, 

log2 scale). The impact of IRF3 on the expression of Cxcl10 in our KO mice showed a trend of 

infection-dose-dependency. Several other laboratories reported differently about the 

contribution of IRF3 to the expression of Cxcl10. On one hand, IRF3 can bind to the 

promoter of Cxcl10 gene and directly control the expression of this gene in MEFs, A594 

epithelial cells and human hepatocytes (Brownell et al., 2014; Nakaya et al., 2001; Veckman 

et al., 2006). A dramatic decrease of Cxcl10 was seen in Irf3
-/- DCs within 24 hours upon LPS 

stimulation compared to WT DCs (Sakaguchi et al., 2003). On the other hand, exogenous 

IRF3 did not bind to IFN-stimulated response element (ISRE) of Cxcl10 in human fibroblasts 

(Schmid et al., 2010). In line with that, Patel observed an IRF3-independent expression of 
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Cxcl10 in murine lungs during Yersinia pestis infection (Patel et al., 2012). In that study, even 

a significantly higher level of Cxcl10 lung mRNA and serum protein was obtained in Irf3
-/- 

mice at day 3 and day 4 p.i.. Therefore, depending on specific pathogen stimuli, specific 

targetted cell types and tissues and investigated time points, the contribution of IRF3 in 

chemokine induction might vary widely. Likewise, the lower expression of Cxcl9 in our KO 

mice was only seen at day 1 p.i.. At later time points, no difference or even higher level of 

this gene was observed, implicating a rapid up-regulation of this gene by other factors 

rather than IRF3 (e.g. NF-ƙB). Nonetheless, the high expression levels of Il6, Cxcl9 and Cxcl10 

in KO mice indicated the ability of KO mice to establish an inflammatory response 

comparable to WT mice. 

Ccl5 was classified as an Irf3-independent gene after Newcastle Disease Virus (NDV) 

infection in cell culture (Andersen, J. et al., 2008). In contrast, infection of Irf3
-/- mice with P. 

aeruginosa led to complete inhibition of Ccl5 while there were no effects on several other 

cytokines at 24 hours p.i. (Carrigan et al., 2010). The reduced activation of Ccl5 in KO mice 

was also observed in our study. 

The largest differences in expression levels of chemokine family between KO and WT were 

observed for Ccl3 (Dif_KO-WT  = 1.057, log2 scale) and Cxcl13 (Dif_KO-WT  = -1.547, log2 

scale). Ccl3, also known as the gene encoding for macrophage inflammatory protein 1a, 

Mip1a or Scya3, is an important component of the immune response. However, neither a 

direct nor indirect effect of IRF3 on the regulation of Ccl3 has been reported yet. After 

influenza infection, Ccl3
-/-

 mice showed less symptoms of pneumonitis and a delayed 

clearance of virus compared to Ccl3
+/+ mice (Cook et al., 1995). CCL3 is necessary for 

activation of alveolar macrophages to control the gram-negative bacterium Klebsiella 

pneumonia in lungs (Lindell et al., 2001). Therefore, the strong induction of Ccl3 in our KO 

mice might be an advantage for the KO mice to recruit more immune cells to the lungs 

during influenza infection. In fact, this hypothesis was supported by the observation of a 

higher number of granulocytes in our Irf3
-/- KO mice and is also in agreement with a finding 

of other groups showing that CCL3 is a chemotactic protein for specific immune cells like 

granulocytes, monocytes and dendritic cells in vitro and in vivo (Charmoy et al., 2010; Lee, S. 

C. et al., 2000; Ramos et al., 2005; Wolpe et al., 1988).  

Although there was only a slight increase of Cxcl1, Cxcl2 and Cxcl5 in KO compared to WT 

mice (< 2 fold-change), the additive effects of these granulocyte chemoattractants (Brandes 

et al., 2013; reviewed in Griffith et al., 2014; Spann et al., 2014) might be indicators for the 

elevated number of granulocytes in the Irf3
-/- KO mice after PR8M infection. 

Cxcl13 is a B-lymphocyte chemoattractant (BLC), strongly expressed in the follicles of the 

spleen, lymph nodes, and Peyer's patches and takes part in the homing of B cells to follicles 

and also infected areas (Ansel et al., 2002; Ebisuno et al., 2003; Gunn et al., 1998; Kanemitsu 

et al., 2005; Kowarik et al., 2012). I hypothesize that the reduction of Cxcl13 in KO mice may 

lead to a delay of B cell trafficking that effect regular functions of the adaptive immunity. So 
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far, there is only a single publication reporting the participation of Irf3 in memory CD8+ Tcell 

responses after influenza and Theiler's murine encephalomyelitis virus (TMEV) infection 

(Moore et al., 2015). In general, the hypothesis of the contribution of Irf3 as a bridge 

between innate and adaptive immunity will require further studies. Nevertheless, the 

decrease of Cxcl13 might be one explantion for the increased mortality of KO mice. 

