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Summary:    
Identification and analysis of host genes involved in susceptibility to influenza 
virus infection using mouse mutants 

 Haiya Wu 

 

Seasonal influenza A viruses (IAV) infections represent a huge global burden of death 

and health care costs each year. In addition, new subtypes and variants of IAV continue 

to emerge in humans. Although the genetic variation in IAV and the associated virulence 

in humans and other species are well studied, the detailed mechanisms involved in the 

host defense are still poorly understood. To address this issue, the present work was 

carried out by using different in vivo mouse models in which specific genes have been 

modified by genetic engineering. Complete knock-out mouse lines were studied for the 

Irf7 and Rag2 genes and conditional knock-out mouse lines were analyzed for the 

Socs3 and Sod2 genes. Irf7-/- mice exhibited increased mortality after IAV infection. 

Further analysis indicated that the susceptibility of the Irf7-/- mice was not due to the 

inability of controlling virus replication, but rather an impaired IFN response and possibly 

an altered IgG expression. These results emphasize the importance of a coordinated 

interferon response for the IAV host defence. Rag2-/- mice, which are lacking mature B 

and T cells, were also highly susceptible to influenza virus infection. Rag2-/- mice 

showed sustained viral load and severe damage in the lung which resulted in death at 

late times after infection. These results showed that the innate immune response alone 

is only able to control virus replication at early time points and that the adaptive 

immunity plays an essential role in influenza virus clearance. Two different conditional 

Socs3 mutant mice were used: the conditional Socs3Rosa26Ert2cre mutant mice which 

had the Socs3 gene deleted after treatment with tamoxifen in all tissues; and 

Socs3LysMcre mice which had the Socs3 gene deleted in macrophages and 

granulocytes. When both mouse lines were infected with IAV, I could show that 

Socs3Rosa26Ert2cre mutant mice were highly susceptible to IAV infection whereas 
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Socs3LysMcre mutant mice did not differ from the response observed in wild type mice. 

Conditional deletion in macrophages and granulocytes of the Sod2 gene in 

Sod2LysMcre mice also showed no increase in susceptibility to IAV infections when 

compared to wild type mice. 

In conclusion, Irf7, Rag2, and Socs3 genes are critically involved in the host defense 

against IAV infections. The detailed mechanism of the Socs3 gene during IAV infection 

still needs to be determined. However, the Sod2 gene does not seem to be crucial for 

the antiviral host response under the conditions used in the present study. 
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Zusammenfassung:  

Identifizierung und Analyse von Wirtsgenen hinsichtlich ihrer Beteiligung  bei der  
Influenza A Virus-Infektion in Mausmutanten 

Haiya Wu 

 

Infektion mit dem Influenza A Virus (IAV) verursachen jedes Jahr eine erhebliche Anzahl 

von Todesfällen sowie hohe Kosten im Gesundheitswesen. Darüber hinaus besteht das 

Problem, dass immer wieder neue Subtypen und Varianten des IAV beim Menschen 

auftreten. Obwohl die genetischen Variationen von IAV und die damit verbundene 

Virulenz im Menschen und anderen Spezies gut untersucht sind, bleiben die detaillierten 

Mechanismen der Immunabwehr des Wirts noch weitgehend unverstanden. Um dieses 

Problem anzugehen, wurden in der vorliegenden Arbeit in-vivo-Mausmodelle untersucht, 

bei denen bestimmte Genloci gentechnisch verändert waren. Die Irf7 und Rag2 Gene 

wurden mit Hilfe von Knock-out Maus-Linien untersucht, in denen das Gen in allen 

Geweben deletiert war, während für die Analyse der Socs3 und Sod2 Gene konditionale 

Knock-out Maus-Linien verwendet wurden. Nach IAV Infektion wurde bei Irf7-/- Mäuse 

eine erhöhte Mortalität beobachtet. Weitere Untersuchungen zeigten, dass die 

Anfälligkeit der Irf7-/- Mäuse nicht auf der Unfähigkeit beruhte, die Virusreplikation zu 

kontrollieren, sondern eher auf einer gestörten Interferon-Antwort und möglicherweise 

einer veränderten Immunglobulin-Expression. Diese Ergebnisse unterstreichen die 

Bedeutung einer koordinierten Interferon-Antwort für die IAV Immunabwehr. Rag2-/- 

Mäuse, denen reife B und T-Zellen fehlen, waren ebenfalls sehr anfällig gegenüber einer 

Influenza A Virus Infektion. In Rag2-/- Mäusen wurde eine länger anhaltende 

Virusvermehrung und schwere Schäden in der Lunge beobachtet, welche im Verlauf der 

Infektion zum Tod führten. Diese Ergebnisse zeigten, dass die angeborene 

Immunabwehr zwar in der Lage ist, die Virusreplikation im frühen Stadium der Infektion 

zu kontrollieren, dass aber die adaptive Immunantwort eine wesentliche Rolle bei der 
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Eliminierung der Influenza-Viren spielt und damit für das Überleben des infizierten Wirts 

essentiell ist. Für die Untersuchung der Funktion des Socs3 Gens wurden zwei 

verschiede konditionale Knock-out Maus-Linien verwendet: einerseits die 

Socs3Rosa26Ert2cre Mausmutante, in der das Socs3 Gen nach Verabreichung von 

Tamoxifen in allen Geweben deletiert werden konnte, und andererseits die 

Socs3LysMcre Mutante, in der das Socs3 Gen in Makrophagen und Granulozyten 

ausschaltet war. Nach der Infektion beider Mauslinien mit dem IAV zeigte sich, dass die 

Mausmutante Socs3Rosa26Ert2cre sehr anfällig für IAV Infektionen war, während 

Socs3LysMcre mutierte Mäuse sich nicht in ihrer Reaktion von Wildtyp-Mäusen 

unterschieden. Weiterhin wurden konditionale Knock-out Maus-Linien des Sod2 Gens 

untersucht. Im Vergleich zu Wildtyp-Mäusen führte der Verlust des Sod2 Gens in 

Makrophagen und Granulozyten der Sod2LysMcre Maus-Mutanten zu keiner erhöhten 

Anfälligkeit für IAV Infektionen.  

Aus diesen Ergebnissen lässt sich schließen, dass die Irf7, Rag2 und Socs3 Gene eine 

entscheidende Rolle bei der Abwehr von IAV Infektionen im Wirt spielen. Bei den hier 

angewandten Studienbedingungen scheint das Sod2 Gen keine entscheidende Rolle bei 

der antiviralen Wirtsantwort zu haben. 
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1 Introduction 
 

1.1 Influenza A virus  

Epidemiology  

Influenza A virus (IAV) is one of the major pathogens causing serious diseases in 

humans. IAV spreads around the world in seasonal epidemics, resulting in the death of 

about half a million people annually [1]. Pandemics of IAV infections have occurred 

about three times since 1700 [2] and were manifested by a worldwide spread of the 

disease, typically with high morbidity and mortality. The most severe recent influenza 

pandemics in 1918 killed between 30 and 50 million people [3]. More recently, an avian 

H5N1 subtype crossed the species barrier and jumped from birds to human, causing 

hundreds of deaths in human. But until now the virus has not evolved to a form that is 

able to spread from human to human [4]. In April 2009, a novel influenza variant that 

combined genes from human, pig, and bird viruses emerged in Mexico and then spread 

rapidly around the world. The WHO officially declared a pandemic outbreak at the level 

of 6 [5].  

IAV virology and biology  

IAV is a single strand negative RNA virus and a member of the orthomyxoviridae family.  

Laboratory-adapted stains of IAV are mostly spherical with a diameter of 80-120 nm. 

However, newly isolated stains are polymorphic and contain long filamentous particles 

[6]. The virions consist of an envelope composed of a membrane from which 

glycoproteins project like spikes. Within the envelope, the segmented helical 

ribonucleoprotein contains the genetic material of the virus. The IAV genome composed 

of eight segments, which code for seven virion structural proteins (PB1, PB2, PA, HA, 

NA, NP, and M1) and four nonstructural proteins found only in infected cells (NS1, NS2, 

M2, and PB1_F2) as shown in Figure 1.1. 
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The viral mRNAs molecules (vRNA) are complementary to the genomic RNAs (cRNA). 

Translation of viral proteins takes place from viral mRNAs which must first be reverse 

transcribed from the vRNAs by the viral-associated RNA transcriptases [6, 7].  

 

The PB2, PB1, and PA associated with the NP protein and compose the 

ribonucleoprotein complex (RNP), which is responsible for the virus replication. Based 

on the RNP, influenza virus can be divided into types A, B, and C. Type A is the most 

important for human disease, causing alternated annual outbreaks and epidemics. The 

HA and NA represent surface proteins in the virion. HA is the most important viral 

antigen against which neutralizing antibodies of the host are directed, and antigenic 

variation of this protein is the major factor in influenza epidemics. The HA molecule can 

be cleaved proteolytically into two polypeptide chains, the N terminal HA1 and the C 

terminal HA2, which are held together by disulfide bonds. It is thought that this cleavage 

site is related to the pathogenecity of the virus [8]. The most important phenomenon of 

IAV genetic variation, antigenetic drift and antigenetic shift, is caused by an antigenic 

variation or subtype exchange of the HA protein. The NA spikes are mushroom-shaped 

with a stalk and head and are important for releasing the virus from the cell surface after 

budding [9]. Up to date, there are 16 subtypes of virus based on the antigenicity of HA 

(H1-H16) and 9 subtypes of NA (N1-N9) [10] that are known.  

 

The M1 protein is the matrix of the virus, and the M2 protein acts as an ion channel 

during infection [11]. NS1 protein is believed to block the interferon (IFN) signaling 

pathway of the host during the infection [12], NS2 protein mediates the export of RNP 

during viral replication [13].  

 

The detailed functions of these different gene segments and the encoded proteins are 

summarized in Table 1.1.          



3 

 

 

Figure 1.1: Structure of Influenza A virus [6] 

 

Virus replication 

The life cycle of the virus starts with its attachment to the cell surface via the HA protein. 

It is thought that the specificity of the HA protein to sialic acid receptor molecules 

governs virus entry into cells, thus determining the host and cell-type specificity. For 

example, the avian influenza virus preferentially binds to sialic acid (SA)-α-2,3-Gal-

terminated saccharides, while the human influenza viruses prefer the SA-α-2,6-Gal-

terminated saccharides [14-16]. 
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Segment Size(nt) Polypeptide(s) Function 

1 2341 PB2 Transcriptase: cap binding, virulence Determinant 

2                 2341 PB1 Transcriptase: elongation 

PB1-F2 Induce apoptosis in immune cells 

3 2233 PA Transcriptase: protease activity  

4 1778 HA Haemagglutinin, attachment , fusion to the cell 

5 1565 NP Nucleoprotein: RNA binding; part of transcriptase 

complex; nuclear/cytoplasmic transport of vRNA 

6 1413 NA Neuraminidase: release of virus 

7 1027 M1 Matrix protein, interacts with genome and nuclear export 

factor, assists viral assembly 

M2 Integral membrane protein - ion channel 

8 890 NS1 Non-structural protein; effects on cellular RNA transport, 

splicing, translation. Interferon antagonist. 

NS2 Non-structural, mediates the nuclear export of RNP 

Table 1.1:  Assignments of the eight IAV gene segments and encoded proteins adapted from 

Hilleman [17] 

The pig expresses both receptors that can thus be infected with both avian and human 

influenza viruses. It is believed that the swine acts as a ‘mixing vessel’ of avian and 

human IAV, where new genetic reassortants between human and animal influenza A 

virus can occur [18, 19]. Indeed, the newly emerging influenza A virus in 2009 

represents a reassortants of human, swine, and duck influenza viruses [19]. 

After attachment to cell surface, the HA fuses to the cell membrane and the virion 

enters into the cell by endocytosis. After escaping from endosomes, the virus RNP is 

transported to the nucleus. The transcription of the mRNAs and replication of the 

genome both occur in the nucleus of infected cells. Initiation of viral mRNA synthesis is 
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primed by host cell RNA fragments containing an m7GpppXm cap structure [6]. These 

are generated from cellular Pol II mRNA transcripts by an endonuclease activity 

provided by the viral polymerase subunit PB2. The switch from mRNA transcription to 

replication of cRNAs and genomic vRNAs occurs later in infection, as it requires 

synthesis of viral proteins. Viral proteins of the outer virion membrane are transported to 

the cell membrane where they combine with newly synthesized RNP particles. Once the 

virus complexes reach a high enough density, RNPs and M1 proteins aggregate and 

condense to produce the viral particle. Finally the viral particle is extruded from the cell 

membrane and released by the neuraminidase activity (Figure 1.2) [20].  

 

Figure 1.2: Influenza A virus replication cycle. Adapted from [21] 
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1.2 Host susceptibility to IAV 
 

Virus proteins counteract with host proteins 

Intensive research has been performed on the virulence and evolution of influenza virus. 

These studies revealed that the IAV developed its counteracting strategies which allow 

it to replicate within a host cell (Figure 1.3). Virus proteins are described for their direct 

interference with 2’, 5’-oligoadenylate synthase (OAS), the MX proteins and the double-

stranded RNA-activated protein kinase (PKR) during viral replication process [22, 23]. 

The NS1 protein either limits retinoic acid-inducible gene I (RIG-I) activation by 

interfering with tripartite motif-containing protein 25 (TRIM25), or directly antagonizes 

interferon-stimulated genes (ISGs), or shuts down the transcription of the vRNA by 

interfering with the polymerase complex. Lately, it was also shown that the IAV infection 

can induce SOCS 3 protein to block the JAK/STAT pathway [24]. 
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Figure 1.3: Viral evasion strategies in infected and bystander cells. (A) IAV NS1 limits RIG-I 

activation by interference with TRIM25. (B) 5′-m7G-cap snatching by the IAV polymerase complex and 

interference of NS1 with CPSF30 results in the shutdown of the host protein synthesis. (C) Up-regulation 

of SOCS3 limits IFN type I signaling in host cells. (D) IAV NS1 directly antagonizes ISGs. Adapted from 

Schmolke and Garcia-Sastre [23]. 

Virus recognition and activation of the host defense by the innate and adaptive 
immunity system 

The quality of the initial innate immune response against IAVs has profound 

consequences on the subsequent adaptive response. The IAV is recognized by the host 

pattern recognition receptors (PRRs): Toll-like receptors (TLRs), nucleotide 

oligomerization domain (NOD)-like receptors (NLRs), and retinoic acid-induced gene I 

(RIG-I)-like receptors [25]. Also, several Toll-like receptor proteins are involved in 

sensing IAV infection, like TLR3, TLR7, and TLR8 [26, 27]. After recognizing the virus, 

the host responses by activating the Interferons (IFN) response pathway which up-

regulate anti-viral gene products in neighboring cells. Furthermore, chemokines and 

cytokines are secreted to attract and activate cytotoxic effector cells as well as antigen-

presenting cells and trigger the infected cells to go into apoptosis.  

IFNs were one of the first series of cytokines to be characterized at the molecular level. 

These molecules have been extensively studied in the context of the host defense 

against viral infections. There are three known types of IFNs: type I (IFN-α and IFN-β), 

type II (IFN-γ), and type III (IFN-λ). The three types of IFNs bind to separate receptors: 

IFNAR, IFNGR, and IFNλR. One of the most important effects of IFNs is the induction of 

a state of resistance to viral replication in all cells. Type I IFN is secreted by the infected 

cell and bind to IFNAR on the infected cell and nearby non-infected cells. The IFNAR, 

like many other cytokine receptors, is coupled to a Janus-family tyrosine kinase (JAK), 

through which it signals. This signaling pathway induces transcription as the JAK-family 

directly phosphorylates signal-transducing activator of transcription (STAT). 

Phosphorylated STAT proteins enter the nucleus where they activate the transcription of 

several genes, including those encoding proteins that help to inhibit viral replication, like 

PKR, MX, and OAS proteins. Koerner and his colleague showed that the mice deficient 
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in IFNAR, which do not have Type I IFN response, are more susceptible to IAV infection 

[28].  

IFNs also activate B and T cells directly or via dendritic cells (DCs) and other antigen-

presenting cells (APCs). Type I FN has been reported to mediate activation of natural 

killer (NK) cell proliferation and cytotoxicity in vivo [29]. NK cells are activated by 

interferon and macrophage-derived cytokines to serve as an early defense against virus 

infections. It has been shown that in mice, in which the natural killer cell receptor (NCR) 

gene was replaced with a green fluorescent protein (GFP), were susceptible to IAV 

infections [30].  

Adaptive immunity determines host susceptibility to IAV infection 

The importance of B, CD4, and CD8 T cells to control the IAV infection via activation of 

the adaptive immune response has been shown in the mouse model [31, 32]. CD8 T 

cells could resolve the infection independently through Cytotoxic T Lymphocyte (CTL) 

killing effect by using uMT (B-cell deficient) with additional depletion of CD4 T cell in 

mice [32, 33]. This CTL cell-mediated recovery process has been shown to rely mainly 

on the perforin/granzyme and Fas-mediated killing of infected host cells [34, 35]. While 

neither CD4 T helper cells (Th) [33, 35] nor B cells [36] are capable of resolving the 

infection on their own, the infection in SCID mice (deficient in B, T and NK cells) can be 

cured by treatment with antibodies (Abs) specific for the HA molecule [37]. In this 

reference, only IgG showed a potent therapeutic efficacy, but not IgM or IgA. It has to 

be noted that the adaptive immune response is a very complex process. Therefore, the 

role of different immune cells is sometimes very controversial among different research 

groups, which may be due to different viral strains and doses used in various 

experiments. Brown and his coworkers reviewed that the cooperation between CD4, 

CD8 and B cells is necessary for the survival after PR8 IAV infection (Table 1.2), neither 

of these adaptive immune cell alone can effectively clear infection [38].  

Rag2-/- mice are defective in the recombination machinery which is required for 

development of both B and T cells but are able to produce NK cells [39]. No other innate 

immune cells are affected by this mutation. It was shown that the Rag2-/- mice were not 
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able to respond to immunization by inactivated IAV, thus they were not protected from a 

lethal dose of IAV challenge after immunization [40]. 

Animal models used in the influenza viral research 

Many animal models are currently selected for research because of their similarity to 

humans in terms of genetics, anatomy, and physiology. To obtain scientifically valid 

research, the conditions associated with an experiment must be closely controlled which 

is impossible to do in humans. Animal models have greatly improved our understanding 

about the cause and progression of human genetic diseases and have proven to be a 

useful tool for discovering targets for therapeutic drugs [41]. 