Irf3
-/-

 mice showed comparable expression levels of ISGs as WT in spite of a delay in IFN 

production 

The effect of Irf3 on certain ISGs (Rsad2 (Viperin), Ifit1, Ifit2, Oas-l, Ifi-15k, Mx1 and Mx2) 

was reported in several publications (DeFilippis et al., 2006; Di Paolo et al., 2013; Grandvaux 

et al., 2002; Spann et al., 2014). IFIT1 was robustly up-regulated by IRF3-containing 

adenoviral vector (Ad-IRF3) in human fetal microglial cells (Tarassishin et al., 2011). Rsad2 

was strickly dependent of Irf3 in NDV-infected mouse embryo fibroblasts (MEFs) (Andersen, 

J. et al., 2008). However, by both microarray and qRT-PCR analysis of our studies, we see 

only minor differences in Rsad2 and Ifit1 in the KO compared to WT mice. This is consistent 

with the study of Lazear revealing that Rsad2 and Ifit1 are IFN-independent genes (Lazear et 

al., 2013). Additionally, I also examined the expression of 41 other ISGs from our microarray 

study. These ISGs had been shown to be up-regulated after influenza infection and play 

important roles in inhibiting viral replication. For example, IFITM3 restricts the mortality 

associated with influenza virus (Everitt et al., 2012); ISG15 inhibits viral gene expression and 

replication of influenza virus (Hsiang et al., 2009); OAS produces 2′-5′-oligoadenylate from 

ATP, which can activate RNase L that in turn can cleave viral RNA (Cooper et al., 2015; Min 

and Krug, 2006; Sadler and Williams, 2008; Walkiewicz et al., 2011). These ISGs were 

strongly activated in both Irf3
-/- KO and WT mice and showed no large (more than two-fold) 

difference between the two mouse strains. In contrast to the observation from Lazear and 

colleagues, all members of OAS family showed comparable induction of expression in spite 

of a delayed IFN type I. Because there is an overlap set of ISGs induced by IFN type I and 

type III (Dickensheets et al., 2013; Dumoutier et al., 2004; Kotenko and Langer, 2004; Zhou 

et al., 2007), the presence of IFN type III might compensate for the delayed activation of IFN 

type I in KO mice and result in a normal induction of these ISGs after influenza infection. 

Possible contribution of several members in the Irf family to the immune response in Irf3
-/- 

KO 

In my study, although the expression of Ifnb and certain chemokines was lower in KO mice, 

60 % of the Irf3 deficient mice did survive the infection. Therefore, there may also be a 

contribution of one or several other Irf(s). Previous studies demonstrated the participation 

of different members of the Irf family in the immune response. In the absence of Irf3, I saw 

a delay of Irf7 expression at day 1 p.i. At later time points, the difference between Irf7 

expression levels of KO and WT was less. This may be the case because enough IFN type I 

was produced to initiate the positive feedback loop (Honda and Taniguchi, 2006). While IRF1 
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activates the induction of IFN type I, IRF2 is a negative regulatory factor for these 

interferons (Harada et al., 1989; Matsuyama et al., 1993; Senger et al., 2000). These factors 

were activated during PR8M infection and showed no considerable (less than two-fold) 

change between Irf3
-/- KO and WT. Similarly, in spite of the reduced IFN type I production, 

Irf9, encoding for a component of interferon stimulated gene factor 3 (ISGF3) complex 

(STAT1-STAT2-IRF9) (reviewed in Taniguchi, T.  et al., 2001), only showed a minor increase in 

KO mice compared to WT. Recently, IRF5 was demonstrated as an essential factor to control 

West Nile virus (WSV) (Lazear et al., 2013). In our infection model, Irf5 was one of the most 

strongly up-regulated Irf genes (Table 4.3); however, the difference between KO and WT 

was less than 0.5 fold, on a log2 scale. 

Identification of novel genes that may contribute to the susceptible phenotype of KO mice 

So far the main explanation for the comparable expression of almost all ISGs between KO 

and WT (Table 4.4) in spite of a delay in IFN type I production was the stronger up-regulated 

of IFN type III and the contribution of IRFs, including IRF7 and to a lesser extend, IRF5. The 

classification of differentially expressed probe sets (DEPS) (Table 4.6 - 4.11) may help to 

identify more unknown factors that might contribute to the immune response in the 

absence of IRF3. 

By calculating the difference in regulation of individual genes between KO and WT after 

infection (abs(Dif_KO-WT) ≥ 1), I found 129 DEPS (also refered to as DEGs) revealing an 

intrinsic role of IRF3 for the activation or suppression of these genes. However, a high 

number of these DEPS showed already a difference in the average expression levels 

between KO and WT mock-treated mice. This will strongly affect the calculated value of the 

different induction between KO and WT (Dif_KO-WT). Therefore, a comparison of the 

expression of each gene between KO and WT before PR8M infection was considered as the 

second important criterion in my analysis. 

Group 1 contains genes that were robustly down regulated in WT. The down-regulation of 

these genes in both KO and WT after influenza infection might be a critical requirement of 

the host to establish an essential immune response. In addition, it could be also a 

consequence from evasion strategies of influenza virus. For example, in WT infected-mice, 

influenza protein(s) suppressed the expression of killer cell lectin-like receptor, subfamily A, 

member 1 (Klra1), thus reducing the number of receptors for natural killer cells (NK) in order 

to prevent infected cells from being recognized by NK cells. In the absence of Irf3, the 

average expression level of Klra1 before infection was much lower in KO than in WT. 

Therefore the virus does not need to counteract the expression of this gene which may 

explain that no change of expression in this gene was observed in KO mice. On the other 

hand, the function of IRF3 as a negative regulator for gene members of group 1 (such as 

Klra1, Cyp1a1 (cytochrome P450, family 1, subfamily A, polypeptide 1), Lzts3 (leucine zipper, 

putative tumor suppressor family member 3), etc.) could not be excluded. However, this 
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hypothesis will need further studies. Moreover, this explanation may not be true for every 

gene member of group 1. For instance, before PR8M infection, the expression of genes 

encoding for thyroid hormone responsive (Thrsp), transmembrane protein 45b (Tmem45b) 

and carbonic anhydrase 3 (Car3) was obviously higher in mock-treated KO mice. Therefore, 

IRF3 might be down-regulating Thrsp, Tmem45b, Car3. The interaction of PR8M protein(s) or 

other host proteins which down-regulate these genes may be more effective when IRF3 is 

missing. Furthermore, an interaction network between THRSP, TMEM45, and CAR3 has 

been described (according to the Search Tool for the Retrieval of Interacting Genes/Proteins 

(STRING) database) (Szklarczyk et al., 2015). However, there has not been any report 

regarding the interaction between IRF3 and these proteins. Nevertheless, after PR8M 

infection, the comparable expression level between two mouse strains is a common feature 

for all genes in group 1. Regulator of G-protein signalling 7 binding protein (Rgs7bp) encodes 

a protein that regulates the translocation of the R7 subfamily of regulators of G protein 

signaling between the nucleus and the plasma membrane as well as protein palmitoylation 

(Drenan et al., 2005; Hepler, 2005; Martemyanov et al., 2005; Song et al., 2006) which might 

be involved in the assembly and fusion of influenza virus particles (Chen, B. J. et al., 2005; 

Parton et al., 2013). Since administration of IFN type I has been shown to inhibit tumor 

growth (reviewed inHervas-Stubbs et al., 2011; Mecchia et al., 2000; Wadler and Schwartz, 

1997; Zitvogel et al., 2015), the putative tumor suppressor LZTS3 might be an alternative for 

IFN type I, and therefore might compensate the reduction of IFNα4 in our Irf3
-/- KO mice. 

However, so far the role of this gene has not been described in the context of the host viral 

defense.   

Group 2 contains genes that show small or no changes in WT but a down-regulation in KO 

which, for many genes, most pronouncedly Ucp1 (uncoupling protein 1 (mitochondrial, 

proton carrier)), Mups (major urinary protein) and Ighg3 (immunoglobulin heavy chain, 

gamma polypeptide), resulted from the large difference in starting levels of KO and WT 

(Table 4.7-4.9). Before infection, the expression level of these members was low in WT but 

very high in KO, thus IRF3 is likely a down-regulator of these genes. After infection, influenza 

A proteins (such as NS1) might inhibit the expression of these genes resulting in a 

comparable level between KO and WT mice. However, the function of these genes in 

influenza A infection has not been characterized. The MUP protein family, which has been 

proposed as a the pheromone communication system, was shown to be produced in the 

liver, mammary, parotid, sublingual, submaxillary and lachrymal glands, secreted to the 

blood, then excreted in the urine (Shahan et al., 1987; Sharrow et al., 2002; Shaw et al., 

1983). The regulation of Mup genes are strikingly different depending on specific tissues 

(Shaw et al., 1983). MUP3 shows an interaction with APOC3, UCP1 shows an interaction 

with CIDEA, and CFD interacts with ADIPOQ (based on the STRING database). Many of genes 

in this group are involved in lipid metabolism, including Ucp1, Cidea (cell death-inducing 

DNA fragmentation factor, alpha subunit-like effector A), Gpd1 (glycerol-3-phosphate 

dehydrogenase 1) and Cfd (complement factor D (adipsin)). According to previous studies, 
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UCP1 helps to maintain body temperature in mice by allowing dissipation of the 

mitochondrial proton gradient without ATP synthesis. Ucp1
-/-

 mice exhibit sensitivity to cold 

temperatures, whereas up-regulation of Ucp1 was associated with a 1.5oC increase in body 

temperature (Cannon and Nedergaard, 2004; Chiang et al., 2009; Fromme and Klingenspor, 

2011). Cidea
-/- mice display higher metabolic rates and an increased ability to maintain core 

body temperature on cold exposure (The Mouse Genome Database (MGD)) (Bello et al., 

2015). Wang et al. saw the simultaneous up-regulation of Cidea and Ucp1 in adipose tissue 

of Irf3
-/- compared to WT mice (Wang, X., 2012). Therefore, it is likely that Cidea acts as a 

negative regulator of Ucp1 and helps to maintain body temperature for the KO mice in 

room-temperature condition. Furthermore, Irf3
-/- mice were partially protected from cold 

challenge (Wang, X., 2012). The same induction of Cidea and Ucp1 was observed in lungs of 

our mock-treated mice. As the lung is not the major tissue of expression of these genes 

(according to the Gene Expression Atlas, https://www.ebi.ac.uk), the cause and impact of 

the surprisingly high expression level of these genes in lungs from non-infected Irf3
-/- KO 

control mice is unclear and how this is counteracted by influenza A virus is still far from 

being confirmed.  