CD8 CD4 B cells Clearances(days) Survival (%) 

+ + + 7-10 100 

- + + 10-14 100 

- + - >20 0 

- - + >20 0 

+ - - >14 20 

+ + - 10-14 35-85 

+ - + 10-14 90 

- - - >20 0 

Table 1.2: The complexity of the immune response to virulent strains of influenza [38]  Each of the 

adaptive immune response was depleted via treatment with antibody or by using genetically altered mice, 

or a combination of both. As shown in rows 3, 4, and 5, neither CD8, CD4 nor B cells alone can 

effectively clear virus or promote survival of mice given A/Puterto Rico/3/34 

There are several animal models that are presently used for IAV research, e.g. mice, 

ferrets, cotton rats, pigs, and nonhuman primates [42]. The mouse is an attractive and 

heavily utilized animal model for studying the host response to influenza infections 
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because of their relatively low cost, the controlled variety of genetic background, the 

genetically engineered mutants and availability of immunological reagents. Most IAV 

strains can be used to infect mice, although prior adaptation of the virus by multiple 

passages through mouse lung is normally needed. This adaptation allows selection of 

viral mutants (the amino acid changes in the surface HA that enable to bind to cell 

surface alpha 2,3-linked sialic acid molecules) that are able to replicate efficiently in the 

murine respiratory tract [43]. Mice have also been shown to represent a particularly 

useful model to study the virulence of the highly pathogenic H5N1 and the 1918 H1N1 

influenza virus [44, 45]. 

Ferrets are also used as an animal model for the study of influenza because they are 

susceptible to human influenza viruses and develop some typical signs of infection in 

humans, including nasal discharge, anorexia, watery eyes, and fever. The limitation of 

this model is the lack of specific reagents for studying the ferret immune system. Cotton 

rat display all the innate and adaptive immune responses seen in human, such as MX 

gene mediated response. Viruses isolated from humans do not have to be adapted to 

cotton rats to cause disease [46]. But the disadvantages are the low availability and the 

aggressiveness of the species. Pigs have been used as model for testing vaccines [47], 

the problems of using the pig are the high caging costs, the complexities of animal 

husbandry and the waste management. Non-human primates, which are much more 

closely related to humans than small animals, have been used as models for human 

disease. In particular, rhesus macaques have been used to study pathogenesis and to 

evaluate therapeutic and prophylactic strategies [48]. But the drawbacks of these 

animals are the specifically highly costs and ethical concerns. 

Methods for modifying the mouse genome  

Embryonic stem cells (ES cells) are pluripotent stem cells derived from the inner cell 

mass of the blastocyst. ES cells have the potential to develop into many different cell 

types of the organism. ES cells can efficiently colonize the germ line, resulting in 

chimaeric animals. These produce functional gametes, which allow ES cells to be used 

as vehicles for introducing sophisticated genetic modifications into mice [49].  
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Approaches of mouse genome modifications are mainly done in the following two ways: 

introduction of non-direct mutations driven or creating mutations directly. The non-direct 

mutation driven method uses radiation or chemicals to cause mutations. The most 

effective ways are by exposing organisms to X-ray or to the chemical N-ethyl-N-

nitosourea (ENU). X-rays often cause large deletion and translocation mutations that 

involve multiple genes [50], whereas ENU treatment is resulting in mutations within 

single genes, such as point mutations [51]. The advantage of the ENU method is to 

perform large-scale mutation screens, while the drawback is the randomly induced 

mutation in the genome, which requires further intensive work to identify the mutation.  

The direct mutation approach includes transgenesis, single gene knock-outs knock-ins, 

and conditional gene modification. Transgenic animals are generated by introducing 

foreign genetic information into early stage embryos. This can be achieved by either 

injection of the foreign DNA directly into the nucleus of fertilized eggs or by using a 

retroviral vector to infect early cell stage embryos. Both methods results in random 

integration of the foreign DNA into mouse genome. Single gene knock-out and knock-in 

are ways to target a mutation to a specific gene locus. Knock-out mice carry a gene that 

has been inactivated; knock-in mice are produced by inserting a transgene into an exact 

genomic location. These specific gene knock-out and knock-in are performed in the ES 

cells cultures allowing the experimenter introduce the modifications in vitro and then 

generate living mice. 

Soon after the establishment of the knock-out and knock-in techniques, the number of 

mouse mutants was rapidly increasing, especially after the advent of the full mouse 

genomic sequence in 2002. Sequencing of the human genome in 2003 revealed large 

stretches of similarities between mouse and human [52]. This large number of 

transgenic mice and inbred mice provide powerful resources for the research of the 

susceptibility to specific pathogens. 

One limitation of the knock-out technique is that some genes are essential for the 

embryo development, so the mutations can profoundly affect development and cause 

early or embryonic lethality. Here, a new technology, called conditional gene knock-out 
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makes it possible to generate mutations in specific tissue and at different stages of 

development, including adulthood. The most common system used in the conditional 

gene mutations is the cre/loxp system. This system includes two different types of 

genetic alteration: one that contains a conditional cre vector, which activates a 

“dormant” mutation; and one that contains specific loxp sites recognized by the Cre 

recombinase protein. The loxp sites are engineered in such a way that upon recognition 

and excision by the Cre recombinase, part of the gene is deleted and thereby mutated 

to a nonfunctional form. This process is initiated by crossing the loxp containing mice 

with the desired Cre recombinase driver strain. By directing the expression of Cre, the 

mutation can be controlled in such a way that it occurs only in a specific tissue (where 

Cre is expressed) or that Cre can be activated by externally administered drugs (fusion 

to a drug-inducible domain). E.g. Clausen et al. created a mouse line which specifically 

expresses Cre under control of the murine M Lysozyme gene in 

monocytes/macrophages and neutrophils (LysMcre mice). A cell-specific deletion 

efficiency could be obtained of 83-98% in mature macrophages and near 100% in 

granulocytes [53]. Hameyer and his colleague introduced Cre fused expression with 

human mutated estrogen receptor (ERT) which recognizes tamoxifen (TA) and its 

derivative 4-hydroytamoxifen (4-OHTA) into the ROSA26 locus (a ubiquitous promoter 

of ES cells). In this scenario, Ert2Cre fusion proteins are retained in the cytoplasm but 

translocated to the nucleus on addition of the TA. Thus the ROSA26Ert2Cre gene 

construct allows introducing temporally controlled somatic mutations in the mouse.  

To meet the growing demand for the knock out mutant and conditional knock out mutant 

models, internationally coordinated initiatives have been established for the systematic 

generation of mouse mutants on a large scale using various strategies [54-56]. These 

initiatives are e.g. Knock Out Mouse project (KOMP), European Conditional Mouse 

Mutagenesis Program (EUCOMM) and North American conditional Mouse Mutagenesis 

program (NorCOMM). The majority of these initiatives are committed to the production 

of mutant mouse ES-cell lines, which can be obtained from them and used to generate 

mutant mice by using blastocyts injection.     
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1.3  Genetic factors determining host susceptibility to IAV infection in humans 
A study of almost 1,000 adoptees in Denmark found that the host genetic component of 

susceptibility to premature death from infection was greater than for cancer and 

cardiovascular disease [57]. Also, genetic factors have been shown to be involved in the 

host defense to IAV infection. Among the identified clusters of human H5N1 virus 

infections, more than 90% of the cases occurred in genetically related family members, 

suggesting a possible genetic susceptibility to infection or severe disease [58], Recently, 

genetic relatedness was shown to be a significant risk factor for severe disease 

resulting from H3N2 influenza virus infection [59].  

Different mouse strains respond to IAV differently 

Different inbred mice which carry different genetic backgrounds respond differently to 

IAV infections [60]. The DBA/2J and A/J mice were highly susceptible to H1N1 (PR8) 

virus and H7N7 influenza virus (SCM35) infection, while other inbred strains, C57BL/6J, 

BALB/cByJ, FVB/NJ, CBA/J, and SJL/JOrlCrl were resistance to H1N1 (PR8) infections 

[60, 61], Boon and his colleagues studied host genetic factors for the highly pathogenic 

IAV H5N1 using the C57BL/6J and DBA/2J mouse model. After mapping of the 

underlying genes in BXD strains, a set of recombinant inbred stains derived from 

C57BL/6J and DBA/2J parents, they identified quantitative trait loci for influenza 

resistance located on chromosomes 2, 7, 11, 15, and 17 [62].  

Specific genes involved in susceptibility to IAV  

Studies in mouse model systems have revealed that hundreds of genes are involved in 

the host defense against microbial infections and that the interaction of these genes and 

pathways is very complex [63-65]. Using mouse mutant strains, several mammalian 

genes have been shown to be important for the host defense against an influenza virus 

infection including Mx1, Stat1, Pkr, Ifnar1, and Ncr1 genes (more detailed information in 

Table 1.3). However, it is obvious that this is only a very small fraction of the essential 

genes involved. A study performed by Crozat and his colleagues estimated that about 

480 genes are critical for the host defense against an infection with mouse 

cytomegalovirus, and more than 1000 genes changed their expression levels after 
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infection with Mycobacterium tuberculosis or Influenza A virus [64]. König and his 

colleague identified 295 cellular cofactors required for early-stage influenza virus 

replication with genome-wide RNA interference screening approach [66].  

Mx1-/- Highly susceptible (survival) Haller, 1976[67] 

Eif2ak2-/- (Pkr) Higher virus titers in lung Bergmann 2000[68] 

Stat1-/- Higher virus titers Bergmann 2000[68] 

Tlr3-/- Enhanced survival but higher viral load in 
lungs (With lower inflammation) 

Le Goffie 2006[27] 

Myd88-/- No effect Le Goffie, 2006[27] 

Rantes-/-, Cxcr3-/- No effect on virus titers Warening, 2004[69] 

Il18-/- No effect on survival, NK cell cytotoxicity 
poorly activated in KO lung  

Liu, 2004[70] 

Ifnb1-/- More sensitive (20-fold) Koerner, 2007[28] 

Myd88-/- Higher mortality to PR8 Koyama, 2007[71] 

Ifnr1-/-  Highly sensitive (10.000-fold) Koerner, 2007[28] 

Ncr1 -/- Lethal in the Ncr1 gfp/gfp Gazit, 2006 [30] 

Rag2-/- Not able to be immunized  Bot,1996[40] 

Sftpa1-/-(SPA-/-) 
 

more susceptibility to influenza(H3N2) 
lower LD50 

Li, 2002[72] 

Ccr5-/- Increased mortality rates, acute, severe 
pneuonitis 

Dawson,2000[73] 

Ccr2-/- Resistance to the virus compare to the 
wild type(inability to recruit macrophages) 

Dawson,2000[73] 

Trail-/-(Tnfsf10) 
 

More susceptible CD8_ T cells can utilize 
TRAIL to kill viral infected cells. 

Brincks, 2008[74] 

Isg15(G1P2)-/- 
UbEL-/- 

More susceptible to influenza A and B 
infection; Higher virus titre in the lung 

Lai, 2009[75] 

P50-/-(subunit of NF-kB) lack of hyper cytokinemia 
Same pathogenesis 

Droebner, 2008[76] 

C3-/- Highly sensitive Kopf, 2002[77] 

IFN I-/- No CTL and survival difference  Graham,1993[78, 79] 

Il6-/- Delayed viral clearance and impaired CD4 
+T cell memory 

Longhi,2008[79] 

ST6GalIsiakly- 
transferase-/- 

Similar viral titers in lung and trachea as 
wild type mice  

Glaser,2007[80] 

Table 1.3: The phenotype to IAV infection in different gene knockout mouse lines 
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Target genes chosen for functional analysis in response to IAV infection in this 
thesis work 
Based on the results of gene expression analyses from array studies performed in our 

laboratory, we found that several genes were highly up-regulated after infection with IAV. 

Of these genes, several genes were chosen for further functional analysis in response 

to IAV infection in gene knock-out mouse models: Irf7, Ifi27, Ifi44, Ifi47, and Ifit1. Irf7-/- 

mice were available for analysis, after backcrossing to C57BL/6J. The other genes were 

thus far not available as knockout mice. However, they were available as targeted ES 

cell lines. These cell lines were ordered and they are in the process of being used for 

the generation of live mice.  

In addition, the Rag2 gene was chosen for a functional analysis in the context of my 

thesis work because of its important role in the adaptive immune response. Furthermore, 

deletion of the Sod2 gene caused susceptibility to Lysteria monocytogenes.  Therefore, 

I also used this mouse mutant line to analyze the susceptibility to IAV infection. 

Recently, the Socs3 gene was shown to function as an anti-IAV gene in cell culture (see 

following chapters) and I also decided to analyze its function in knockout mice. However, 

Socs3 and Sod2 genes complete knock-out mice are embryonic lethal, therefore a 

conditional knock-out system in which the corresponding genes were absent only in 

macrophages and granulocytes was used. In addition, another conditional knock-out 

mouse model which allowed induction of the gene deletion by tamoxifen was also used 

in my thesis project to investigate the role of the Socs3 gene in the anti-viral host 

response. More details about the function of these genes are given in the following 

chapters.   

1.4 Interferon regulatory factor 7 (Irf7) 
Irf7 has been shown to play a role in the transcriptional activation of virus-inducible 

cellular genes, including interferon alpha/beta. Irf7 is located on chromosome 7 in mice 

and was mapped to chromosome 11 in human. The genome consists of five domains, 

the N terminal is the conserved DNA-binding domain (DBD), which allows the protein to 

bind to a consensus DNA sequences containing the following elements: IFN-stimulated 
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response element (ISRE), Irf-binding elements (IRF-E), positive regulatory element 

(PRE), and IFN consensus sequence (ICS) [81].   

Irf7 is predominantly expressed by lymphoid cells in the spleen, thymus and peripheral 

blood lymphocytes (PBL). It can be induced by IFNα, but not IFNr in several cell types. 

Unlike Irf3, which is constitutively expressed, Irf7 can be transiently expressed on most 

cells and constitutively expressed in pDC [82, 83]. It can be induced upon viral infection 

and also by the presence LPS [84, 85]. Virus alone can also stimulate Irf7 gene 

expression in a IFNα−/β−  human glioblastoma cells [86].  

The Irf7 protein is not stable compared to the Irf3 protein. In vitro experiments indicated 

that the Irf3 protein can be detected after 4 hours while the level of Irf7 protein dropped 

dramatically after 1 hour after synthesis [87]. Furthermore, virus infection accelerated 

Irf7 degradation in a proteosome-dependent manner in mouse embryo fibroblasts 

(MEF). However, infection of lymphoid tissues, where the majority of Irf7 is expressed in 

pDC attenuated the normal proteosome-mediated degradation of Irf7, resulting in a 

long-lived protein. This stabilization was partially stimulated by autocrine IFN as a 

positive feedback mechanism through a Stat1 mediated pathway [84].  

It is well known that the Irf7 is the master regulator of type I IFN in pDC cells system 

[88]. Further studies showed that the Irf7 mainly regulates IFN-α1, 2, 4 in a positive 

feedback loop; while Irf3 mainly regulate IFN-α4 and IFN-β in the primary IFN induction 

[87]. This is supported by the fact that in human fibroblast cells that do not express Irf7 

gene, virus infection stimulated the expression of the IFN-β gene, whereas no 

expression of IFN-α genes were detected [89, 90]. Sato et al showed that the MEF cells 

lacking both Irf3 and Irf7 genes totally failed to induce type I IFNs in response to virus 

infections, while cells that over expressed with Irf3 and Irf7 can gain the ability to 

generate a normal IFN-α/β profile [87].  

The type III IFN has been shown to be regulated by Irf7 gene. Österlund and his 

colleagues analyzed the regulation of IFN-λ1 to IFN-λ3 gene expression in human 

monocyte-derived DC cells in response to Sendai virus infection. They showed that IFN-
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λ2/3.gene expression was mainly controlled by Irf7, thus resembling those of IFN-α 

genes, while the IFN-λ1 is regulated by both Irf3 and Irf7 like IFNβ [91]. 

Irf7 gene has been demonstrated to be involved in the antiviral host response with 

respect to many virus infections. Zhang et al showed that the expression of Irf7 was 

associated with EBV latency [85]. It was also shown by Honda that the Irf7-/- mice are 

susceptible to HSV and EMCV virus infection the detrimental IFN-α and IFN-β  induction 

[88]. Another report from Daffis showed that Irf7-/- mice also exhibited increased lethality 

after West Nile Virus (WNV) infection and developed early and elevated WNV burdens 

in both the peripheral and central nervous system [92]. Steinberg et al reported recently 

that the Ir7-/- mice were modestly more susceptible to MCMV infection and that they 

could control MCMV virus replication, although the IFNα response was entirely deficient 

in the Ir7-/- mice [89].  

The regulation of the immune system by Irf family members has been well studied. E.g., 

Th1 and NK cell development are impaired in Irf1-/- mice. In addition, NK cell-mediated 

cytolytic activity was not observed in cells from the spleen and liver of Irf1-/- mutant mice 

[93]. The Irf1-/- mutant mice also exhibited lineage-specific defects in thymocyte 

development. Immature T cells were able to develop into mature CD4+ but not efficiently 

into CD8+ T cells, and a marked reduction in the number of CD8+ T cells (10-fold) was 

evident in peripheral blood, spleen, and lymph nodes [94]. 

However, the regulation of the immune system by Irf7 is not well understood and only 

limited information is known about its regulation. NK cell cytotoxicity was not impaired 

and NK cell IFN-γ production was enhanced in Ir7-/- mice [89]. While the CD8+ T cell 

response was impaired in The Irf7-/- mice by immunization with soluble ovabumin [88]. 

Cotransfection of influenza HA protein with Irf7 as a genetic adjuvants increased CD8 T 

cell response by more than 10 fold [95].  
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1.5  Recombination activating gene 2 (Rag2) 
The Rag genes Rag1 and Rag2 encode enzymes that play an important role in the 

rearrangement and recombination of immunoglobulin and T cell receptor genes during 

the recombination. The expression of both genes is restricted to lymphocytes during 

their developmental. In Rag2-/-  mutant mice no mature B and T cells can be generated 

whereas NK T cells are present [39]. This Rag2-/- mice have been often used in 

biomedical research studies that require the grafting or related tissue or organ 

transplantation since these mice are immune-compromised [96].  They are also used as 

a model to examine the ability of B cells to prime naïve T cells by adoptive transfer of 

antigen-specific B cells and T cells [97].     

It has been showed by Teles et al that the Rag2-/- mutant mice exhibit an increased 

susceptibility to the dissemination of endodontic infections [98]. Bot and his colleague 

showed that the Rag2-/- mice could not be immunized by inactivated IAV, and they were 

not protected from a lethal IAV challenge after immunization [40]. However, the role of 

Rag2 gene was not studied in a primary infection challenge model. Therefore, the 

present project also aimed to investigate the combined effect of the absence of B and T 

cells during a primary influenza A infection in Rag2-/- mutant mice. 