Furthermore, many genes in group 2 were shown to be involved in the host immune 

response. Cfd
-/-

 mice increase susceptibility to pneumococcal infection (according to MGD). 

For example, Ighg3 effects on antigen binding and pathogen recognition (according to 

MGD). Resistin, encoded by Retn (Fizz), has been shown to activate the transcription of 

several pro-inflammatory cytokines through the mediation of NF-κB, such as TNF-α and IL12 

(Bo et al., 2005; Holcomb et al., 2000; Silswal et al., 2005). In our model with the absence of 

IRF3, NF-κB may take place and activate the transcription of Retn in mock-treated KO mice. 

However, this regulation of NF-κB might be counteracted by influenza protein(s), so Retn 

decreased to the lower level in both KO and WT after influenza infection. This reduction may 

prevent a detrimental hyperinflammatory response (“cytokine storms”) after infection. 

In addition, group 2 contains three genes that had a comparable level of expression in mock 

mice (between WT and KO) but showed a stronger activation in KO after infection compared 

to WT mice. Fst encodes follistatin that can bind directly to activin and participates in the 

inflammatory response following tissue injury or pathogenic incursion (Hedger and de 

Kretser, 2013; Schneyer et al., 2004; Schneyer et al., 2001; Wu et al., 2012). Thus, the high 

expression of Fst in our KO mice might be a secondary response of the host to the high 

inflammatory in lungs. On the other hand, Cebpe encoded for CCAAT/enhancer binding 

protein (C/EBP) which may be essential for differentiation and maturation of committed 

granulocyte progenitor cells (Halene et al., 2010). Cebpe
-/- mice showed impaired eosinophil 

and neutrophil development and myelodysplasia . They are susceptible to secondary 

bacterial infections such as conjuntivitis, rhinitis, and pneumonia (MGD). Therefore, one 

may speculate that the up-regulation of Cebpe in our Irf3
-/- mice supports the recruitment of 

more neutrophils to infected lungs - a phenotype observed in our KO mice after influenza 

infection. Moreover, Spp1 is the only gene in subgroup 2B that showed a lower expression 
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level in KO mock-treated mice compared to WT. It encodes secreted phosphoprotein 1 that 

acts as a cytokine enhancing production of IFNγ and IL12 and reducing production of IL10. In 

addition, it is essential in the pathway that leads to type I immunity (Genecards, human 

protein information, http://www.genecards.org). Mice homozygous for Spp1 knockout allele 

exhibit abnormal macrophage recruitment and inflammatory response (MGD). Therefore, 

the comparable expression level of these two genes in our mice may be hypothesized as 

being a critical point for both  KO and WT mice in the viral defense. 

In contrast to the first two groups, all genes in group 3 were strongly up-regulated in WT 

after PR8M infection but not in KO mice. Among 129 DEPS in my analysis, immunoglobulin 

heavy chain (gamma polypeptide) (Ighg) was the only gene member showing different 

pattern of regulation between KO and WT compared to all other genes (strongly down-

regulated in KO vs. strongly up-regulated in WT). Similar to Ighg3, the large difference in the 

regulation of this gene (Dif_KO-WT > 3) resulted from the difference in the average 

expression level between KO and WT mock controls. The reason for this difference in mock-

treated mice is still unknown; however, it is clear that upon influenza A infection, the 

expression level of this gene was  lower in KO than WT. More cell damage, less cellular 

infiltrates or weak signals in B cells for Ighg in KO mice might explain this observation. 

Although a lot of studies were published in the last twenty years about the role of Irf3 for 

innate immunity, there was only one report revealing the participation of this gene in the 

adaptive immune system (Moore et al., 2015). However, this in vivo study only provided 

evidence of IRF3 requirement for memory T cell response against Theiler's murine 

encephalomyelitis virus (TMEV) and influenza A virus. Our observation of the expression of 

Cxcl13 (discussed above), Ighg3 and Ighg in Irf3
-/- mice after H1N1 infection suggests an 

indirect contribution of IRF3 on B cell maturation and B cell recruitment. Further 

experiments, such as validation of the  observed difference by qRT-PCR, quantification of 

IGHG and CXCL13 at the protein level and immune cell analysis by flow cytometry (FACS) at 

more time points, need to be performed to confirm our hypothesis.   

Besides Ighg, there were other genes of interest as their regulation in KO mice was much 

weaker than WT mice. Histocompatibility 2, Q region locus 10 (H2-Q10) is expressed only in 

liver cells and the secreted protein is found in the serum (MGD). It can bind to poly(A) RNA, 

peptide antigen, T cell receptor as well as the transporter 1, ATP-binding cassette, sub-

family B (TAP)  (NCBI). Therefore, H2-Q10 might function in antigen processing and immune 

system process (NCBI). However, like Ighg, the high expression level of this gene in non-

infected lung samples (8.723 in WT and 10.606 in KO) is still unclear. Lymphotoxin beta 

encoded by Ltb is a type II membrane protein of the TNF family. It is an inducer of the 

inflammatory response system and contributes in normal development of lymphoid tissue. 

Ltb deficient mouse mutants show lymphocytosis in the circulation and peritoneal cavity 

with infiltrations of the liver and lung (MGD). Orm2 encodes orosomucoid 2, a key acute 

phase plasma protein, and may be involved in immunosuppression. The protein tyrosine 

phosphatase receptor type C-associated protein (PTPRCAP) encoded by Ptprcap is 
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specifically associated with the tyrosine phosphatase PTPRC/CD45, a crucial activator of B 

and T lymphocytes (NCBI). Impaired B and T cell responses to antigen receptor stimulation 

were observed in Ptprcap
-/- mice (MGD). Overall, the presence of these genes contribute to 

maintain a balanced immune response for the host.  

The stronger induction of ten genes in KO mice (subgroup 3B) resulted in an equal or higher 

expression level in KO compared to WT after influenza infection. The up-regulation of these 

genes may be related to the higher inflammatory response in KO mice (such as Cxcl9, Ccl3). 

Colony stimulating factor 2 (granulocyte-macrophage) (Csf2), interferon inducible GTPase 1 

(Iigp1), receptor transporter protein 4 (Rtp4) and T cell specific GTPase 2 (Tgtp2) may 

participate in activation and/or recruitment of specific immune cells to the virus infected 

area.  

Different contributions of IRF3 in specific cell types against various pathogens  

Although Irf3 was reported to be constitutively expressed, the expression levels of this gene 

among different cell types are variable. Most epithelial cells showed high level of IRF3 

expression while it was hardly detected in the brain parenchyma (Tarassishin et al., 2011). 

The actual functions of IRF3 thereby depend on both host cell types and pathogens. In 

human microglia cells, overexpression of IRF3 could suppress proinflammatory genes and 

enhance anti-inflammatory genes, a function of IRF3 which was specific for microglia but 

not for astrocytes (Tarassishin et al., 2011).  

Irf3
-/- mouse embryonic fibroblasts (MEFs) infected with herpes simplex virus type 1 (HSV-1), 

encephalomyocarditis virus (EMCV) and vesicular stomatitis virus (VSV) showed a reduced 

activation of IFN type I (Honda et al., 2005). Expression of Ifnb mRNA was strongly reduced 

in Irf3
-/- MEFs infected with HSV-1 or VSV, and even more inhibited in Irf3

-/- MEFs infected 

with EMCV. Ifna was also reduced but to a lesser extent than Ifnb in Irf3
-/- MEFs. Moreover, 

there was an accumulation of both Ifna and Ifnb in Irf3
-/- MEFs after infection, in contrast to 

the abolishment of expression in Irf3
-/-

/ Irf7
-/- MEFs. These observations in MEFs are 

consistent with our study in which the induction of IFN type I was delayed in Irf3
-/- mice. On 

the other hand, Honda et al. observed that the deficiency of Irf3 had no effects on the 

expression of Ifna and Ifnb in splenic plasmacytoid dendritic cells (pDCs) (in contrast to Irf7
-/-

pDCs) but strongly reduced their expression in conventional dendritic cells (cDCs) at nine 

hours after infection with HSV or VSV. Overall, the authors concluded that although IRF3 

also participates in classical MyD88-independent pathway, it contributes little in the 

absence of IRF7, presumably because IRF3 needs to interact with IRF7 for its full function. 

Therefore, it is obvious that in certain cell types like pDCs where IRF7 is expressed at a high 

level allowing rapid induction of Ifna/b via TLR activation, IRF3 may be dispensable. In 

contrast, in other cell types and tissues, IRF3 supports barrier cells (eg. airway epithelial 

cells) and immune cells to detect viral invasion through cytosolic patern recognition 

recepteros PRRs (Spann et al., 2014). In H1N1 infected lungs, perhaps there are several cell 

types that are dependent on IRF3 for interferon activation within 24 hours post infection. 
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This may explain the late activation of IFN in our KO mice leading to the susceptible 

phenotype.  

It was shown in vivo that while serum IFNα remains high in Irf3
-/- and WT mice (at the 

protein level) in either HSV or EMCV infection, Irf3
-/- mice are much more susceptible to 

EMCV than HSV (10% and 100% of survival upon EMCV and HSV infection, respectively) 

(Honda et al., 2005). Therefore, depending on the pathogenicity of viruses, the contribution 

of IFN type I to antiviral defense might be different in response to different pathogens. It 

may also explain the survival of our Irf3
-/- mice in spite of the fact that IFN type I were 

delayed after influenza A infection. A study by Steinberg et al. on systemic murine 

cytomegalovirus (MCMV) infection in mice is another example for this interaction. By 

measuring IFN type I amount in serum of Irf3
-/- , Irf7

-/- and Irf3
-/-

/ Irf7
-/- mice infected with 

MCMV, they showed that IRF7 was critical for the systemic IFNα response whereas IFNβ 

could be produced independently of either IRF3 or IRF7. Steinberg et al. excluded the role of 

IRF3 in either IFN type I induction, MCMV clearance or susceptibility of mice, whereas our 

results indicated at least a partial dependence of these interferons on IRF3. Furthermore, 

although IFNα was completely absent in Irf7
-/- and double KO mice (at splenic mRNA and 

serum protein level), these mice had a significantly higher amount of serum IFNλ and splenic 

NK cells than wildtype mice (C57BL/6). Thus they could control MCMV replication and are 

only modestly susceptible to MCMV infection.   