1.6 Suppressor of cytokine signalling 3 (Socs3) 
The Socs3 gene locus encodes a member of Stat-induced Stat inhibitors, also known as 

suppressor of cytokine signaling. Socs3 protein is induced and inhibits many cytokine-

signaling systems in a classical negative feedback loop.  

The Socs3 protein is characterized by a central SH2 domain flanked by an N-terminal 

domain of variable length and sequence, and a C-terminal region containing a 

conserved motif called a Socs box. 

The SymAtlas (http://biogps.gnf.org/#goto=genereport&id=9021) database shows 

expression of Socs3 to be up-regulated after LPS stimulation of bone marrow derived 

macrophages. No expression was detected in non-activated CD4 or CD8 T cells. 

Grutkoski et al found that Socs3 expression was up-regulated in the spleen, liver and 

peritoneal leukocytes in a time-dependent manner after a septic challenge induced by 



19 

 

CLP (cecal ligation and puncture) [99]. Further examination revealed that only the 

macrophages and neutrophiles expressed Socs3. 

Socs3 negatively regulates Il1, Il2, Il3, Il4, Il6, Il10, Il11, LIF, GH, prolactin, leptin, and 

insulin [100, 101]. The mechanism of Il6 regulation has been well described. Croker et 

al found that Socs3 binds to the Il6 receptor, Il6st, and thereby blocks its signaling [102]. 

Lang et al showed that the phosphorylation of Stat3 is prolonged in mouse mutants with 

Socs3 deficient macrophages after stimulation with Il6 but not Il10, indicating that Socs3 

specifically affects the signaling which is mediated by Il6 and Il6st [103].  

Mori et al generated neural cell-specific Socs3 conditional KO mice using the enhanced 

leptin-induced hypothalamic Stat3 tyrosine phosphorylation as well as Cre-loxp system. 

Compared to wild-type mice, Socs3 deficient mice showed pro-opomelanocortin (POMC) 

induction. This change resulted in a large loss of body weight and the suppression of 

food intake. Moreover Socs3 deficient mice were resistant to high fat diet-induced 

weight gain and hyperleptinemia but insulin sensitivity was retained [104]. 

Resent analysis indicated that Socs3 expression in T cells inhibits Th1 development 

and promotes Th2 development. Seki reported that increased Socs3 expression in T 

cells is correlated with the severity of human allergic disease such as asthma and atopic 

dermatitis [105]. Several studies have shown that Socs3 gene is involved in 

inflammation and infection. Jo et al. treated mice with a recombinant cell penetrating 

form of Socs3 and showed that it can protect mice from the lethal affect of LPS and the 

lectin concanavalin A (ConA) by reducing the production of inflammatory cytokines [106]. 

It has been found by Ichiko et al. that mice lacking Socs3 gene in T cells showed 

reduced immune response to ovalbumin-induced airway hyper responsiveness but also 

to Leishmania major infection [107]. 

Pothlichet et al. demonstrated a critical role of Socs1 and Socs3 as negative regulators 

of the IAV-mediated lung mucosal innate immune response. When they stimulated 

human respiratory epithelial cells, only Socs1 and Socs3 genes, of the eight members 

of the Socs family, were up-regulated upon IAV infection [108]. They also demonstrated 

that the up-regulation of Socs1 and Socs3 involved a TLR3-independent, but 
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RIG/MAVS/IFNAR1-dependent pathway. Later, Pauli et al. found that IAV activates 

Socs3 and thereby suppresses Stat activation. After challenging A549 cells with 

influenza virus, only Socs3 expression was strongly and transiently elevated in the early 

phase of infection [24]. They further demonstrated that in Socs3 deficient mouse 

embryonic fibroblast (MEF) cells, infection led to a stronger activation of Stat1 resulting 

in enhanced expression of interferon-induced genes (ISGs) and reduced virus titers. 

Vice versa, over-expression of Socs3 in Socs3 deficient MEF led to an inhibition of 

Stat1 activation and elevated virus titers, probably due to the inhibition of the expression 

of ISGs.  

1.7 Superoxide dismutase 2 (Sod2) 
Sod2, also called MnSOD, is a member of the iron/manganese superoxide dismutase 

family. It encodes a mitochondrial matrix protein that forms a homotetramer and binds 

one manganese ion per subunit. The protein transforms toxic superoxide, a byproduct 

of the mitochondrial electron transport chain, into hydrogen peroxide and diatomic 

oxygen. It is a key metabolic anti-oxidant enzyme for detoxifying free radicals inside 

mitochondria. The Sod2 gene has been shown to be required for normal biological 

tissue functions of maintaining the integrity of mitochondrial enzymes. Homozygous 

Sod2-/- mutant mice die with the first 10 days of life with a dilated cardiomyopathy, 

accumulation of lipid in liver and skeletal muscle, and metabolic acidosis [109]. 

Therefore, Sod2 gene ‘flox’ mice were generated which can then be used as conditional 

knockout alleles by crossing them to Cre mice. They provides a new opportunity to 

investigate the function of this gene in specific tissues and organ [110].    

Several studies have reported declines in MnSOD activity during diseases including 

cancer, aging, progeria, asthma, and transplant rejection [111-113]. It was also shown 

in our laboratory that the SodLysMcre mice, where the Sod2 gene is deficient in 

granulocytes and macrophages, were susceptible to Lysteria monocytogenes infection 

in mouse model (Pisano, et al., unpublished). However, it was not known if Sod2 may 

also be required for the host defense against IAV infections. 
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1.8  Objective of the thesis 
 

 General objective of this thesis:  

The overall objective of this thesis was to determine the role of specific host genes for 

the host defense against influenza virus A (IAV) infections. This objective was 

addressed by the following scientific approaches. 

Specific objectives: 

a) Analysis of gene expression after IAV infection and selection of candidate 
genes for further analyses.  

In previous studies from our laboratory, susceptible (DBA/2J) and resistant (C57BL/6J) 

mice were infected and the genome-wide gene expression was analyzed by micro 

arrays. These results were to be further confirmed in my thesis work with a second 

assay. Based on these analyses and reports in the literature, candidate genes should 

be selected which should be further studied in knock-out mice. Those candidate genes 

for which mutant mice were available at the HZI or from external collaborators should be 

studied first. For the other genes, targeted ES cells should be obtained from public 

repositories to produce live knock-out mutant lines.  

 

b) Analysis of the susceptibility to IAV infections in mutant mouse lines. 
Mutant mouse lines should be infected with IAV and their phenotypes be studied with 

respect to weight loss, survival, viral load, and immune response.     
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2 Materials and methods  
2.1 Material 

2.1.1 Chemicals and reagents 
Unless specified otherwise, all chemicals and reagents were purchased from Sigma-

Aldrich, Invitrogen, or Merck. Taq Polymerase, nucleic acids (2-log ladders) were 

ordered from Genecraft Germany. BioscriptTM was obtained from Bioline GmbH, 

Germany. 

2.1.2 Virus 
Mouse-adapted virus strains, influenza A/Puerto Rico/8/34(H1N1, PR8) were obtained 

from Munster propagated in the chorio-allantoic cavity of 10-day-old embryonated hen 

eggs for 48 hours at 37°C. 

2.1.3 Mouse mutants and ES cell lines 
Irf7-/- mutant mice 
Irf7-/- mutant mice were originally received from Thomas Kolbe, Biomodels Austria and 

the Department of Agrobiotechnology, University of Natural Resources and Applied Life 

Science, Vienna. The original Irf7-/- mice were generated on 129 backgrounds by Kenya 

Honda et al. [88]. Mice were backcrossed to C57BL/6J for 10 generation, and then bred 

to homozygocity. The mutant was maintained as a homozygous line. The genotyping of 

124 informative SNPs (http://www.ncbi.nlm.nih.gov/projects/SNP/ ) confirmed that 118 

SNPs were from the C57BL/6J background, only six SNPs indicated small regions that 

were still from the 129 background (Table 2.1).  

 
        Table 2.1: List of SNPs in Irf7-/-  mice different from C57BL/6J 

SNP ID SNP ID 

rs3719255 rs13479567 

rs3699358 rs13480100 

rs3663988 rs13481634 

 

In this thesis work, I refer to B6.129-Irf7tm1Ttg/tm1Ttg mice as Irf7-/- mice [88].   

http://www.ncbi.nlm.nih.gov/projects/SNP/�
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Rag2-/- mutant mice 
Rag2-/- mice were obtained from Dr. Siegfried Weiß, Molecular Immunology group, HZI. 

The mice were maintained on a C57BL/6J background. The genotyping of informative 

472 SNPs confirmed that 448 SNPs were from C57BL/6J background. However 24 

SNPs were different from C57BL/6J as shown in the Table 2.2. 

 Table 2.2: List of SNPs in Rag2-/- mice different from C57BL/6J 

SNP ID SNP ID 

rs13476359 rs3663988 

rs33142586 rs13480100 

rs13477132 rs13480575 

rs13477494 rs29359333 

rs13477528 rs13480628 

rs6157367 rs13481185 

rs13481634 rs13481734 

rs3682805 rs6312389 

rs3660245 rs3723870 

rs13483314 rs13483326 

rs30176009 rs3722312 

rs13483368 rs3705107 

 

In this thesis work, I refer to B6; 129-Rag2 tmCgn/tmCgn mutant mice as Rag2-/-  mice [39].   

Socs3LysMcre mice 

Socs3LysMcre mice were generated by crossing B6.129-Socs3tm1Ayos with B6.129P2-

LzMtm1(cre)Ifo mice. Socs3LysMcre were mice kindly provided by Roland Lang, Institute of 

Medical Microbiology, Immunology and Hygiene, Technical University Munich. These 

mice were already bred onto a C57BL/6J background.. 
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In this thesis work, I refer to B6.129-Socs3tm1Ayos/Socs3tm1Ayos  LzMtm1(cre)Ifo+ as 

Socs3LysMcre  mice and to B6.129-Socs3tm1Ayos/Socs3tm1Ayos mice, which did not 

contain the Cre recombinase, and which were used as wild type controls, as 

Socs3LysMcre- mice  [53, 114].  

Socs3Rosa26Ert2cre  mice 

Socs3Rosa26Ert2cre mice were generated by crossing B6.129-Socs3tm1Ayos mice to 

B6.129-Gt (ROSA)26Sortm1(cre/Esr1)Brn mice, which were kindly provided by Dagmar Wirth, 

from the research group Model Systems for Infection and Immunity, HZI.  

In this theis work, I refer to B6.129-Socs3tm1Ayos/Socs3tm1Ayos 

Gt(ROSA)26Sortm1(cre/Esr1)Brn + mice as Socs3Rosa26Ert2cre mice, and to B6.129-

Socs3tm1Ayos /Socs3tm1Ayos mice, which did not contain the Cre recombinase, and which 

were used as wild type controls, as Socs3Rosa26Ert2cre- mice [114, 115].  

Sod2LysMcre  mice 

Sod2LysMcre mice were generated by crossing 129; B6-Sod2tm1Sh with B6.129P2-

LzMtm1(cre)Ifo mice. Sod2LysMcre mice were obtained from Werner Müller, Department of 

Experimental Immunology, HZI. They were maintained in the mixed background of 129 

and C57BL/6J background.  

In this thesis work, I refer to 129;B6-Sod2tm1Sh  /Sod2tm1Sh LzMtm1(cre)If /+ as Sod2LysMcre 

mice, and to 129;B6-Sod2tm1Sh /Sod2tm1Sh which did not contain the Cre recombinase, 

and which were used as wild type controls, as Sod2LysMcre- mice [53, 116].  

Other mutant ES cell lines 

Ifi44, Ifi27, Ifi47, and Ifit1 KO ES cell lines were purchased from the Knockout mouse 

project consortium, USA (KOMP, https://www.komp.org/index.php). 

Here, I refer to B6-Ifi44tm1a(KOMP)Wtsi/tm1a(KOMP)Wtsi  as Ifi44-/- ES cell line [117], 

 to B6-Ifi2712a tm1(KOMP)Vlcg/tm1(KOMP)Vlcg  as Ifi27-/- ES cell line [118], 

 to B6-Ifi47tm1Gat/tm1Gat as Ifi47-/- ES cell line [119] and 

 to B6-Ifit1tm1(KOMP)Vlcg as Ifit1-/- ES cell line [120]. 

https://www.komp.org/index.php�
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C57BL/6J and DBA/2J mice were purchased from Janvier. 

2.1.4 Kits 
Table 2.3: List of kits used in this thesis  
Name of the kits Company 

RNeasy Midi kits Qiagen 

SYBR-Green kits Roche 

Mouse Interferon response RT2 profiler PCR array SABioscience 

Rnase-Free DNase Set Qiagen 

Mouse interferon alpha ELISA kit PBL 

Mouse interferon beta ELISA kit PBL 

Verikine-DIYtm Mouse-IL28B/IFNlambda3 PBL 

Thermoscript First-strand Synthesis System Invitrogen 

 

2.1.5 Oligonucleotides  
 

Table 2.4: List of primers used for semi-quantitative PCR analysis 

Gene 

name 

Forward primer Reverse primer 

Slfn3 GTGAAGAGGTTTACCACAGAG GATAACCAGTGTTCCTTTAAGCAG 

Cxcl10 GATGACGGGCCAGTGAGAATGAG GGAGCCCTTTTAGACCTTTTT 

Mx1 AAGATGGTCCAAACTGCCTTCG GCCTTGGTCTTCTCTTTCTCAGC 

Irf7 GCTCCAGTGACTACAAGGCATCACAGAG CTTCATCCAGATCCCTACGACCGAAAT 

Ifit1 CTACCACCTTTACAGCAACC GATTCTCACTTCCAAATCAGG 

Oasl2 GCTTACGATGCTTTGGGACCTATTT GCAACACTGCACCTCTTCCATATTTAC 

Oasl1 CCAGCTCCGAGGTCTACGCAAATC CTTCCCAGGCATAGACAGTGAGCA 

Ccl7 ACGCTTCTGTGCCTGCTGCTC CTTCCATGCCCTTCTTTGTCTTGA 

Gzmb GGGGGCCCACAACATCAAAGAA CCCCAACCAGCCACATAGCACA 

Ifi27 CATTGCAGCTGCCTCCATAG CTTCATCTCCTGCGTAGTCTGTA 

Ccl4 GTTCTCAGCACCAATGGG AACTCCAAGTCACTCATGTACTC 

Plunc ATGGGATTCTCAGCGGTTTGGATG ATGTGGGCCCCTTTCTGTGAGC 
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Cxcl11 GAACAGGAAGGTCACAGCCATAGC CTTTCTCGATCTCTGCCATTTTGA 

Ifi44 TGACCCCCTGCCATTTATTCTGTG GTTCGGATGGTTTGATGTGATTGG 

Slfn4 TGAATCCACAGACATCCATAGAG TCTCCTACAGACAGAACCAG 

Cap1 GTGGCTCTGGCTGCGAAACC CAGGCCCCGTCTTGCTCCAG 

Ccr5 TGAGACATCCGTTCCCCCTACAAG CCCACAAAACCAAAGATGAATACC 

Ccr1 TTGGGACCTTGAACCTTGAAT AGTCTTTTGGCATGGAGTGGAGTC 

G1p2 AGCAAGCAGCCAGAAGCAGACTC GGAAAGCCGGCACACCAATC 

Ifi204 GGCTGCTCCTGACCAAATGAT ACTCCCCACCACTTCTATGCTTCC 

Socs3 CCTCGCCTCGGGGACCATAG CGGCGGGAAACTTGCTGTG 

Ifnb1 CCCTATGGAGATGACGGAGAAGATG CACCCAGTGCTGGAGAAATTGTTT 

Cxcl2 TGAGTGTGACGCCCCCAGGAC TCAGACAGCGAGGCACATCAGGTA 

A2m CTCCTTCATCGTCCCACAG TTTCGTCCAATGAGACAACAC 

Gbp1 AGGAACGGAAAGAGTTAATGG CTTGATGAGTGGAAACAGGG 

Tlr7 TGGAGAGCCGGTGATAACAGATAC GGCGGCATACCCTCAAAAACC 

Ifi203 CTCAAACAAGGCACCAAGGA GGTTCTGTTACTTTCAACACCA 

Gbp2 CTGAGGGCCTTGAAGATGTTGAGA ATGGCCTGCTGGTTGATGGTTC 

Ifi35 GTCCAGCCAGCCAGATAACCACA GGGCCACTTCTTCATCAGCAAACC 

Ifi202b TTTGGTATGTATGGGTCTCTGG TTTCATTGCTCCTGTATCATCC 

Irf9 GTGGCAATGGCAGCAACAGG CCACCACTCGGCCACCATAGAT 

Prdx2 AACGCGCAAATCGGAAAGTCG CCGTGGGGCAAACAAAAGTGAAG 

Irf5 CAGTGGGTCAACGGGGAAAAGAAA GTCCCGAGGGCCATCATAGAACAG 

Sftpa CCCTGGGATCCCTGGCACTC GGCTCTCCCTTGTCTCC 

Ifit3 GGCCGCCCTGGAGTGCTTAG AGAGACGGCCCATGTGATAGTAGA 

Gbp4 CAGAGTTTGTGAGTTTCTTTCCAG TGAGTTGGCCATTCAAAGAC 

Irf8 GAGCCCATCCCCACCAGAGG CCATCCGGCCCATACAACTTAGG 

Ttn CAGGGTGGAATTGCTCGTCTCAT GCCCTGCCTGCTCCTCTGTG 

Oas1b TTGAACCCAAAGGACTGGAGGCG GAAGTCTTCCCAAAGATGAAATGAAACAAAG 

Casp3 AAACTCTTCATCATTCAGGC GTAGAGTAAGCATACAGGAAGTC 

Cxcr3 GGAGCCCCACCGCCCTACTAAA AACGCCTGGCCCTCTGTGCTATT 

Sod2 TGAGGAGAGCAGCGGTCGTGTAAA GTCTGGGAGGCTGTGCTTGTGC 

Actb CTGAACCCTAAGGCCAACCG GCTCTAAGCTCTTCTCCAGGG 

IL28b GGCCAAGGGTGCCATCGAGAAGA TGGGAGTGAATGTGGCTCAGTGTATGAAGA 

IL28a TGGGCCAGCCTCTTCATACACT CTCCAGGCAGCCAGGGGTCTC 

Ang1 GTTCTCCCCACCCCGTCACA GCTTATCGCCATCTCTTCCAACAG 
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Table 2.5: List of primers used for real-time PCR analysis 