Participation of IRF3 in regulating immune cells was reported in several in vivo studies. 

Carrigan showed that IRF3 could selectively modulate neutrophil and macrophage 

recruitment to the airways after P. aeruginosa infection in lungs (Carrigan et al., 2010). 

Recently, Spann et al. showed a decrease of granulocytes in lungs and BALs from Irf3
-/- mice 

compared to WT at day 5 after hMPV infection (Spann et al., 2014). In the context of 

influenza A infection, we saw an increase in the percentage of granulocytes in periphery 

blood of Irf3
-/- mice. These observations can be explained in several ways. First, both hMPV 

and influenza A are negative single-stranded virus and attach to respiratory tract. Perhaps, 

in airway epithelial cells, the presence of IRF3-IRF3 and IRF3-IRF7 dimers is more important 

in activating IFN type I than in other cell types, like splenic cells. Accordingly, lack of either 

one or both factors leads to higher susceptibility of mice. Second, it should be noted that in 

the study of Spann et al., neonatal mice at the age of 7 days were infected with hMPV. In 

our study, we used mice that were between 9 to 11 weeks old when the mouse immune 

system was fully developed. This difference in age may be one reason for the different 

observations in the immune response. Moreover, they did not analyse viral load earlier than 

day 5 which may be critical for acute respiratory disease caused by hMPV. However, the 

hypothesis of a selective modulation of IRF3 to either a specific immune cell population or 

lung epithelial cells in our infection model will have to be further investigated. 

In summary, the present study revealed that Irf3 deficiency leads to a susceptible 

phenotype and a delay in cytokine expression after influenza A infection. In addition to 
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interferon type I, well known targets of IRF3 were found to be differentially regulated in the 

absence of Irf3. They belong to various gene families involved in either cell development or 

regulation of the inflammatory response to infections. The relationships between Irf3 and 

these genes as well as their contribution to the host immune response will require further 

studies in the future. However, from my study, I can conclude that IRF3 plays an important 

role for the immune response against influenza A virus infection. Moreover, IRF5, IRF7 and 

IFNλ2/3 may compensate the lack of IRF3 in modulating the immune response and partially 

rescue Irf3 defiecient mice. In addition, further experiments will be required to evaluate the 

participation of other factors (such as NF-κB, a central immune regulatory factor that has 

been shown to be important in activating Ifnb and many pro-inflammatory cytokines) and 

their interaction with IRFs for host defense against influenza virus. 

5.2 Deficiency of Irf7 enhances systemic dissemination of SC35M 

(H7N7) virus in mice  

Dissemination of influenza A virus into extrapulmonary tissue may cause organ failure and 

therefore increase the morbidity and mortality of the disease. In humans, spreading of high 

pathogenic influenza virus from lung/intestine to other organs occurred in severe cases and 

often leads to death (Freidl et al., 2014; Fukuyama and Kawaoka, 2011; Gao et al., 2010; 

Peiris et al., 2009; Taubenberger and Morens, 2008). In animal models, even the low 

pathogenic strain was occasionally reported to spread beyond the initially infected organ 

(Gabriel et al., 2009; Narasaraju et al., 2009; Short et al., 2014; van den Brand et al., 2014). 

Therefore, in the first step of this project, I checked the potential of dissemination for 

different influenza A virus strains. Furthermore, it was shown that one of the reasons for 

this dissemination was immunosuppression of the host upon influenza infection (Mori et al., 

1995). Pretreatment with IFNα prevented virus from dissemination. Hence, since Irf7 plays a 

major role in regulation of interferon pathways, I wanted to see whether the loss of Irf7 

transcripts is associated with dissemination of virus and therefore contributes to the 

observed susceptible phenotype in Irf7 deficient (Irf7
-/-) mice after influenza A infection 

(Wilk et al., 2015). 

Three mouse-adapted influenza virus strains (PR8M (H1N1), maHK68 (H3N2) and SC35M 

(H7N7)) were used in this study. Influenza M-segment was detected in all H7N7, most H3N2 

and only some H1N1 analyzed organs from infected animals. The presence of PR8M RNA in 

spleens and brains of some infected mice (KO or WT) at day 5 p.i. was in agreement with 

previous studies (Hodgson et al., 2012; Mori et al., 1995). After lung injury and hemorrhage, 

viral materials could enter the periphery circulation and be transported to other organs 

including spleens and brains (Mori et al., 1995). Another explanation for this could be the 

infection of virus in the olfactory bulb and the later spread into the brain (Hodgson et al., 

2012). The obvious presence of the higher pathogenic H3N2 and H7N7 strain in almost, if 



89 

 

not all, samples may therefore be explained by the availability of specific sialic-acid 

receptors in these organs for binding of the respective viral strains. 

Due to the low viral titer in H3N2 infected samples that were close to the detection limit of 

the assay, I was not able to observe any significant differences between Irf7
-/- and WT mice. 

However, the multiple cleavage sites of hemaglutinin (HA) allows the H7N7 strains to 

replicate faster and trigger a stronger immune response where Irf7 plays important roles. 

Hence, significantly higher viral RNA titers were observed in spleens and brains of Irf7
-/- mice 

compared to WT. Our results were in line with previous studies showing the participation of 

the IFN pathway in suppressing influenza replication. For example, the targeted disruption 

of Stat1 gene, encoding for an important component of the IFN signaling cascade, resulted 

in the systemic dissemination of A/WSN/33 H1N1 in the deficient mice (Garcia-Sastre et al., 

1998). Likewise, the dysregulation of components in the inflammatory response were 

associated with the dissemination of A/VN/1203 H5N1 to extrapulmonary organs (Cilloniz et 

al., 2010).  

In order to see whether the higher viral titer in Irf7
-/- organs upon H7N7 infection reflects a 

difference in the number of infectious particles, further experiments are needed. In general, 

H7N7 is a polybasic virus that can be activated by several ubiquitously expressed proteases, 

such as furin, subtilisin-like proteases and extracellular trypsin protease (Kido et al., 2009). 

However, to confirm the replication of H7N7 virus in the infected organs (such as spleen and 

brain), it will be necessary to examine the expression of H7N7 specific receptors, the 

available proteases for H7 HA cleavage as well as the interferon stimulation in those specific 

extrapulmonary tissues. 

5.3 Tmprss11d is required for efficient replication of H3N2 virus in 

organ cultures and in vivo 

Activation of hemagglutinin (HA) by host protease is an essential step for an effective 

infection of influenza A virus. Among many members of the type II transmembrane serine 

protease (TTSP) family, TMPRSS2 and TMPRSS4 was shown to have the proteolytic activity 

on HA of influenza A virus and therefore induce their multicycle replication. Those 

investigations were performed in vitro, mostly in human airway cell lines (such as A594, 

Caco2, Huh7, etc.)  (Bertram et al., 2010; Bottcher et al., 2006; Chaipan et al., 2009), as well 

as in vivo using Tmprss2
-/-  (Hatesuer et al., 2013; Sakai et al., 2014; Tarnow et al., 2014) and 

Tmprss4
-/- (unpublished data) knockout mice. In addition, it was proved that TMPRSS11D 

(HAT) from human epithelial cells is able to cleave HA of different subtypes (H1N1 and 

H9N2) (Baron et al., 2013; Bertram et al., 2012; Bottcher et al., 2006). However, the 

participation of TMPRSS11D in HA processing has not yet been characterized in vivo. 

From a preliminary study in our laboratory, a similar phenotype between Tmprss11d
-/- and 

WT was observed when the mice were infected with PR8M (H1N1) virus, which was in 
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agreement with the fully protected phenotype of Tmprss2
-/-

 mice after H1N1 infection 

(Hatesuer et al., 2013). There was also no difference between Tmprss11d
-/- and WT after 

infection with a dose of 2x103 FFU maHK68 (H3N2). However, survival rate of KO mice was 

significantly higher compared to wildtype mice after infection with 10 FFU maHK68. This 

phenotype suggests that the proteolytic activity of TMPRSS11D, which had been shown in 

vitro, was also important in vivo.  

As TMPRSS11D was shown to be expressed in different murine tissues, especially, with 

higher levels in tracheas compared to a minor or undetectable level in lungs  (Sales et al., 

2011; Yamaoka et al., 1998), the participation of TMPRSS11D in HA cleavage might be 

tissue-dependent. Therefore, viral replication in two parts of the respiratory tract was 

examined (in collaboration with Dr. Bastian Hatesuer, INFG, HZI): tracheas and lungs. Viral 

titers of the lungs were slightly lower in KO than in WT mice at day 1 p.i. The difference was 

more relevant in tracheas of the same in vivo infected mice; however, more mice are 

needed for a statistically significance. TMPRSS2 were shown to contribute to H3 HA 

processing but could not fully secure the mice after H3N2 infection (Hatesuer et al., 2013; 

Sakai et al., 2014; Tarnow et al., 2014), suggesting the participation of additional host 

proteases. The contribution of TMPRSS11D in my study was in agreement with those 

observations and was further confirmed by the ex vivo experiment. The significant 

difference of viral titers between the two mouse lines observed in cultured tracheas at day 2 

p.i. might be due to the presence of TMPRSS11D that further facilitates the replication of 

virus in the wild type mice. At later time point (day 3 p.i.), viral titers of both KO and WT 

gradually reached to comparable levels, indicating a possible contribution of other latent 

activated proteases that involved in the cleavage of HA (Antalis et al., 2011; Kido et al., 

2009).  

Furthermore, TMPRSS11D was shown to be essential at the cell surface for H1 HA cleavage 

of incoming viruses prior to endocytosis or newly synthesized HA during the release of 

progeny virions (Bertram et al., 2012). However, the modified FFU assay did not show any 

significant differences in viral titers of Tmprss11d
-/- and WT tracheas. Therefore, the 

hypothesis of a decreased number of infectious H3N2 particles releasing to KO tissues could 

not be proven.  