Gene 

name 

Forward primer Reverse primer 

Ifit1 TGGCCGTTTCCTACAGTTTCATAA AACACGTCTTTCAGCCACTTTCTC 

Ifi35 GTCCAGCCAGCCAGATAACCACA GGGCCACTTCTTCATCAGCAAACC 

Ifi44 TGACCCCCTGCCATTTATTCTGTG GTTCGGATGGTTTGATGTGATTGG 

Ifit3 GGCCGCCCTGGAGTGCTTAG AGAGACGGCCCATGTGATAGTAGA 

Tlr7 TGGAGAGCCGGTGATAACAGATAC GGCGGCATACCCTCAAAAACC 

B-actin GGGTCAGAAGGACTCCTATG GGTCTCAAACATGATCTGGG 

 
 
Table 2.6: List of primers used for genotype analysis 

Gene 

name 

Forward primer Reverse primer 

Socs3F GCGGGCAGGGGAAGAGACTGTCTGGGGTTG GGCGCACGGAGCCAGCGTGGATCTGCG 

Socs3R2  AGTCCGCTTGTCAAAGGTATTGTCCCAC 

Cre1 GCATTTCTGGGGATTGCTTA CCCGGCAAAACAGGTAGTTA 

Irf7F  
GTGGTACCCAGTCCTGCCCTCTTTATAATCT 

 
TCGTGCTTTACGGTATCGCCGCTCCCGATTC 

Irf7R2  AGTAGATCCAAGCTCCCGGCTAAGTTCGTAC 

Rag2F GGGAGGACACTCACTTGCCAGTA AGTCAGGAGTCTCCATCTCACTGA 

Neo  CGGCCGGAGAACCTGCGTGCAA 

Sod2F GCTGTCATTGCTTTTAACTGC AGTCACCTCCACACACAG 

Sod2R  TGCCAGATGTCACCTTAAAG 
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2.1.6  Antibodies  
Table 2.7: List of antibodies used in this thesis 

Antibodies Company  Conditions 

Anti-influenza NP protein polyclonal  Virostat, Portland, USA 1:1000 

Anti-goat-HRP antibody KPL, Gaithersburg MD, USA 1:1000 

Rabbit anti-goat-biotin KPL, MA, USA 1:250 

Anti mouse-IgG-HRP  KPL, Gaithersburg MD, USA 1:2000 

Anti mouse-IgG2a-HRP SouthernBiotech, Birmingham, 1:1000 

Anti mouse-IgM-HRP KPL, Gaithersburg MD, USA 1:1000 

 
 
 

2.1.7  Solutions 
Table 2.8: List of buffers used in this thesis 
Buffer Contents  

1x TAE buffer 10mM sodium acetate,1mM Na2EDTA, 40mM Tris/HCl. pH 8.0 

Agarose loading buffer 50%(v/v) glycerol, 1 mM Na2EDTA, 0.1%(v/v) Xylencyanol, 0.1% 
orange G 

PBS 137 mM NaCl, 2.7 mM KCl, 4.3 mM Na2HPO4.2H2O, 1.4 mM 
KH2PO4 

Tail lysis buffer Cell lysis solution, Qiagen 

Trypsin-EDTA 0.25%(v/v) trypsin, 0.53 mM EDTA 

Wash buffer PBS with 0.05% tween 20 

Block buffer Wash buffer with 5% FCS 

Substrate buffer 64mM Na2HPO4, 27 mM Citric acid, to pH 5.0  

Stop solution 4% HCl 
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Table 2.9: List of media used for cell culture 
Solutions  Content 

DMEM Dulbecco’s Modified Eagle Medium with 4.5g/L D-Glucose, Gibco  

2xEMEM 2xDMEM with 1% Pen/Strep, 2mM glutamin, Filted with 0.2 um 
filter 

Fetal Bovine Serum PAA laboratories GmbH, A15-151 

MDCK culture medium MEM with 10%FCS, 1% P/S, 2mM glutamine  

MEF culture medium DMEM Glut Max, 10% FCS, 1%P/S, 1% Sodium pyruvate, 0.01% 
beta-mercaptoethonal 

ES cell culture medium DMEM Glut Max, 10% FCS, 1%P/S, 1% Sodium pyryvate, 0.01% 
beta-mercaptoethonal 

Infection medium DMEM with 0.1 

% BSA, and 2.5 ug/ml N-Acetylated Trypsin(NAT) 
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2.1.8 Apparatuses  
Table 2.10: List of apparatuses used in this thesis 
Equipments Company and type 

Air pump Vacuum-Pump unit, BVC 21NT 

Agarose gel system Biostep, GmbH, HUB 

Cell counter Assistant, Germany 

PCR machine Biometra Tgrandient/Tprofessional Basic Thermocycler 

Egg incubator Bruja, Motor Bruter Modell 84/EM 

Homogenizer Poly Tron 2100 

Cell incubator Therm scientific, Hera cell 240 

Centrifuge Centrifuge 5417R/5804R 

Sterile working bench Thermo scientific, HERS SAFE ksp 

Gel documentation InTAS, GDS 

Microscope  Leica DMIL 

Pipette Gilsen / Eppendorf 

Water bath GFL,1083 

ELISA Reader Megellan 

Lamp ORBAN, Tempo Nr.119 

Sections cutting Microm HM340E 

Real-time PCR system  Roche, LightCycler 480 System 
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2.1.9 Software  
Table 2.11: List of software used in this thesis  
Software Company 

Adobe Acrobat professional 7.0 Adobe systems Inc. 

GraphPad prism 5.0 GraphPad Software, Inc 

Microsoft office 2007 Microsoft  

Photoshop CS2 Adobe Systems Inc. 

Primer 5 Primer Biosoft International 

 

2.2 Methods 
2.2.1 Molecular biology methods 

2.2.1.1 Virus preparation and titration 
Mouse-adapted virus strains influenza A/Puerto Rico/8/34(H1N1, PR8), was propagated 

in the chorio-allantoic cavity of 10-day-old embryonated hen eggs for 48 hours at 37°C. 

Fluid from the chorio-allantoic cavity was collected and the virus was titrated by the FFU 

assay and stored in aliquots at -70°C until use. The identity of the virus was confirmed 

by sequence analysis of the HA and NA segments. 

The Focus-forming Unit (FFU) assay was used to determine the titer of infectious virus.  

Virus titration by foci assay MDCK II cells (American Type Culture Collection, Manassas, 

USA) were cultured at 37°C in 5% CO2 in Dulbecco’s Modified Eagle Medium (DMEM), 

supplemented with 10% fetal calf serum (FCS), 1% penicillin/streptomycin.  6x105 cells 

were seeded in 96-well culture plates and incubated at 37°C in 5% CO2 for 24 h. For 

foci assay, lungs of mice were homogenized in phosphate buffered saline (PBS) with 

0.1% BSA using the Poly Tron 2100 homogenizer. Debris was removed by 

centrifugation for 10 min at 1000 rpm. The samples were stored in aliquots at -70°C. 

Serial 10-fold dilutions of lung homogenates in DMEM containing 0.1% BSA were 

prepared and added to MDCK II cells. After 1 h, cells were washed twice with PBS and 
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fixed with 4% formalin in PBS (100µl/well). The plates were incubated at 37°C in 5% 

CO2 for 1 h. The inoculates were aspirated and replaced with 100 ml of 1% Avicell 

overlay and incubated at 37°C for 24 h. Subsequently, the plates were washed twice 

with PBS and fixed with 4% formalin in PBS for 10 min at room temperature. The 

formalin was removed and the cells were washed and incubated for 10 min with 100 

ml/well Quencher (0.5% Triton 6100, 20 mM glycine in PBS). After 10 min, the cells 

were washed with Wash Buffer (0.5% Tween 20 in PBS) and blocked with 50 ml 

Blocking Buffer (0.5% Tween 20, 1% BSA in PBS) at 37°C in 5% CO2 for 30 min. The 

primary antibody (anti-influenza nucleoprotein (NP) polyclonal goat antibody from 

Virostat, Portland, USA) and the secondary antibody (anti-goat-HRP from KPL, 

Gaithersburg MD, USA) were diluted 1:1000 in Blocking Buffer. 50 ml of the primary 

antibody were added to each well and incubated at room temperature for 1 h. After 1 h, 

the cells were washed three times with Wash Buffer. Then the cells were incubated with 

50 ml of the secondary antibody for 45 min, washed again and incubated with 50 ml of 

substrate (True Blue from KPL) until the blue spots from infected cell foci appeared. The 

foci were counted and the viral loads were calculated as focus forming units per lung 

(FFU/lung). 

 

2.2.1.2 DNA preparation and genotyping protocol 
Total genomic DNA for genotyping was extracted from the tissue of the tail by overnight 

digestion with 3μl of 20 μg/ml proteinase K solution in 300μl tail lysis buffer at 55°C. 

Proteinase K was inactivated by heat-shock at 90°C for 10 min. 100μl protein 

precipitation solution was added, mixed gently with the sample and centrifuged for 3min 

at 13,000rpm. The aqueous phase was transferred into a new tube and 1 volume of 

100% iso-propanol was added. The tube was inverted gently and swirled to mix. The 

DNA was centrifuged down at 13,000 rpm for 3 min. The supernatant was aspired and 

washed once with 70% ethanol. The pellet was briefly air-dried at room temperature (RT) 

and was then dissolved in 50μl Hydration solution. 

The concentration of nucleic acid was determined by spectrophotometry (Nanodrop-

1000 V3.60) according to the manufacturer’s instructions. 
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For the Irf7-/- mice, the following PCR reaction mixes and programs were applied to 

PCR softstrips. PCR products (wild type: 300bp, mutant: 200bp): 

Component Final concentration Volume 

10xPCR buffer   1×  2.0μl  

dNTP Mix (10 mM)  0.2mM  0.4μl  

Primers Irf7 F(10 μM)  0.2μM  1μl   

Primer Irf7 R1 (10 μM) 0.2μM 1μl  

Primer Irf7 R2 (10 μM) 0.2μM 1μl  

Taq Polymerase (5 U/μl)  0. 5 U/μl  0.2μl  

Template 30ng 1 ul 

to a final of 20μl with dH2O -  

Program: 

Step Temperature Time - 

1 95°C 5 min - 

2 95°C 30 sec - 

3 60°C 40 sec - 

4 72°C 40 sec Step2-4, 35 cycle 

5 72°C 5 min - 

6 4°C ∞ - 

 

For the Rag2-/- mice, the following PCR reaction mixes and programs were applied to 

PCR softstrips. PCR products (wild type: 263bp, mutant: 350bp) 

Component Final concentration Volume 

10xPCR buffer   1×  2.0μl  

dNTP Mix (10 mM)  0.5mM  0.4μl  

Primers RagF (10 μM)  0.2μM  1μl   

Primer RagR (10 μM) 0.2μM 1μl 

Primer neo (10 μM) 0.2μM 1μl 

Taq Polymerase (5 U/μl)  0. 5 U/μl  0.2μl  

Template 30ng 1 ul 

to a final of 20μl with dH2O  -  
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Program: 

Step Temperature Time - 

1 95°C 4 min - 

2 95°C 20 sec - 

3 61°C 30 sec - 

4 72°C 30 sec Step2-4, 35 cycle 

5 72°C 5 min - 

6 4°C ∞ - 

 

For the Socs3 flxed allele the following PCR reaction mixes and program were applied 

to PCR softstrips. Products (wild type: 380bp, mutant: 280bp)  

Component Final concentration Volume 

10xPCR buffer   1×  2.0μl  

dNTP Mix (10 mM)  0.5mM  0.4μl  

Primers Socs3 F(100 μM)  0.2μM  0.1μl   

Primer Socs3 R1 (100 μM) 0.2μM 0.1μl  

Primer Socs3 R2 (100 μM) 0.2μM 0.1μl  

DMSO 5% 1 ul 

Taq Polymerase (5 U/μl)  0. 5 U/μl  0.2μl  

Template 30ng 1 ul 

to a final of 20μl with dH2O  - - 

 

Program: 

Step Temperature Time - 

1 95°C 5 min - 

2 95°C 30 sec - 

3 70°C 30 sec - 

4 72°C 30 sec Step2-4, 35 cycle 

5 72°C 5 min - 

6 4°C ∞ - 
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For the conditional mutant mice, the expression of the Cre recombinase gene was 

detected by the following protocol (cre+: 350bp)  

Component Final concentration Volume 

10xPCR buffer   1×  2.0μl  

dNTP Mix (10 mM)  0.5mM  0.4μl  

Primers Cre 1(100 μM)  0.2μM  0.1μl   

Primer Cre 2 (100 μM) 0.2μM 0.1μl  

Taq Polymerase (5 U/μl)  0. 5 U/μl  0.2μl  

Template 30ng 1 ul 

to a final of 20μl with dH2O  - 

 

Program: 

Step Temperature Time - 

1 95°C 1  min - 

2 95°C 30 sec - 

3 60°C 30 sec - 

4 72°C 30 sec Step2-4, 35 cycle 

5 72°C 5 min - 

6 4°C ∞ - 

 

2.2.1.3 Agarose gel electrophoresis  
After amplification, the PCR reaction mix was loaded with 1/10 volume agarose loading 

buffer. Depending on the expected product size, it was applied onto a 1 to 2% (w/v) 

agarose gel to separate PCR products. Agarose gels were prepared with UltraPureTM 

agarose (Invitrogen), 1× TAE, and 0.5μg/ml ethidium bromide solution. A 2-log DNA 

ladder was used to determine the size of the PCR product. The separation took place in 

1× TAE running buffer for 45 min at 120 volts in an agarose gel chamber Mupid®-ex 

(Eurogentec GmbH). PCR fragments were visualized on a UV unit (U-Transilluminator; 

Olympus).  
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2.2.1.4 Total RNA isolation and purification 
Total RNA was prepared from lungs using the RNeasy Midi kit (Qiagen, Hilden, 

Germany) following the manufacturer’s protocol. Quality and quantity checks were 

performed using Agilent 2100 bioanalyzer. 

2.2.1.5 Semi-quantitative PPCR and Real-time PCR 
Samples contain 500 ng RNA were digested with DNase I (to remove any DNA in the 

preparation). Subsequently the RNA was subjected to cDNA synthesis with random 

hexamer primers (Invitrogen) following the program: denatured at 37 °C for 20 min, 

followed by reverse transcription at 75 °C for 1 h. Samples were diluted to a final 

volume of 30 µl and stored at -20 °C. 2 µl of cDNA product were amplified with specific 

primers (Table 5). For RT, the BioscriptTM (Bioline GmbH,Germany) was used. Taq 

polymerase (Genecraft Germany) was used for PCR. After the PCR, the amplified DNA 

fragments were analyzed by 1% agarose gel electrophoresis. 

Real-time PCR was carried out with the DNA Master SYBR Green I kit (Roche, 

Mannheim, Germany) using a LightCycler 480 apparatus (Multiwell Plate 96/384, 

Roche). The specific primers were used for real-time PCR shown in Table6. The house-

keeping gene ribosomal protein β-actin was used for normalization. 

For the determination of the viral nucleic acids, reverse transcription was carried out 

according to the manufacturer’s instructions using the Thermosctipt TM RT-PCR kit 

(Invitrogen, Carlsbad, USA). Briefly, 500 ng lung-extracted RNA and random hexamer 

primers (Invitrogen) were mixed and denatured at 70 °C for 8 min, followed by reverse 

transcription at 60°C for 1 h. Reactions were terminated by incubating the mixture at 

85°C for 5 min and RNase H treatment at 37°C for 20 min. Samples were diluted to a 

final volume 50 ml and stored at -20°C. 5 µl of cDNA product were amplified with 

specific primers. For HA analysis, the following primers were used: HA01 (5’-

CCAGAATATACAC CCAGTCACAAT-3’) and HA02 (5’- GATCCGCTGCATAGCCTGAT 

-3’). For the external standard curve, serial dilutions (between 1010 and 102 molecules) 

of in vitro transcribed pGEM-T Easy-HA RNA were used. Real-time PCR was carried 

out with the DNA Master SYBR Green I kit (Roche, Mannheim, Germany) using a 
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LightCycler 480 apparatus (Multiwell Plate 96 or 384, Roche). The housekeeping gene 

β-actin was used for normalization. 

2.2.1.6 ELISA assays 
ELISA was used for detection of the interferons following the manufacturer’s protocol 

(PBL, Germany). The detection of the virus-specific antibodies in the serum was 

performed as follows: virus was diluted 1:1000 with PBS buffer and this solution was 

used to coat the micro-plate with 100 µl per well by incubating the micro-plate at 37°C 

overnight. Afterwards, the plate was washed 3 times with wash buffer (PBS with 0.05% 

Tween20), then blocked with 100µl blocking buffer (PBS with 0.05% Tween 20 and 5% 

FCS) per well at 37°C for 1 hour. After blocking serum samples were added at a dilution 

of 1:200 in block buffer and the plate was incubated at 37°C for 2 hours. Then the plate 

was washed 3 times with wash buffer and loaded with 100µl anti-mouse IgG-HRP or 

anti-mouse IgG2a-HRP at a dilution of 1:1000 in block buffer, followed by incubation at 

37°C for 2 hours. After incubation with the secondary antibody, the plate was washed 3 

times with wash buffer and then substrate solution (10ml substrate buffer with 30µl OPD 

and 4µl H2O2) was added, followed by incubation at room temperature for about 10-20 

min or until the color developed.      

2.2.2 Cell biology methods  
2.2.2.1 Peritoneal macrophage cell isolation 
10-12 weeks old mice were used for preparation of peritoneal macrophage by injection 

of 3ml 3% thioglycollate. Five days after injection, mice were sacrificed with CO2. A 

transverse cut was made into the inguinal area and the skin was pulled back carefully 

without destroying the peritoneal wall. The abdominal cavity was washed by injecting 

10ml ice cold PBS/1% FCS with a 26G needle. The peritoneum was gently massaged 

and moved back and forth to distribute the PBS/1% FCS. The PBS+PEC was then 

collected using a 10ml syringe with a 21G needle and kept on ice. The cells were 

centrifuged at 170g for 5 min at RT. The pellet was resuspended in 2 ml cell lysis buffer 

per mouse and incubated for 8-10 min at RT in darkness to lyse the erythrocytes. The 

remaining cells were centrifuged at 170 g for 5 min at RT and resuspended in 3 ml 
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serum-free medium. Then the cells were plated onto a cell culture plate with the proper 

concentration. 24h later, the medium of was changed and the cells were ready for use.  

2.2.3 Animal procedures 
2.2.3.1 Mouse infections  
Mice were anesthetized by intra-peritoneal injection with Ketamine-Rompun with doses 

adjusted to their individual body weight (10μl/g). Virus was administered intra-nasally in 

a total volume of 20 μl sterile PBS with the dose indicated in the experiments. Sterile 

PBS was used for the controls. Mice showing a with weight loss of more than 25% or 

30% of the starting bodyweight were euthanized and recorded as dead.   

 

2.2.3.2 Tamoxifen treatment 
Tamoxifen (TA) stock solution was prepared in peanut oil at concentration of 50mg/ml 

and stored at -20 °C in aliquots [121]. For the tamoxifen treatment of the inducible 

Socs3Rosa26Ert2cre mice, the dosage of 30mgtamoxifen/kgbodyweight was used. 

Socs3Rosa26Ert2cre mice and wild type mice were intraperitoneally (i.p.) injected five 

times per week for 2 weeks. TA-treated mice were infected with virus one week after the 

last TA injection.  

 

2.2.3.3 Acetylsalicylic acid administration 
Acetylsalicylic acid (ASA, SIGMA) was dissolved in PBS at concentrations of 5mM, 

10mM, and 20mM (pH adjusted to 7.4) and filtered through a 0.22 µm filter 

(MILLIPORE). DBA/2J mice and non-infected control mice were treated intravenously 

(i.v. 200 µl) once per day with ASA from day 1 until 7 days post-infection. One hour after 

the first treatment with ASA, mice were infected with the influenza A virus (PR8). 

 

2.2.3.4 Histology and immunohistochemistry analysis 
Mice were euthanized with CO2. Their lungs were prepared and immersion-fixed for 24 

h in 4% buffered formaldehyde solution (pH 7.4). The samples were transferred 

sequentially to 50%, 70%, 80%, 96%, and 100% ethanol for one to two hours each. 
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They were then placed in a second 100% ethanol solution to ensure that all water was 

removed. Afterwards the samples were placed in xylol for 80 mins two times to remove 

the ethanol. Samples were then embedded in paraffin. Sections (0.5 µm) were cut from 

five evenly distributed levels of the paraffin blocks for later HE and 

immunohistochemistry staining. 

Before hematoxylin and eosin (HE) stainingthe sections, all traces of wax had to be 

removed with two incubation steps in xylol for 5 min.  The sections were rehydrated 

sequentially in 100%, 90%, and 70% ethanol, and H2O for 4 min. The staining of the 

nuclei was performed with 20% Mayer’s haemalaun solution (Merck) for 1 min then 

developed under running tap water for 5 min. The cytoplasm and connective tissue 

were counterstained pink with 1% eosin solution for 2 min. Stained sections were 

dehydrated through a series 100% ethanol three times and cleared 2x with xylol for 2 

mins before cover slips. Multiple serial sections were evaluated for each sample on the 

microscope with bright field (Olympus).  

For the NP staining, the embedded lung sections were baked at 56°C for 1h, then 

deparaffinized in a graded series of xylenes ethanol and rinsed in PBS twice. Antigens 

were unmasked by heat treatment with 10 mM sodium citrate buffer, pH 6.0 at 95°C for 

5 min. Slices were cooled down in the buffer for approximately 20 min and washed in 

double distilled H2O 3 times for 2 min each. Excess liquid was aspirated from the slides. 

Specimens were incubated for 1 hour in goat blocking serum in PBS and then incubated 

with diluted (1:800) primary antibody for 30 min at RT. Unbound antibodies were 

removed by washing three times with PBS for 5 min each. After incubation with 

secondary antibody (rabbit anti-goat-biotin-conjugated, 1:250 dilution), excess 

secondary antibody was washed away with PBS. Then ABC Elite reagent was used to 

develop the sections with DBA kit and counter-strained with hematoxylin according to 

manufacturer’s instructions. Specimens were dehydrated through alcohol and xylene 

series, mounted with permanent mounting medium and covered with a glass coverslip. 

Pictures were taken with a light microscope (OLYMPUS BX51). 
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2.2.3.5 Maintenance of mice 
Mice were maintained under specific pathogen-free conditions and according to the 

German animal welfare law. All experiments were approved by an external committee 

according to the German regulations on animal welfare. 

2.2.4 Statistics  
For statistical analysis, GraphPad Prism 5.0 software was used. Results are presented 

as means ± SEM. Statistical significance between groups was determined using the 

Mann-Whitney U test for body weight loss curves. The Kaplan-Meier estimator was 

used to determine significant difference between of the survival curves. The least 

significance level was chosen as P<0.05. 
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3 Results 
 

3.1 Validation of gene expression data from microarrays by semi-quantitative 
PCR and real-time PCR 

In our laboratory, we previously observed large differences in several mouse inbred 

laboratory strains with respect to their susceptibility to the influenza virus (IAV) PR8 

infections. After intra-nasal infection with PR8 most of the strains, like C57BL/6J, 

BALB/C, FVB/NJ were resistance to IAV infection, while others, like, DBA/2J and A/J 

mice were highly susceptible  [60]. In order to obtain a better insight into the difference 

of the host response between mouse strain, we performed gene expression analysis on 

the lungs of influenza infected DBA/2J (susceptible) and C57BL/6J (resistant) mice  by 

using microarrays [122]. From the large list of genes that changed expression upon 

infection we selected, 42 genes which were either differentially expressed in the two 

mouse strains or from which other studies in the literature suggested that they may play 

an important role in the host defense to IAV. But before performing any further studies 

with these genes or with mice carrying a mutation in any of these genes, we wanted to 

confirm their expression in infected mouse lungs by another assay.  

Therefore, I designed gene-specific primers and then followed the expression patterns 

of these genes by semi-quantitative reverse transcription PCR (sq-PCR) and real-time 

reverse transcription PCR (rt-PCR). As positive controls and internal standards, sq-PCR 

and rt-PCR was performed for the house-keeping gene β-actin.  

To better present the data, I transformed the signal obtained from the agarose gel 

analysis using the following system (Figure 3.1). As an example, for β-actin the band 

was visible at a dilution of 1:100, so it was recorded in the expression table as ´++++´, 

For the Irf7 gene the band was visible at a dilution of 1:20, thus it was recorded as ´+++´, 

and so on. Thus, the stronger the signal from the gel, the more ’+’ were shown in the 

expression table (Figure 3.1B).        
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Figure 3.1 Example for sq-PCR results and transformation of the signal on the agarose gel to 
expression table.  Serial dilution of the cDNA were prepared for the PCR reaction and the following 

system was used to transform the signal of the gel(A) to the expression table(B): '+' means band visible 

after 1 time dilution; '++' means band visible after 10 times dilution; '+++' means band visible after 20 

times dilution visible; '++++' means band visible after 100 times dilution visible; 'x' instead of '+' means 

that at this dilution step a very strong band was visible ; '-' means no band  was detectable.  

The results which were obtained for 32 genes by sq-PCR were comparable to the 

relative intensity of expression signals observed in microarrays (Table 3.1). To further 

validate these observations, five genes (Ifit1, Ifit3, Ifi35, Ifi44, and Tlr7) were analyzed 

by rt-PCR (Figure 3.2). As shown in Figure 4 also, the rt-PCR results at day3 post 

infection (p.i.) correlated well with the array results for all five genes, both for non-

infected versus infected C57BL/6J and for non-infected versus infected DBA/2J mice .  

For five genes, I found detectable changes in expression levels in the sq-PCR analysis 

only in DBA/2J mice but not in C57BL/6J mice whereas, these genes exhibited 

expression changes both in both DBA/2J and C57BL/6J mice in the microarray assays 

(Table 3.1, genes marked with ‘*’). In addition, the expression profile of another five 

genes showed expression changes in the sq-PCR compared that were discordant to the 

microarray results.  

Overall, the sq-PCR results were in good agreement with the results from the array 

experiments showing that most of the expression changes found in the arrays were 

reproducible by another assay. The detailed summary of all results is shown in Table 

3.1. 
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Gene 
name 

Sq-PCR Microarray Regulation 
observed 
in arrays 

B6 C B6d3 D2C D2d3 B6C B6d3 D2C D2d3 

Slfn3 ++ ++++ ++ ++++ 5.323 9.83 5.372 11.042 Yes 

Cxcl10 + ++++ + ++xx 6.891 12.407 6.865 13.458 Yes 

Mx1 + +++ + ++++ 5.076 10.158 5.304 11.376 Yes 

Irf7 + +++ + ++++ 8.308 12.437 8.019 13.178 Yes 

Ifit1 + +++ ++ ++++ 8.239 12.466 8.38 13.031 Yes 

Oasl2 + +++ + +++ 8.852 12.258 8.873 12.639 Yes 

Oasl1 + +++ + ++x 6.431 10.389 6.344 11.382 Yes 

Ccl7 + +++ + +++ 5.606 9.149 5.667 10.736 Yes 

Gzmb + ++ + +++ 7.323 9.23 7.028 9.684 Yes 

Ifi27 + ++ + +++ 10.222 13.217 9.777 13.256 Yes 

Ccl4 + ++ + +++ 6.326 8.477 6.515 10.021 Yes 

Plunc ++++ +++ +++ + 12.466 11.657 11.697 8.486 Yes 

Cxcl11 - + + +++ 6.622 8.912 6.328 12.713 Yes 

Ifi44 ++ ++++ +++ +xxx 7.425 11.096 7.467 11.868 Yes 

Slfn4 ++ ++++ +++ +++x 6.695 12.381 7.299 13.352 Yes 

Cap1 +++ ++++ +++ ++++ 7.276 6.01 10.084 11.047 No 

Ccr5 +++ ++++ +++ ++++ 6.021 8.95 6.388 9.736 Yes 

Ccr1 +++ ++++ +++ ++++ 6.648 8.427 6.36 8.924 Yes 

G1p2 +++ ++++ +++ +++x 7.855 12.112 8.058 12.851 Yes 

Ifi204 +++ ++++ +++ ++xx 4.58 9.021 4.71 10.173 Yes 

Socs3 + +x + ++ 8.864 10.952 8.877 11.572 Yes 

Ifnb1 - + - + 6.009 6.925 5.967 8.451 Yes 

Cxcl2 - + + ++ 4.883 8.916 5.343 10.571 Yes 

A2m - - ++++ + 6.689 6.587 8.001 9.842 No 

Gbp1 - - + +++ 10.245 11.734 10.207 12.514 * 

Tlr7 +++ +x +++ ++xx 6.543 7.875 6.66 8.472 Yes 

Ifi203 +++ +++ ++ +++ 8.586 10.692 8.425 11.389 * 
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Gbp2 +++ +++ +++ ++++ 10.211 12.074 10.257 12.769 * 

Ifi35 +++ +++ +++ ++++ 9.612 10.928 9.603 11.64 * 

Ifi202b - - + - 6.061 6.317 7.678 13.217 No 

Irf9 ++++ +++x ++++ +++x 8.675 10.095 8.643 10.372 Yes 

Prdx2 ++xx ++++ +xxx ++++ 8.224 8.263 6.781 6.126 Yes 

Irf5 +++ +++ +++ ++x 8.039 9.225 8.044 9.849 Yes 

Sftpa ++++ ++++ ++++ ++++ 14.239 14.159 13.731 12.949 Yes 

Ifit3 ++++ ++++ ++++ ++++ 9.534 13.037 9.545 13.692 Yes 

Gbp4 +++ +++ +++ ++x 8.832 11.47 8.471 11.941 * 

Irf8 +++ +++ +++ +++ 8.932 9.71 8.958 10.361 No 

Ttn +++ +++ +++ +++ 9.995 8.583 10.039 8.628 No 

Oas1b + + + + 7.392 8.394 7.288 8.969 Yes 

Casp3 + + + + 8.079 8.647 8.154 9.453 Yes 

Cxcr3 + + + + 6.881 7.536 6.971 7.477 Yes 

Sod2 + + + + 10.683 11.36 10.726 11.905 Yes 

Actb ++++ ++++ ++++ ++++ 14.5 14.56 14.492 14.544 internal control 

Table 3.1: Semi-quantitative reverse transcription-PCR (sq-PCR) results compared to microarray 

data. Independent experiments were performed to verify the microarray data. B6C and B6d3 indicate 

C57BL/6J non-infected controls and infected mice at day3 post infection (p.i.) respectively; D2C and 

D2d3 indicate the DBA/2J non-infected controls and day3 p.i. respectively. Three mice were used in each 

group. For the sq-PCR assay, '+' means band visible after 1 time dilution; '++' means band visible after 10 

times dilution; '+++' means band visible after 20 times dilution visible; '++++' means band visible after 100 

times dilution visible; 'x' instead of '+' means that at this dilution step a very strong band was visible ; '-' 

means no band  detectable. The microarray data are absolute log2 expression values. The symbol 

‘*‘indicates that these genes were detected as up-regulated only in DBA/2J by sq-PCR, but they were 

found to be up regulated in both DBA/2J and C57BL/6J strains in the microarray assays.   
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Figure 3.2: Quantitative real-time PCR for five genes in C57BL/6J (B6) and DBA/2J (D2) control 
samples and on day 3 after infection.  B6C and B6d3 indicate the group C57BL/6J non-infected control 

and day3 post infection respectively; and D2C and D2d3 indicate the group DBA/2J non-infected control 

and day3 post infection respectively. 10 mice were used in each group. A) Ifit1 gene expression ; B) Ifit3 

gene expression; C) Ifi35 gene expression; D) Ifi44 gene expression; E) Tlr7 gene expression 

 

3.2 Phenotype analysis of four different mutant lines 

Based on the gene expression studies described above and from results published in 

the literature about the host response to IAV or other infectious microbes, we selected 

10 candidate genes that may merit further analysis in mouse knock-out (KO) mutants 

(as shown in Table 3.2). For these candidate genes, we performed a search in various 
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databases, including mouse KO mutant resources, resources providing embryonic stem 

cells (ES cells) with targeted mutations and we also considered mouse mutant lines that 

were available at our institute but had not yet been studied for susceptibility to IAV 

Infection. Four different KO mouse lines and five different targeted ES cell line were 

found to be available from the above mentioned resources or at the HZI. 

I started my analysis with two complete gene knock-outs: Irf7-/-, Rag2-/-, and three 

conditional mutant alleles:  Socs3LysMcre, Socs3RosaErt2cre and Sod2LysMcre mice. 

These mice were already available at the HZI but some of the lines had not been bred 

on a C57BL/6J background which was required for our studies. Our laboratory had 

shown previously that the mouse strain129 was highly susceptible to IAV infections and 

could thus not be used as a background to investigate the effect of a gene deletion in 

infected mutant mice. Since several mutants were originally generated on the 129 

background it was necessary to transfer the KO allele of the lines Irf7-/- onto a C57BL/6J 

background by repeated backcrossing for at least 10 generations.  

The results of the phenotypic analysis of the above mentioned KO mice after IAV 

infections are discussed in the following chapters. 

Gene Name Reference 

Ifit1 Wang, et al. [123] 

Irf7 Honda, et al.[88] 

Ifi27 Velocigene, [118] 

Ifi44 Institute WTS, [117] 

Ifi47 Collozo, et al. [119] 

Tlr13 Kukavica-Ibrulj, et al. [124] 

Irf3 Sato, et al.[87] 

Rag2 Bot, et al. [40] 

Socs3 Pauli, et.al.[24] 

Sod2 Pisano, et al. [125] 

Table 3.2 Candidate gene list selected from the gene expression analysis. 
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3.2.1 Phenotypic analysis of Irf7-/- mice 
Irf7 gene expression was up-regulated in both DBA/2J mice and C57BL/6J mice  

Interferon is the first line of host defense against viral infections. The Interferon 

regulatory factor family is a group of genes which regulate the production of interferons  

(IFNs) (for details see Introduction). To investigate the expression pattern of the 

members of the interferon regulatory factor family (Irfs) in the course of  IAV Infection, 

an extensive microarray analysis study of the gene expression in infected mouse lungs 

at different time p.i. was done (Pommerenke, et al., unpublished). Among the different  

Irfs, Irf7 was strongly induced at day 2 p.i.. The expression levels stayed high until day 8 

p.i. in DBA/2J mice (when they die) and until day 10 in C57BL/J mice. The Irf1, Irf3, and 

Irf5 genes were up-regulated about 2-fold at the most during the entire time period. The 

expression of Irf2, Irf4, and Irf8 did not change in the IAV infection (Figure 3.3). These 

results suggested that the Irf7 gene may play an important role for the host defense to 

IAV infections. Therefore, we decided to further investigate the function of this gene in 

infected Irf7-/- mutant mice. 
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Figure 3.3: Gene expression pattern of Irfs after infection with IAV. The fold-change compared to 

non-infected controls is plotted against the time p.i. (Pommerenke, et al., unpublished). Expression levels 

in DBA/2J mice (dashed lines) and C57BL/6J mice (solid lines) are shown. The different colors represent 

different Irfs as indicted. Irf7 was highly up-regulated soon after IAV infection, and stayed high until day 8 

post infection and then (for C57BL/6J) decreased after day 10 p.i.. 

 

Irf7-/- mice showed enhanced mortality to IAV infection compared to wild type 
mice 

Irf7-/- mice and C57BL/6J wild type mice were infected with two different doses (2x103 

and 2x105 FFU) of PR8H1N1 influenza A virus.  At an infection dose of 2x103 FFU the 

Irf7-/- mice showed significantly higher bodyweight loss compared to wild type C57BL/6J 

mice from day3 p.i. until day 10 p.i. (Figure 3.4 A and B). At an infection dose of 2x105 
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FFU, the Irf7-/- mice initially lost body weight faster than wild type mice (Figure 3.4C and 

D). But most strikingly, the mortality of the Irf7-/- mutant mice was significantly higher 

than C57BL/6J (Figure 3.4E) at both doses. Thus, the Irf7-/- mutant mice showed 

enhanced susceptibility to IAV virus infection when compared to wild type. 
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Figure 3.4: Irf7-/- female mice were more susceptible to influenza infection than wild type mice. 

Female C57BL/6J wild type or Irf7-/- mutant mice were infected with 2x103 or 2x105 FFU of influenza A 

virus PR8 (H1N1). Weight loss and survival was followed for the next 14 days. Mice which reduce more 

than 30% bodyweight were euthanized and record as dead. The individual weight loss curve is shown for 

(A) C57BL/6J mice and (B) Irf7-/- mice infected with 2x103FFU; as well as for (C) C57BL/6J mice and (D) 

Irf7-/- mice infected with 2x105FFU; (E) Survival curves for Irf7-/- mutant and wild type mice at both doses.  

The survival rate of the Irf7-/- mutant mice was significantly lower than C57BL/6J mice at the respective 

infection dose (p<0.05, using the Kaplan-Meier test).  