Although further experiments need to be performed to understand the involvement of 

TMPRSS11D in the processing of influenza HA, from our in vivo and ex vivo data, we could 

show that TMPRSS11D participated to H3N2 virus replication early after infection which is 

important as other proteases, like matriptase, are not efficient in the cleavage of H3 HA 

subtypes (Beaulieu et al., 2013). However, the absence of TMPRSS11D itself could not either 

suppress viral replication at later time points or fully protect the KO mice. The cleavage of 

H3 HA is also dependent on additional members of the TTSP family, such as TMPRSS2, 

TMPRSS4, DESC1 and MSPL (Hatesuer et al., 2013; Kühn, 2015, PhD Dissertation; Sakai et al., 

2014; Zmora et al., 2014). Therefore, together with TMPRSS11D, further in vivo studies of 
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other host proteases are required for every specific influenza subtype and may provide new 

insights for the development for anti-influenza therapies.  
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6. Conclusions and Perspectives 

In summary, by using different mutant mouse lines, I showed that IRF3 and IRF7 are 

important contributors to the host response against influenza A virus. More insights on the 

host-pathogen interaction could be gained from my thesis work. The absence of IRF3 led to 

a delay in IFN type I expression and a significantly higher PR8 (H1N1) viral load at early time 

points but also resulted in to an activation of IFN type III by a yet unknown compensatory 

mechanism in vivo. In the context of my study on virus dissemination, IRF7 was shown to 

prevent SC35M (H7N7) from spreading to several non-pulmonary organs. 

As recent reports in human patients re-emphasized the impacts of IRF3 and IRF7 in the 

protection of the host against acute virus infections (Andersen, L. L. et al., 2015; Ciancanelli 

et al., 2015; Lee, M. N. et al., 2014), further studies are necessary to understand the 

complex and redundant system of the interferon pathways in vivo. Since I observed a 

significantly higher ratio of granulocytes to lymphocytes in the peripheral blood of Irf3
-/- 

mice compared to WT mice, it would be important to quantify leukocytes in more detail in 

the infected lung (e.g., VetScan for BAL samples or FACS for the whole tissue) in order to see 

whether the high number of granulocytes is also recruited to the site of infection. Next, a 

histological or FACS analysis of lung samples at later time points, for example, day 5 or day 8 

p.i., will be useful to examine whether the noticeably lower induction of Ighg in Irf3
-/- lung at 

day 3 p.i. may be related to a decrease of B cell activation and recruitment. These 

experiments will provide more insights into the function of IRF3 for the interaction of innate 

and adaptive immune responses. Moreover, as IRF3 interacts with IRF7 to form an IFN-

inducing complex (reviewed in Honda and Taniguchi, 2006), the lung transcriptome of Irf3
-/- 

mice in my study should be compared with that of Irf7
-/- and Irf3

-/- x Irf7
-/- mouse lines to get 

a better understanding of the IFN regulatory network in vivo. To further confirm the role of 

differentially expressed genes found in my analyses, more experimental studies are needed. 

In addition, as the NS1 protein of H1 influenza virus subtypes was shown to suppress the IFN 

signaling in infected cells, one could expect to see more pronounced differences between 

Irf3
-/- and WT mice when infecting these mice with a virus subtype that does not strongly 

antagonize the host IFN response, such as HK68 (H3N2). On the other hand, characterization 

of a Irf3 null mutation in another murine background carrying a functional Mx1 gene would 

allow to elucidate more clearly the participation of IRF3 in the IFN response. 

In order to investigate the role of IRF7 in the dissemination of H7N7 in more detail, it would 

be important to perform histological studies of infected tissues (e.g., spleens and brains) to 

determine whether the higher viral titers observed in my study and the higher IFNβ 

induction due to the absence of IRF7  revealed by luciferase reporter mice (Wilk et al., 

unpublished data) were associated with certain immune cell populations. Furthermore, the 

titration of virus by RT-PCR should be validated by virus titer determination in eggs to 

examine the correlation between the amount of viral RNA and the number of infectious viral 

particles in these extra-pulmonary organs. 
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In the third part of my thesis, I addressed the involvement of the host protease TMPRSS11D 

in HA cleavage. Further studies need to be performed to understand the involvement of this 

protease in combination with other proteases.  It would be important to understand 

whether the simultaneous deletion of other proteases, such as TMPRSS2 and TMPRSS4 by 

using triple KO (Tmprss2
-/-

xTmprss4
-/-xTmprss11d

-/-) mice, was sufficient to inhibit the 

cleavage of H3HA and suppress the replication of H3 virus. Moreover, protease inhibitors, 

such as aprotinin and substrate-analogue peptide mimetic inhibitors like benzylsulfonyl-d-

arginine-proline-4-amidinobenzylamide (BAPA), were shown to have antiviral effects in vitro 

and/or in vivo against specific influenza subtypes including seasonal and pandemic H1 and 

H3 strains (Bottcher-Friebertshauser et al., 2012; Bottcher et al., 2009; Sielaff et al., 2011; 

Zhirnov et al., 2011). These promising host-targeted drugs should be investigated in our in 

vivo models using the protease knockout murine lines compared to wildtype controls. These 

studies should provide more valuable information for future clinical applications of influenza 

A treatments.  
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