Irf7-/-   mice were able to control virus replication in infected lungs 

Since the Irf7-/- mice were more susceptible to IAV infection than wild type C57BL/6J 

mice, we wanted to see if the virus would replicated to higher levels in mutant mice. For 

this, we determined the viral load in the infected lung (Figure 3.5) with three different 

methods: by Foci assay, NP-ELISA and real-time PCR. A significantly higher viral load 

was only observed at day 3 p.i. but not at the other time points studied, e.g. days 1, 2, 5, 

7, and day 8 p.i.. Furthermore, no viral particles were detected in the lungs of Irf7-/- mice 

at day 7 and day 8 p.i. similarly to C57BL/6J wild type mice. We thus conclude that Irf7-/- 

mutant mice were able to control the virus replication. The higher viral load at day 3 may 
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indicate a delayed clearance but, at the end, the mutant mice appeared to be similarly 

efficient as in wild type mice.  

 

Figure 3.5: Viral load in the lungs of Irf7-/- mutant mice was only higher at day 3 p.i. compared to 

wild type mice. Female wild type C57BL/6J mice or Irf7-/- mutant mice were infected with 2x103 FFU 

influenza A virus PR8 (H1N1) and viral load in the lung was determined by (A) focus forming assay, (B ) 

NP-ELISA assay, (C) Second experiment with NP-ELISA assay at days 2 and 7 p.i.,, and (D) real-time 

reverse transcription PCR assay for HA RNA. The number of animals per group (N) is indicated in the 

figure. Irf7-/- mice showed a significantly higher viral dose at day3 p.i. compared to wild type mice (p<0.05, 

Mann-Whitney test). 
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Virus specific IgG antibody response was defected in Irf7-/- mice  

Sasaki et al. showed that the Irf7 gene is influencing the production of IgG antidbodies 

when challenged with ovalbumin as antigen [95]. We reasoned that this deficiency may 

be one of the causes for the high susceptibility of Irf7-/- mutant mice to influenza virus 

infection. Therefore, the serum of Irf7-/- mutant mice that survived the virus infection and 

the serum from mice at earlier time points after infection were collected. The virus-

specific total IgG and IgG subtype were measured by ELISA.  

Compared to wild type C57BL/6J mice, significantly lower level in total virus-specific IgG 

but also virus-specific IgG2a subtype antibodies was found in Irf7-/- mutant mice after 

infection with a dose of 2x103. At this infection does, the levels of virus-specific IgG1 

were not different between wild type and mutant mice (Figure 3.6). However, at the 

infection dose of 2x105, no significant difference was observed.  

Analysis of serum samples at day 8 p.i. showed that total viral specific IgG levels 

increased from day 8 post infection in both Irf7-/-  mutant and wild type C57BL/6J mice, 

but they were significantly lower in Irf7-/- mutant mice compared to wild type mice. 

(Figure 3.6D).  At this time, no increase in the levels of IgG2a subtype antibodies was 

detectable indicating that the IgG2a subtype switch occurs later.   
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Figure 3.6: Viral-specific IgG and virus-specific IgG2a subtype responses were lower in Irf7-/- 
mutant mice compared to wild type mice. Serum from wild type mice and Irf7-/- mutant mice was taken 

at day16 p.i. (two out of six mice died in the Irf7-/- mice group at the dose of 2x105 FFU). Total viral 

specific antibodies were determined by ELISA assay. At the dose of 2x103FFU, significantly lower virus-

specific total IgG (A) and IgG2a subtype (B) responses were observed in the Irf7-/- mice compared to wild 

type mice (p<0.05,Mann-Whitney test). No significant differences were detected for virus specific IgG1 

subtype antibodies (C).  At day 8 p.i. the viral specific IgG response was lower in Irf7-/- mice compared to 

wild type mice (D). 
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The neutralizing activity of virus-specific antibodies was not affected in Irf7-/- 

mutant mice  

Since the Irf7-/- mice have a deficiency in mounting a full IgG response, one may 

suspect that the antibodies produced in mutant mice were less efficient in neutralizing 

IAV. However, the neutralization activity of the serum samples from the surviving Irf7-/- 

mutant mice was similar to the activity in wild type mice (Table 3.3). This result indicated 

that, although the amount of IgG antibodies was lower in the absence of a functional Irf7 

gene,   the neutralization activity of the antibodies produced was not compromised.    

Mouse lines Mouse NO Neutralization titre 

Irf7-/- m1 1:1600 

 m2 1:800 

 m3 1:1600 

 m4 1:1600 

 m5 1:1600 

 m6 1:1600 

 m7 1:800 

 con1 0 

 con2 0 

 con3 0 

C57BL/6J m1 1:1600 

 m2 1:1600 

 m3 1:1600 

 m4 1:1600 

 m5 1:800 

 m6 1:1600 

 m7 1:1600 

 con1 0 

 con2 0 

 con3 0 

Table 3.3: The neutralization activity was not affected in Irf7-/- mice. The neutralization activity of the 
serum sample from survival mice infected with the dose of 2x103 dose were analyzed by neutralization 
assay.  The neutralization activity was indicated in the table.   
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The IFNα/β downstream response in Irf7-/- mutant mice was different from wild 

type mice  

The Irf7 gene is a master regulator of the type 1 IFN response pathway [88], I therefore 

investigate the response to interferons in infected Irf7-/- mutant mice at the molecular 

level of gene expression using RT2ProfilerTM PCR Array. From a total 84 genes 

represented in the array, 25 genes were up-regulated at least 3-fold in the first analysis 

and 27 genes were found to be up-regulated in a second experiment in samples from of 

C57BL/6J mice. On the other hand in the Irf7-/- mutant mice, 27 genes were found to be 

up-regulated in the first experiment and 25 genes in the second experiment respectively. 

Thus, both experiments were in good agreement with each other (Table 3.4).    

  

The production of IFNα protein was deficient in Irf7-/- mutant mice 

The IFN β expression was not impaired at the mRNA level in the PCR array analysis, 

while the gene expression levels of the IFN α genes were very low. Therefore, I 

investigated the secretion of interferons proteins in the lung airways by performing 

brochi-alveolar lavage (BAL). Whereas the protein levels of IFN β increased similarly in 

both wild type and mutant mice after IAV infection, the levels of IFN α in the BAL from 

Irf7-/- mutant mice did not increase after infection with IAV (Figure 3.7).  
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Symbol 
B6d3/B6C Irf7d3/Irf7C Symbol B6d3/B6C Irf7d3/Irf7C 

Cxcl10 209.964 793.4525 Stat2 5.0771 6.69 

Mx1 42.636 89.3874 Eif2ak2 4.4506 4.8299 

Isg15 31.2114 74.1307 Stat1 4.7371 5.8645 

Oas1a 16.0444 45.0046 Adar 4.5757 2.8719 

Oas2 10.883 49.5908 Gbp2 3.9559 5.035 

Ifnb1 123.983 185.0793 Gbp1 3.7685 4.4444 

Irf7 44.1395 54.6443 Isg20 3.5406 3.6859 

Ifit1 23.3282 40.002 Myd88 3.5162 2.9938 

Ifi204 23.3282 32.4917 Irf9 3.3964 3.2535 

Mx2 16.6102 20.001 Irf5 3.258 3.078 

Ifit3 16.156 19.3197 B2m 3.1689 2.8128 

Bst2 8.1342 6.7365 Tap1 3.1037 4.0615 

Oas1b 6.2941 5.1766 H2-K1 3.0189 2.6244 

Table 3.4: List of genes up-regulated in the mouse RT2ProfilerTM PCR array. Only genes which were 

up-regulated at least 3-fold in two independent analyses is shown. Genes which were at least two-fold up-

regulated or more in Irf7-/- mutant mice compared to wild type mice are highlighted in red. 
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Figure 3.7: The protein levels of IFN α did not increase in infected Irf7-/- mutant compared to wild 

type mice whereas the induction of IFN β was not affected.  Female wild type or Irf7-/- mutant mice 

were infected with 2x103 FFU of influenza A virus PR8 (H1N1) and BAL from the lung was taken at days1, 

2, 3, and 4 p.i.. The protein levels of total IFNα (A) and IFNβ (B) were determined by ELISA. All 

experiments were performed with four mice.  

Histopathological analysis showed that the Irf7-/- mice have a slightly higher 
degree of cell infiltrates  

The Irf7-/- mutant mice exhibited a higher mortality, but had similar viral loads compared 

to wild type mice. Therefore, the histopathological analysis of the lungs of Irf7-/- mutant 

mice was performed at different time points after virus infection. Histological lesions 

were analyzed using the following criteria: percentage of affected airways, severity of 

bronchial epithelial necrosis, alveolar necrosis, neutrophilic infiltration in airways and 

interstitium, lymphocytic peribronchial and perivascular infiltration, lympho-histiocytic 

interstitial pneumonia and hyperplasia of type 2 alveolar epithelial cells. Similar 

percentages of airways were affected in wild type and Irf7-/- mutant mice at day 1 to day 

8 p.i., while at day 10 p.i., there were more airways affected in Irf7-/- mutant mice than in 

the wild type mice. The degree of bronchial and alveolar necrosis was similar in both 

strains. The lymphocytic infiltration around bronchi and blood vessels occurred slightly 

faster in Irf7-/- mutant mice from day 3 to day 5 post infection compared to wild type mice. 
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The neutrophilic infiltration was also more pronounced in Irf7-/- mutant mice from day 3 

to day 5 p.i.. In addition, the interstitial pneumonia was more severe in Irf7-/- mutant mice 

from day 3 to day 10 p.i. (Table 3.5 and Figure 3.8).  

These results showed that in Irf7-/- mutant mice more lymphocyte and neutrophils were 

recruited to the infected lung between day 3 and day 5 p.i. at the infection dose of 2x103 

FFU compared  to wild type mice.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                              

Group Percent
age of  

affected 
airways 

Severity of 
necrosis in 

affected 
bronchi 

Necrosis 
of 

alveolar 
walls 

(acute) 

 
Type 2 AEC 
Hyperplasia 

Lymphocytic 
infiltrates  
around 

bronchi and 
vessels 

Infiltrating 
neutrophils  
in airways 

and 
interstitium 

Interstiti
al 

pneumo
nia 

B6 PBS 0.00% 0 0 0 0 0 0 
B6 day1 0.00% 0 0 0 0 0 0 
B6 day3 11% 4.8 2.6 0 2 3.6 0.4 
B6 day5 24% 3.8 2.6 0 2.6 2.8 1.4 
B6 day8 52% 2.8 2 1.6 3.8 2.2 3.8 
B6 day10 26% 1.4 0.8 4.2 3.4 0.6 4 
Irf7-/-PBS 0.00% 0 0 0 0 0 0 
Irf7-/-day1 0.00% 0 0 0 0 0 0 
Irf7-/-day3 10% 4.6 2.8 0 3 4 0.8 
Irf7-/-day5 34% 4.4 2.8 0 3.4 3.4 2.6 
Irf7-/-day8 46% 2.2 1 1.6 4 1.4 4.4 
Irf7-/-day10 46% 1.2 0.4 4 3.2 1.4 4.2 

Table 3.5: Slightly higher degree of cell infiltrates in IAV infected Irf7-/- mice. Semi-quantitative 

scoring of pulmonary lesions and immune cell infiltrates (median value of each group, three mice per 

group, and five slides per sample). Lung tissue sections from female wild type or Irf7-/- mutant mice 

infected with 2x103 FFU PR8 were prepared at the indicated days post infection, stained with hematoxylin 

and eosin and evaluated for the indicated features by a semi-quantitative grading system with the scores 

of 0 to 5 representing the degree of severity as follows: 0 = no lesion; 1 = minimal; 2 = mild; 3 = moderate; 

4 = severe; 5 = marked. Abbreviations: AEC, alveolar epithelial cell; B6, C57BL/6J mice; PBS, mice 

treated with Phosphate Buffered Saline as non-infected control. 
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Figure 3.8 Tissue damage and inflammatory infiltrates in influenza infected Irf7-/- mice.  Lung tissue 

sections from female wild type mice or Irf7-/- mice infected with 2x103FFU PR8 were prepared at the days 

indicated and stained with hematoxylin and eosin (HE). (A) Wild type C57BL/6J mice day 3 p.i.: Severe 

bronchial epithelial necrosis with luminal accumulation of degenerate neutrophils and minimal 

peribronchial lymphocytic infiltrates.  (B) Irf7-/- mice day 3 p.i.: Severe bronchial epithelial necrosis with 

luminal accumulation of degenerate neutrophils and mild peribronchial lymphocytic infiltrates. (C) Wild 

type C57BL/6J mice day 5 p.i.: Moderate bronchial epithelial necrosis with mild luminal and interstitial 

accumulation of neutrophils, moderate peribronchial lymphocytic infiltrates and beginning interstitial 

pneumonia. (D) Irf7-/- mice day 5 p.i.: Severe bronchial epithelial necrosis with mild to moderate luminal 

and interstitial accumulation of neutrophils, moderate peribronchial lymphocytic infiltrates and beginning 

interstitial pneumonia. (E) Wild type mice C57BL/6J mice day 8 p.i.: Mild bronchial epithelial necrosis, 

severe peribronchial lymphocytic infiltrates and severe interstitial pneumonia. (F) Irf7-/- mice day 8 p.i.: 

Mild bronchial epithelial necrosis, severe peribronchial lymphocytic infiltrates and marked interstitial 

pneumonia. 
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3.2.2 Phenotypic analysis of Rag2-/- mice   
Rag2-/-  mice were highly susceptible to IAV infection 
The Rag2 gene plays a central role in the development of adaptive immune cells [39].  

Rag2-/- mutant mice completely lack mature B and T cells. Even though the expression 

of the Rag2 gene was not significantly up-regulated after infection in the microarray 

results, we decided to study its function in the context of an IAV infection. The 

involvement of B and T cells in the host defense to IAV infection has been described in 

many studies [38]. However, the phenotype in Rag2-/- mutant mice had not yet been 

analyzed. 

Rag2-/- female mice infected with viral doses of 2x103 and 2x105 FFU started losing 

weight similarly to wild type mice at the early time points after infection. However, after 

day 7 p.i., wild type mice started re-gaining their bodyweight, whereas Rag2-/- mice kept 

losing weight until they eventually died at day 8-9 p.i. after receiving the high virus dose 

and between 11 and 14 days p.i. when receiving the low dose of infection (Figure 3.9A 

and B). Male mice showed a similarly pattern of death (Figure 3.9C). All infected male 

mice died between day 12 and day 18 p.i. whereas wild type mice survived except one 

mouse died after infection at the high dose.  
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Figure 3.9: Both female and male Rag2-/- mice lose weight and die at late time points after infection. 

Female and male wild type or Rag2-/- mutant mice were infected with 2x103 or 2x105 FFU of influenza A 

virus PR8 (H1N1) and weight loss and survival was followed for the next 15 days. A)  bodyweight loss of 

the female wild type and Rag2-/- mice, B)  survival curve of female wild type and Rag2-/- mice; C) survival 

curve of  male wild type and Rag2-/- mice.   

  

Rag2-/- mutant mice were not able to clear virus infection 

Next, I studied the replication of IAV in the lungs of Rag2-/- mutant mice after infection 

with a dose of 2x103FFU. C57BL/6J mice were able to clear the infection between day 6 

and 8 p.i., whereas viral load in the lungs of Rag2-/- mutant mice continued to be high 

until day 10 p.i. (Figure 3.10). The results demonstrated that, unlike wild type mice,  
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Rag2-/-  mutant mice were not able to clear the virus in infected lung until the time of 

death. 
Furthermore, virus distribution in infected lungs was evaluated by immunihistochemical 

staining using antibodies against the viral nucleoprotein (NP). Female wild type or  

Rag2-/- mice were infected with a dose of 2x103FFU, lung tissue sections were prepared 

from three mice per group and stained for viral NP protein [126]. For each mouse, five 

slides were evaluated. NP-positive cells could be detected in the bronchiolar and 

alveolar regions at 2, 4, and 6 days p.i. in wild type and Rag2-/- mutant mice (Figure 

3.11). However, at day8 and day10 post infection no NP-positive cells were detected in 

wild type mice whereas NP protein was still detectable in the Rag2-/- mutant mice.  

These results correlated well with the observation with the viral load assays.                                                          

 
Figure 3.10: Rag2-/- mice were not able to clear viral infection. Female wild type or Rag2-/- mice were 

infected with 2x103 FFU of influenza A virus PR8 (H1N1) and viral load in the lung was determined by 

Foci assay. Whereas wild type mice were able to clear the virus between day 6 and day 8 after infection, 

Rag2-/- mice were not able to reduce viral load from infected lungs until the time of death. 
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Figure 3.11: Immunohistochemical staining of viral NP antigen showed prolonged presence of 
viral particles in influenza infected Rag2-/- mice. Lung tissue sections from female wild type or Rag2-/- 
mice infected with 2x103 FFU PR8 were prepared at the indicated days post infection and stained for the 
presence of viral NP antigen. Three or four mice per group were used, and five slices per animal were 
evaluated for the NP stain. Scale bar is 200 µm.  
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Rag2-/- mutant mice showed enhance pathology to IAV infection 

In order to examine the severity of lung lesion in the Rag2-/- mutant mice, histological 

studies were performed. Infected Rag2-/- mutant mice and wild type mice showed similar 

signs of pathology early after infection but differed markedly in the severity and type of 

pulmonary lesions at later time points p.i. (Table 3.6 and Figure 3.12). Histological 

lesions were analyzed using the following criteria: severity of bronchial epithelial 

necrosis, neutrophilic infiltrates in airways, lymphocytic peribronchial and perivascular 

infiltrates, histocytic infiltrates in alveolar walls and lumina, hyperplasia of type 2 

alveolar epithelial cells. Similar percentages of airways were affected in wild type and 

Rag2-/- mutant mice early after infection. In addition, the degree of cell necrosis was 

similar in both stains from day 2 to day 8 p.i. in affected bronchi and alveolar walls 

(Table 3.6). However, at day 10 after infection necrosis was considerably more severe 

in Rag2-/- mutant mice. Lymphocytic peribronchial and perivascular infiltrates could be 

observed in wild type mice at all times after infection (Figure 3.12A, C and E), beginning 

at day 2 and reaching high levels at days 6, 8, and 10 p.i.. In contrast, in Rag2-/- mutant 

mice, the amount of lymphocytic infiltrates around bronchi and vessels was similar to 

wild type at day 2, but much less at days 4, 6, and 8 p.i. and absent at day10 p.i. (Table 

3.6, Figure 3.12D and F).  

Neutrophilic infiltrates were present in wild type mice at all time points after infection. In 

Rag2-/-  mutant mice the number of neutrophils was comparable to wild type mice at day 

2 and 4 but much higher at day 6, 8, and 10 p.i. (Table 3.6 and Figure 3.12D, F).  
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Group Percent
age of 

affected 
lung 

parench
yma 

Severity 
of nec- 
rosis in 

 affected 
bronchi 

Necro
sis of 
alveol

ar 
walls 

Hyper
plasia 

of 
type 2 
AEC 

Lymphocyti
c infiltrat es 

around 
bronchi 

and 
vessels 

Infiltrating 
neutrophils 
in airways 

and 
interstitium 

Histiocytic 
infiltrates 
in alveolar 
walls and 

lumina 

B6 PBS <5% 0 0 0 0.2 0 0 
B6 d2 6% 1.8 1.8 0 1.4 1.6 1.6 
B6 d4 12% 4 3 0.2 2.8 1.8 2.4 
B6 d6 50% 3.6 3.2 1 4.6 1.2 3.6 
B6 d8 34% 2.6 2 1.8 4 0.4 3.2 
B6 d10 24% 2 1 3.2 4.4 0.2 3.2 

Rag2 PBS <5% 0 0 0 0.2 0 0 
Rag2 d2 <5% 1 1.6 0 1.4 1.2 0.6 
Rag2 d4 18% 3.2 2.2 0.4 1.2 2.4 3.2 
Rag2 d6 60% 4.2 2.8 1 0.6 3.6 4 
Rag2 d8 18% 3.6 2.8 1.4 0.4 3.2 2.2 
Rag2 d10 44% 3.4 3.2 3 0 4.4 3.6 

Table 3.6: Continuous pulmonary damage and inflammatory response in IAV infected Rag2-/- mice. 

Semi-quantitative scoring of pulmonary lesions and immune cell infiltrates (median value of each group, 3 

or 4 mice per group, 5 slides per sample). Lung tissue sections from female wild type or Rag2-/- mice 

infected with 2x103 FFU PR8 were prepared at the indicated days post infection, stained with hematoxylin 

and eosin and evaluated for the indicated features by a semi-quantitative grading system with the scores 

of 0 to 5 representing the degree of severity as follows: 0 = no lesion; 1 = minimal; 2 = mild; 3 = moderate; 

4 = severe; 5 = marked. Abbreviations: AEC, alveolar epithelial cell; B6, C57BL/6J mice; PBS, mice 

treated with Phosphate Buffered Saline as non-infected control; Rag2, Rag2-/- mice. 
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Figure 3.12: Tissue damage and inflammatory infiltrates in influenza infected Rag2-/- mice. Lung 
tissue sections from female wild type or Rag2-/- mice infected with 2x103 FFU PR8 were prepared at the 
days indicated and stained with hematoxylin and eosin (HE). (A) Wild type mice day 4 post infection: 
severe bronchial epithelial necrosis, mild to moderate peribronchial and interstitial lymphocytic and 
histiocytic infiltrates with few neutrophils. (B) Rag2-/- mice day 4 post infection: severe bronchial epithelial 
necrosis, moderate peribronchial and interstitial neutrophilic infiltrates with few lymphocytes. (C) Wild type 
mice day 6: severe bronchial epithelial necrosis, marked perivascular lymphocytic infiltrates and mild 
lympho-histiocytic interstitial pneumonia. (D) Rag2-/- at day 6 post infection: moderate bronchial epithelial 
necrosis, severe peribronchial, interstitial and luminal neutrophilic infiltrates.  (E) Wild type mice at day 10 
post infection: minimal bronchial epithelial necrosis, severe peribronchial lymphocytic infiltrates and 
moderate lympho-histiocytic interstitial pneumonia with moderate hyperplasia of type 2 alveolar epithelial 
cells. (F): Rag2-/- mice at day 10 post infection: severe bronchial epithelial necrosis, severe peribronchial, 
interstitial and luminal neutrophilic infiltrates, mild type 2 alveolar epithelial cells hyperplasia. Scale bar is 
200 µm. 
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3.2.3 Phenotypic analysis of conditional Socs3 mutant mice 

Socs3 gene is known as a negative regulator of different inflammatory cytokine and 

chemokine (for further details see Introduction). In a recent report by Paul, et al., it was 

shown that in cell culture, IAV inhibits the activation of Stat1 by up-regulating Socs3. 

Thus, one may speculate that in mice that are deficient in Socs3, IAV production may 

be inhibited and mice may become more resistant to IAV infection. Therefore, we 

wanted to test this hypothesis in KO mice. However, the complete knock out of Socs3 is 

embryonic lethal, it was thus necessary to generate and then test the function of this 

gene in conditional mouse KO lines. In this work, I studied two conditional Scos3 mutant 

mouse line. The first line was the Socs3LysMcre mice which expresses the 

recombinase gene Cre under the control of the LysM promoter. This leads to the 

absence of a functional Socs3 gene product in macrophages and granulocytes [53]. The 

second line, Socs3Rosa26cre, carried the Cre recombinase fused to a modified 

estrogen receptor (Ert2) under the control of the Rosa26 promoter [115]. In this mouse 

line the Socs3 gene can be deleted after administration of Tamoxifen in all tissue.  

Expression of Socs3 gene in the lung tissue was highly up-regulated after IAV 
infection 

In the microarray and sq-PCR assays, I observed that the expression of the Socs3 gene 

expression was highly up-regulated after IAV infection in both DBA/2J and C57BL/6J 

strains (Figure 3.13). It was also reported that IAV can infect macrophage cells [127]. 

Indeed, I was able to demonstrate that also in our system of mouse-adapted PR8 virus 

and the mouse strains used, IAV can infect macrophages in vitro (Figure 3.13 B).  
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Figure 3.13: The expression level of Socs3 gene in both C57BL/6J and DBA/2J mice. (A) Expression 

of Socs3 in lung is higher in the susceptible strain DBA/2J compared to the resistant C57BL/6J strain. 

B6_C and B6_d3 indicates C57BL/6J non-infected control and infected C57BL/6Jmice at day 3 p.i. 

respectively. D2_C and D2_d3 indicate DBA/2J non-infected control and mice at day3 p.i. respectively.  

(B)  Peritoneal macrophage cells infected with PR8 virus at different MOI (1; 0.1; 0.01), Cells were stained 

24 hours p.i. for the presence of virus nuclear protein (NP). Blue stained cells are positive for the 

presence of influenza NP.  

 

Socs3LysMcre mice were not more susceptible to IAV infection compared to wild 
type mice 

Control mice (homozygous for the Socs3 flxd gene locus but negative for the cre 

recombinase) and Socs3LysMcre mice (carrying a Cre gene) were infected with 2x103 

and 2x105 FFU PR8 virus. No difference in the kinetics and extent of weight loss was 

observed between infected Socs3LysMcre mutant and wild type control mice (Figure 

3.14). Female and male Socs3LysMcre mice started losing bodyweight soon after 

infection and they regained bodyweight at about days 7 and 8 p.i. in the same way 

observed for wild type mice.  
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Figure 3.14: Socs3LysMcre mice did not show a significantly more susceptible weight loss 
compared to wild type mice after IAV infection. (A) Weight loss of  female and male mice  after 

infection with  PR8  virus  at the dose of 2x103 and 2x105 FFU; (B) Bodyweight loss of mice in an 

independent  infection experiments with a dose of 2x105FFU. Socs3FcKO indicates Socs3LysMcre  

female mice, and Socs3M cKO mice indicates Socs3LysMcre male mice and Socs3 wild type refers  to 

control mice.    

 

Socs3Rosa26Ert2cre mice were more susceptible to IAV infection compared to 
wild type mice 

Although a macrophage/granulocytes-specific KO did not show enhanced susceptibility 

to IAV, it may still be that other immune cells or airway and respiratory epithelial cells 

may require the gene for a properly orchestrated host response. I therefore studied also 

the Socs3Rosa26Ert2cre mice, where the Cre recombinase can be induced by 

exogenously administered tamoxifen (TA). As shown in Figure 3.15, 

Socs3Rosa26Ert2cre mutant mice were highly susceptible to IAV infection when treated 

with TA. Control mice carrying the targeted Socs3 allele in a homozygous state but 

without cre recombinase gene were also treated with TA in the same way as 

Socs3Rosa26Ert2cre mice. At the early time p.i. (day2-day5), the Socs3Rosa26Ert2cre 
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mice lost bodyweight much faster than the control mice. After days7-8 p.i., all wild type 

mice recovered and regained their bodyweight, while some of the Socs3Rosa26Ert2cre 

mice did not recover and started to die at day10 p.i. and later (Figure 3.15). This was 

observed for both male and female mice (Figure 3.15). TA treated Socs3Rosa26Ert2cre 

mice exhibited a significantly lower survival rate than control mice (Figure 3.15E).   
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Figure 3.15: Socs3Rosa26Ert2cre mice were more susceptible to IAV infection than wild type mice. 
Bodyweight loss and survival curve of the mice infected with PR8 virus at the dose of 2x105FFU. (A) 
Bodyweight loss of Socs3Rosa26Ert2cre (Socs3 Cre+) male mice. (B) Bodyweight loss of Socs3 control 
(Socs3 Cre-) male mice. (C) Bodyweight loss of Socs3Rosa26Ert2cre (Socs3 Cre+) female mice. (D) 
Bodyweight loss of Socs3 control (Socs3 Cre-) female mice. (E) Survival curves of the 
Socs3Rosa26Ert2cre (Socs3 Cre+) and wild type mice.    
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3.2.4 Phenotypic analysis of Sod2LysMcre mice 

Sod2 (Superoxide dismutase2) protein transforms toxic superoxide, a byproduct of 

mitochondrial electron transport chain, into hydrogen peroxide and diatomic oxygen. It 

was shown in our laboratory that mice carrying the Sod2 gene flanked by flxd 

recombinase sites and the macrophage/granulocyte-specific Cre recombinase 

(Sod2LysMcre mice) were susceptible to Listeria monocytogenes infection (Pisano et al, 

unpublished). Therefore, we were also interested to test if such mice may exhibit a 

higher susceptibility to IAV infection.  

Female mice were infected with PR8 at two different viral doses, 2x103 and 2x105 FFU. 

Both female Sod2LysMcre and control mice (homozygous for the targeted Sod2 allele 

but negative for the cre recombinase gene) died at day 6 after infection with the high 

viral dose, while at lower dose, both mouse lines started losing weight soon after 

infection and then regained their bodyweight after day 9 (Figure 3.16A). Male mice 

showed a similar pattern of weight loss as female mice when they were infected with the 

low dose of virus, (Figure 3.16B). However, no difference was observed between 

Sod2LysMcre and control mice in response to IAV infection. It should be noted that the 

Sod2LysMcre mice used for this study were not yet on a pure C57BL/6J background but 

exhibited a mixed background of C57BL/6J and 129. Thus, for a better controlled 

experiment, it will be necessary in the future to also transfer the Sod2LysMcre gene 

onto a pure completely C57BL/6J background.     
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Figure 3.16: Sod2LysMcre mice did not show a significantly higher susceptibility to IAV infection. 

Sod2LysMcre female (A) and male (B) mice were infected with 2x103 and 2x105 FFU PR8 virus and 

weight loss was followed for the next 15 days. There was no significant difference between Sod2LysMcre 

and control mice (Mann-whitney test). 

3.2.5 Generation of KO lines for additional genes 
As described above, several candidates were select which should be tested in KO mice 

for enhanced susceptibility or resistance to IAV infection. So far, four genes could be 

tested during the course of my PhD thesis. But I also started to generate more KO 

mouse lines that are currently at different stages of development.  

We obtained knock-out ES cell lines of the following genes from the KOMP repository: 

Ifi27, Ifi44, Ifi47, and Ifit1. The mutated ES cell lines were expanded, genotyped and 

blastocyst microinjection was initiated to generate chimaeric mice. Thus far, germ line 

transmitting chimaera has been obtained for Ifi27 (in collaboration with Bastian 

Hatesuer). 

 

3.2.6 Acetylsalicylic acid was not able to rescue susceptible DBA/2J mice 
In our laboratory, we observed that the inflammatory response was much stronger in 

highly susceptible DBA/2J mice compared to the more resistant C57BL/6J mice [60]. 

The genome-wide gene expression patterns indicated that the Eicosanoid signaling 
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pathway was more strongly activated in the DBA/2J compared to C57BL/6J mice. This 

observation suggested that the production of prostaglandins may in part be responsible 

for the high susceptibility in the mouse strain which exhibited the strong inflammatory 

response. Furthermore, it was reported by Mazur et al that treatment of C57BL/6J mice 

with acetylsalicylic acid (ASA), a Cox2 inhibitor, reduced the morbidity and mortality in 

infected C57BL/6J mice [128]. Therefore, we also studied whether the application of 

ASA may have a beneficial effect in infected DBA/2J mice.  For this, DBA/2J mice were 

infected with PR8 virus at doses of 2x103 and 2x102FFU with the treatment of three 

different ASA doses: 5mM, 10mM, and 20mM. As shown in Figure 3.17, no difference 

was observed in the bodyweight loss between ASA treated and untreated mice. We 

thus conclude that the treatment with ASA does not significantly improve the severe 

loss in bodyweight or high mortality in the highly susceptible DBA/2J mice.  
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Figure 3.17: ASA treatment did not rescue DBA/2J after IAV infection. DBA/2J mice were treated i.v. 

with different concentrations of ASA (5mM, 10mM, 20mM) or PBS only (PBS Con) and then infected with 

IAV at different doses: 2 x 103 FFUs (A); 2 x 102 FFUs (B); 20 FFUs (C). Non-infected but ASA-treated 

mice (20mM) were used as control (ASA Con). Changes in body weight were recorded for the next 19 

days after infection or until death of the mice (mortality also includes mice that were sacrificed because 

they had lost more than 25% of body weight). The treatment with ASA did not show any significant 

improvement in body weight loss or survival compared to the non-treated infected controls. 
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4 Discussion 
4.1 Analysis of gene expression activation after IAV infection and selection of 

genes for further studies 

It has been shown previously that DBA/2J mice were more susceptible to IAV infection 

compared to C57BL/6J mice [60]. Gene expression analysis of the IAV infected lungs 

from both stains was performed by the microarray analysis [122]. The microarray 

analysis demonstrated that many more genes related to inflammatory response were 

highly up-regulated in the DBA/2J compared to C57BL/6J mice. For the most interesting 

genes up-regulated in the array data, further semi quantitative reverse transcription-

PCR (sq-PCR) and for five more genes real-time PCR (rt-PCR) was performed to 

validate their expression changes. Overall the sq-PCR analyses were consistent with 

the array data. However, few of the genes did not match the array data. There may be 

several explanations for this. One reason could be that the probes in the microarray and 

the primers for the sq-PCR may target different RNA splicing products of these genes.  

Another possible explanation is that in the microarrays, there are artifacts associated 

with image and data analysis, which may induce unknown background noise.      

The analysis of genome-wide gene expression pattern revealed that many 

chemokine/cytokine genes and their receptors were activated in DBA/2J and C57BL/6J  

mice infected with the mouse-adapted H1N1 influenza virus. But in almost all cases the 

expression levels were higher in DBA/2J than C57BL/6J mice. A strong induction of 

chemokines and cytokine was also observed in mice infected with the highly pathogenic 

1918 [44, 129] and the H5N1 virus and this was associated with unfavorable disease 

outcome [130]. It was also found in our study that the Eicosanoid signaling pathway was 

highly activated in the DBA/2J mouse strain. These observations suggest the 

involvement of prostaglandins in a strong inflammatory response in DBA/2J mice.    

Based on the gene expression analysis, and their possible role in the immune response 

as described in the literature, a list of 10 genes was chosen as candidates from which 

we wanted to study their role for the host defense to IAV infection in more detail. Among 

these candidates, mouse mutants for the following genes were available as complete 
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knockout alleles at the HZI or could be obtained as live mice from external collaborators: 

Irf7, Socs3, and Rag2 were available as null alleles, and Socs3 was available as 

conditional Cre-loxp mutant lines. For the other genes, Ifi44, Ifi27, Ifi47, and Ifit1, knock 

out embryonic stem (ES) cell lines carrying a targeted null allele could be obtained from 

biobanks. The generation of mutant mouse lines for these genes is still ongoing.  

 

4.2  Irf7-/- mutant mice were more susceptible to IAV infection and exhibited 
difference in interferon and antibody production 

Irf7 gene expression was strongly up-regulated during IAV infection  

From the array data it was showed that after IAV infection, the expression of Irf7 was 

highly up-regulated in the lung of C57BL/6J and DBA/2J mice and stayed high until 

day10 p.i., whereas the expression of other Irf family members was only slightly 

increasing. This result corroborate with previous studies which showed that Irf7 is 

transiently expressed in the lymphoid cells, while Irf3 is constituently expressed in most 

of the cell types [85, 87]. Thus, the high expression levels of Irf7 in IAV infected lungs 

are most likely be caused by infiltrating immune cells, in which Irf7 is highly expressed.  

Ning et al. reported that virus alone can also stimulate Irf7 gene expression [86], thus it 

could also be induced by the high sustained viral load in the infected lung during 

infection.  

 

Irf7-/- mutant mice showed enhanced mortality to IAV infection but no prolonged 
viral load 

Honda et al. reported that Irf7 is a master regulator of the IFNα and β dependent 

immune response in the plasmacytoid dendritic cell (pDC) and mouse embryo 

fibroblasts (MEF) cell system. They also showed that Irf7 mutant mice are more 

vulnerable to Herpes simplex virus (HSV) and Encephalomyocarditis virus (EMCV) virus 

infection [88]. However, up to now there is no report addressing the role of this gene in 

the host defense against influenza virus infection.   



78 

 

In my thesis, I could show that the Irf7-/- mutant mice lost bodyweight much faster than 

wild type mice after IAV infection. Furthermore, mutant showed enhanced mortality after 

virus infection. Steinberg et al. showed that for the Mouse Cytomegalovirus (MCMV) 

infection, Irf7-/- mice were only modestly more susceptible to virus infection in terms of 

survival [89]. However, other reports showed that the Irf7-/- mice were highly susceptible 

to HSV, EMCV infection associated with a marked decrease of IFN α expression in the 

serum. Thus, it has to be noted that the function of the Irf7 gene for the host defense of 

infections may depend on the virus and /or the tissues infected and the subsequent 

activation of different pathogen recognition pathway.  

One possible reason for the high susceptibility of Irf7-/- mutant mice to IAV infection 

could be that they were less capable to control the viral replication in the infected lung 

which may be directly related to their deficiency in producing Type I IFNs [88]. However, 

the results from this work showed that mutant mice were able to control the replication 

of the IAV at early time points and from day 5 p.i. on. Higher viral titers were only 

observed at day 3 p.i. in Irf7-/-   compared to wild type mice. No infectious virus was 

detected in the lung at day 7 and later p.i. both in mutant and in the wild type. This result 

is consistent with a previous study done by Steinberg et al. [89] which showed that only 

significant differences in viral load were detected in the spleen of Irf7-/- mutant mice at 

day 3 after the MCMV virus infection.  

 

Irf7-/- mutant mice were deficient in IFN α production 

A previous study has reported that both IFN α and IFN β production were impaired 

during virus infection in MEF and pDC from Irf7-/-  mutant mice [88]. Therefore, I 

measured the expression of type I IFNs at the transcript and protein level at day 3 p.i.. 

The results showed that the expression of IFN β was not impaired after IAV infection 

and that it was even slightly up-regulated at the mRNA level. IFN β protein in the 

Broncho-alveolar lavage (BAL) was also produced at similar levels in the Irf7-/- mutant 

mice compared to wild type mice. The expression of the IFN α genes was not found to 
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be significantly up-regulated at the mRNA level. At the protein level, IFN α in the BAL 

was significantly lower in Irf7-/- mutant mice at the day 2, day 3 and day 4 p.i. compared 

to wild type mice.  

The results of this study are consistent with previous reports which showed that only 

IFN α is impaired in the Irf7-/- mice infected with MCMV virus, while IFN β was not 

impaired [89]. In other studies, it was shown that Irf7 is most important for the 

expression activation of IFN α pathway [89, 90]. Additional evidence comes from the 

fact that in human fibroblast cells which do not express the Irf7 gene, virus infection 

stimulated only the expression of the IFN β gene; whereas no expression of the IFN α 

genes was detected [90]. Thus it may be concluded from my studies that the Irf7 gene is 

also mainly regulating the expression of IFN α genes in the response to IAV infection.  

In contrast, Honda et al showed that the IFN α and β were also almost absent in Irf7-/- 

mutant MEF cell cultures and pDC cells isolated from the spleen. This may be due to 

the potential in different cell types to regulate various IFNs. Also, in the present study, 

expression analysis was done on whole lung tissue, whereas Honda et al. investigated 

only specific cell types.      

IFNR KO mice and IFN β KO mice were shown to be susceptible to IAV infection [28], 

but there is still no information on the susceptibility of IFN α mutant mice to IAV infection. 

This lack of information is probably owing to the difficulties of deleting the IFN α 

genes  which are clustered in the genome and also exhibit a highly similarity amongst 

each other making specific targeting of a single gene in ES cells difficult. 

The observations made in this thesis work suggest that the impaired IFNα levels in Irf7-/- 

mice may contribute at least partially to the higher susceptibility of mutant mice to IAV 

infection in vivo.   

It has already been known that mice mutant for the Mx1, Eif2aka1, Pkr, Stat, or IFNβ 

genes are more susceptible to the IAV Infection (see introduction). Interestingly, these 

genes were also highly up-regulated in the Irf7-/- mutant mice in the array card analysis. 
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Furthermore, many IFN-stimulated genes, Cxcl10, Mx1, Isg15, Oas1a, and Oas2 were 

more than two-fold higher in Irf7-/- mice than wild type mice. These observations strongly 

indicate that the antiviral state was well established in Irf7-/- mice, although the IFN α 

expression was deficient in Irf7-/- mice. The activation of IFN stimulated genes may thus 

explain the ability of the mutant mice to control IAV replication in the infected lung. The 

same phenomenon was also showed by Steinberg et al., namely that the Irf7-/- mutant 

mice were able to control the MCMV infection [89]. Furthermore, the Cxcl10 gene was 

very strongly expressed in mutant mice. This gene is activated by the NF-kB pathway. 

Therefore, the activation of the NF-kB may compensate for the deficiency in the IFN 

pathway.  

In conclusion, the lower level of IFN α production in Irf7-/- mutant mice does not appear 

to alter the efficient induction of IFN-induce genes and may not be an obvious simple 

reason for the higher susceptibility to IAV infection. 

 

Irf7-/- mice showed deficiency in total virus specific IgG and IgG2a response, but 
surviving mice were able to generate neutralization antibodies 

Sasaki et al. reported that the Irf7 gene has an impact on IgG2a antibody production 

and T cell activity by using Irf7 as adjuvant for HA and NP DNA vaccines. Mice 

vaccinated in this way predominantly raised IgG2a antibodies [95]. Therefore, I studied 

the influence of Irf7 on virus specific IgG and IgM antibodies in the serum of the survival 

mice at day 16 p.i.. Only IgG antibodies were detectable in both wild type and Irf7-/- mice 

at this time point which can be explained by the fact that, IgM normally peaks at early 

time post infection. However, the total IgG response in Irf7-/- mutant mice was significant 

lower compared to C57BL/6J wild type infected mice. Additionally, a significantly lower 

virus specific total IgG response was detected at day8 p.i. in Irf7-/- mice compared to 

wild type mice. 

However, neutralization assay result showed that Irf7-/- mice have a similar 

neutralization activity as wild type mice. These results suggest that in the absence of 
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Irf7 gene, mice exhibit a deficiency to mount an equally high IgG response to IAV but 

once it was produced, the quality of IgG antibodies was not affected  

More importantly, the IgG2a subtype response was significantly lower compared to wild 

type mice whereas there was no significant difference detected in IgG1 or IgG3 subtype. 

Gordon et al. showed recently that the severity of pandemic 2009 influenza A (H1N1) 

virus infection is associated with IgG2 deficiency, which appears to persist in a majority 

of patients investigated.  

Thus, this deficiency in IgG2a production may be another possible reason for the high 

susceptibility of Irf7 mutant mice to IAV infection. The correlation of Irf7 gene and IgG2a 

deficiency in the pathogenesis of H1N1 infection requires further investigation.  

Histopathological analysis showed that the Irf7-/- mice have slightly higher degree 
of cell infiltrates into the lung after IAV infection which might lead to delayed 
recovery from infection  

Not a lot of information is available regarding to the lung lesion with Irf7-/- mice during 

infection. Here, I found slightly higher degrees of cell infiltrates into the lung  

This increased immune cell infiltration in the Irf7-/- mutant mice may enable them to clear 

the virus infection at day 7. However at the same time, the increased cell infiltrations 

may also induce more severe lesions in infected lung tissues of Irf7-/- mutant mice, 

which may then result in the higher number of deaths. It should also be noted that the 

survival was much lower in Irf7-/- mutant mice at the higher dose of infection. Thus, a 

histological analysis should also be performed with higher infection dose of 2x105 to 

address this point. 

 

4.3 Rag2-/- mutant mice showed high susceptibility to IAV at late time points after 
infection 

Rag2-/- mutant mice, which are known deficient in mature B and T cells, do not mount a 

protective immune response against influenza virus after vaccination [40]. But so far 
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Rag2-/- mice has not been tested in a primary infection challenge model. Here I showed 

that after IAV infection, the Rag2-/- mice started to lose weight soon after infection 

similar to wild type mice. However, after day 7 p.i. wild type mice recovered and started 

to re-gain body weight, whereas Rag2-/- mice did not recover but continued losing 

weight until they died. Survival curves showed that wild type mice did not die from the 

infection at the two infection doses tested, whereas Rag2-/- mice died at 8-9 days post 

infection after infecting with the high dose and between 11 and 14 days post infection 

with the low dose. The kinetics of death for Rag2-/- mice was very different from that 

observed in highly susceptible inbred mouse strains [60], which die within the first 4-7 

days. 

The results on viral load in the lung showed that wild type mice were able to clear the 

virus by day 8 p.i. whereas Rag2-/- mice did not reduce viral load from infected lungs at 

any time before death. Immunohistochemical studies revealed that the NP-positive cells 

could be detected in the bronchiolar and alveolar regions at days 2, 4 and 6 p.i. in both 

wild type as well as in Rag2-/- mice. However, at 8 and 10 days p.i. no NP-positive cells 

were detected in wild type mice whereas NP antigen was still detectable in Rag2-/- mice. 

These results confirmed the observations made for viral loads in the whole lungs that 

Rag2-/- mice were not able to clear the virus. 

Also, wild type and Rag2-/- mice differed markedly in the severity and type of pulmonary 

lesions at later time points after infection. These results showed that in Rag2-/- mice 

lymphocytes of the innate immune response were recruited to the infected lungs at early 

time points after infection but specific lymphocytes were absent at later time points. 

Furthermore, in Rag2 mice the number of neutrophils was much higher at days 6, 8 and 

10 p.i.. These observations indicate that in Rag2-/- mice the continued presence of 

infectious virus in the lung stimulated a constant inflammatory response leading to a 

continuous and later increasing infiltration of inflammatory immune cells. It is important 

to note that despite the increased inflammatory response, Rag2-/- mice were not able to 

clear the virus suggesting that for viral clearance and survival, a virus-specific response 

of the adaptive immune system is essential. 
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From these studies we conclude that the innate immune response, although it may not 

be completely normal in Rag2-/- mice, works as efficiently as in wild type mice to control 

viral replication and spread at early stages of the infection. However, after about day 8, 

the adaptive immune response is required to finally clear the virus and resolve the 

infection. The kinetics of the weight loss and death are very similar to the detrimental 

effect observed for B cell deficient mice [131]. The results thus support these 

observations that B cells represent an essential component of the adaptive immune 

response for efficient virus clearance and host survival in the course of a primary 

infection.  

 
4.4  Conditional knock-out mutants showed that Socs3 gene function is crucial 

for the host defense against IAV infection 

The Socs3 gene is known as a negative regulator of cytokine and chemokine activation. 

It was shown that higher levels of cytokines and chemokines can be detected in the 

susceptible mouse model A2/J and DBA/2J compared to the resistant C57BL/6J mice 

([60]; Sirivastva et al., unpublished). These observations are consistent with the general 

hypothesis that an uncontrolled strong inflammatory response may result in a high 

susceptibility to IAV infection. We therefore tested the role of Socs3 gene in two 

conditional gene knock-out models because the complete knock-out of Socs3 results in 

embryonic lethality [132]. As conditional knock-out models, I used the following models: 

Socs3LysMcre mice in which the gene was deleted in macrophages and granulocytes 

and Socs3Rosa26Ert2cre in which the deletion of the gene could be induced in all 

tissues by tamoxifen administration. 

The deletion of the Socs3 gene in macrophages and granulocytes did not show a 

significant difference after IAV infection compared to control mice in terms of 

bodyweight loss and survival. These results show that the function of Socs3 in these 

cell types is not crucial for an efficient host response to IAV infections. After treatment 

with tamoxifen and IAV infection, the Socs3Rosa26Ert2cre mice showed faster 

bodyweight loss at day 2-day 5 p.i. and also a significantly higher mortality compared to 
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control mice. Socs3 is a potent endogenous inhibitor of the JAK/STAT signaling [100, 

101]. Pauli et al. also showed in vitro that influenza virus can inhibit the expression of 

interferon via inducing the expression of Socs3  during infection [24]. It was also shown 

in this study that the viral load in the Socs3-/- MEF was lower than in wild type cells, 

which supports the hypothesis that the virus requires expression of Socs3 for efficient 

replication.   

However in this in vivo study, mutant Socs3 mice exhibit a much stronger pathology to 

IAV infection leading to death in some mice. Although further analyses are required, one 

may speculate at this point that mutant mice exhibit a very strong and deleterious 

inflammatory response which eventually leads to death. This observation would fit into 

the current ‘cytokine burst’ theory, which has been proposed for infection in human with 

the highly pathogenic avian influenza virus H5N1 strains [133].        

 

4.5  Sod2LysMcre mutant mice did not show a significantly different phenotype 
to IAV infection 

The lack of the Sod2 gene in macrophages and granulocytes resulted in higher 

susceptibility to bacterial infections (Pisano et al., unpublished). Therefore, I studied the 

conditional mouse knock-out mutant line Sod2LysMcre for susceptibility to IAV 

infections. My analyses showed no significant differences between Sod2LysMcre and 

control mice in terms of bodyweight loss and survival.  It should, however, be noted that 

the current experiments were performed in mice on a mixed 129 and C57BL/6J 

background which may result in variable outcomes. Therefore, a backcrossing these 

mutant lines onto the C57BL/6J background would be necessary to before drawing a 

final conclusion about the role of the Sod2 gene in IAV host response. 
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5 Conclusion 
It was shown in this study that susceptible and resistant mice differ considerably in gene 
expression patterns.    

It was also shown that mice deficient in specific genes exhibited a different phenotype to 

IAV infection. The Irf7-/- mutant mice were more susceptible to IAV infection compared 

to wild type mice. The Rag2-/- mice were highly susceptible to IAV infection. The 

Socs3LysMcre mutant mice did not show a significantly different phenotype to IAV 

infection, but the Socs3Rosa26Ert2cre mice were more susceptible to IAV infection. 

However, Sod2LysMcre mice did not show higher susceptibility to infection.  

The susceptible Irf7-/- mutant mice were able to control the virus replication, further gene 

expression analysis showed that the ISGs were highly up-regulated, which indicates 

that the antiviral state was well established in the Irf7-/- mice. However, the type I IFN 

response in the BAL and IgG2a expression in the serum were impaired in the Irf7-/- mice 

compared to wild type mice, which may lead to a higher susceptibility.  

It was observed that the absence of an adaptive immune response Rag2-/- mice was 

associated with an extended viral load, sustained lesions in the lung and late death.  

Furthermore, Socs3LysMcre mice did not show significant phenotype to IAV infection, 

while Socs3Rosa26Ert2cre mice were more susceptible to IAV infection. However, the 

detailed mechanisms of the role of the Socs3 gene in the anti-IAV host response need 

to be further investigated.  

In conclusion, Irf7, Socs3, and Rag2 gene are critical host genes in an effective host 

response to IAV infection, while the role of Socs3 needs to be further analyzed, and the 

gene Sod2 gene seems not to be involved.   
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7 Appendix 
7.1 List of abbreviation  

APCs antigen presenting cells 

ASA Acetylsalicylic acid 

B6 C57BL/6J  

bp base pair 

BSA Bovine Serum Albumin 

cDNA Complementary DNA 

CO2 Carbon dioxide 

Cre  causes recombination 

d day 

D2 DBA/2J  

DEPC Diethylpyrocarbonate 

DMEM Dulbeccos modified Eagle medium 

DNA Desoxy ribonucleic acid 

dNTP desoxy nucleoside trophosphate 

EBV Epstein-Barr virus 

EDTA Ethylenediaminetetraacetic acid 

ELISA Enzyme-linked immunosorbent assay 

EMEM Eagle's minimum essential medium 

ES cells Embryonic stem cells 

et al. Et alii 

EUCOMM European Conditional Mouse Mutagenesis Program 

FBS Fetal Bovine Serum 

FCS Fetal calf serum 

FFU Focus-forming Unit 

G Gram 

H Hours 

HA Hemagglutinin 
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HE hemotoxylin and eosin 

HRP Horseradish peroxidase 

i.n. intranasal 

i.p. intraperitoneal 

i.v. Intravenously  

IgG  Immunoglobulin G 

IgM Immunoglobulin M 

IL interleukin 

KOMP Knock Out Mouse Project 

LIF leukemia inhibitory factor 

M Molarity-molar 

MDCK Madine-Darby canine kidney 

MEF  Mouse Embryo Fibroblasts 

MEM Minimum Essential Medium 

Min Minutes 

ml  Mililiter 

mM Milimolar 

mRNA Messenger RNA 

NA  Neuraminidase 

NP  Nucleoprotein 

OPD o-phenylenediamine dihydrochloride 

p.i. post infection 

PBS Phosphate buffered saline 

PCR Polymerase chain reaction 

PRRs pattern recognition receptors 

RNA Ribo nucleic acid 

RNP ribonucleoprotein  complex 

RT Room temperature 

rt-PCR real-time reverse transcription PCR 
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Sec Seconds 

SEM standard error of the mean 

SNP singal-nucleotide polymorphism 

sq-PCR semi-quantitative reverse transcription PCR 

TA Tamoxifen 

TBE Tris-Borate-EDTA 

V Volt 

WNV West Nile Virus 

µm micrometer 

µl microliter 

 

A2m alpha-2- macroglobulin 

Actb β-actin 

Cap1 CAP, adenylate cyclase associated protein 1 

Casp3 caspase 3 

Ccl4 chemokine (C-C motif) ligand 4 

Ccl7 chemokine (C-C motif) ligand 7 

Ccr1 chemokine (C-C motif) receptor 1 

Ccr5 chemokine (C-C motif) receptor 5 

Cxcl10 chemokine (C-X-C motif) ligand 10 

Cxcl11 chemokine (C-X-C motif) ligand 11 

Cxcl2 chemokine (C-X-C motif) ligand 2 

Cxcr3 chemokine (C-X-C motif) receptor 3 

G1p2 ISG15 ubiquitin-like modifier 

Gbp1 guanylate binding protein 1 

Gbp2 guanylate binding protein 2 

Gbp4 guanylate binding protein 4 

Gzmb granzyme B 
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IAV Influenza A virus 

Ifi202b interferon activated gene 202B 

Ifi203 interferon activated gene 203 

Ifi204 interferon activated gene 204 

Ifi2712a interferon, alpha-inducible protein 27 like 2A 

Ifi35 interferon-induced protein 35 

Ifi44 interferon-induced protein 44 

Ifi47 interferon gamma inducible protein 47 

Ifit1 interferon-induced protein with tetratricopeptide repeats 1 

Ifit3 interferon-induced protein with tetratricopeptide repeats 3 

IFN interferon 

Ifnb1 interferon beta 1 

Irf3 interferon regulatory factor 3 

Irf5 interferon regulatory factor 5 

Irf7 interferon regulatory factor 7 

Irf8 interferon regulatory factor 8 

Irf9 interferon regulatory factor 9 

Mx1 Myxovirus(influenza virus) resistance 1 

Ncr1 natural cytotoxicity triggering receptor 1 

Oas1b 2'-5' oligoadenylate synthetase 1B 

Oasl1 2'-5' oligoadenylate synthetase-like 1 

Oasl2 2'-5' oligoadenylate synthetase-like 2 

Pkr eukaryotic translation initiation factor 2-alpha kinase 2 

Plunc palate, lung,and nasal epithelium associated 

Prdx2 peroxiredoxin 2 

Rag2 recombination activating gene 2 

Sftpa surfactant associated protein A1 

Slfn3 schlafen 3 

Slfn4 schlafen 4 
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Socs3 Suppressor of cytokine signaling 3 

Sod2 superoxide dismutase 2, mitochondrial 

Stat signal transducer and activator of transcription 

Tlr7 toll-like receptor 7 

Ttn titin 
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