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Abstract  VII 

Abstract 

The inducible transcription factor NF-κB is involved in the regulation of a plethora of immunological 

processes and thus a tight regulation of NF-κB has to be ensured. This is governed by classical (e.g. 

IκBα, IκBβ, IκBɛ) and atypical (e.g. Bcl-3, IκBζ, IκBNS) inhibitory κB proteins. The protein IκBNS can act 

as activator as well as suppressor of NF-κB mediated gene expression in the nucleus. Most scientific 

work to elucidate the role of IκBNS in the regulation of immune responses done so far was performed 

under in vitro or ex vivo conditions, while the impact of IκBNS in controlling in vivo immune responses 

during systemic infections still remains elusive. 

The first part of this thesis addressed the role of IκBNS during antigen-specific activation of CD4
+
 and 

CD8
+
 T effector cells. For this a model system based on the adoptive transfer of ovalbumin (OVA)-

specific T cells in combination with OVA-expressing Listeria monocytogenes as antigen-specific in vivo 

stimulus was used. This experimental approach revealed that the antigen-specific activation of CD4
+
 T 

cells following in vivo pathogen encounter strongly relies on IκBNS. The differentiation into Th1 effector 

cells was affected as indicated by a significantly reduced proliferation, marked changes in expression 

of activation markers and reduced IFNγ and IL2 production in CD4
+
 T cells lacking IκBNS. The 

pathogen-specific in vivo activation of CD8
+
 T cells was less affected by IκBNS-deficiency, and here 

especially proliferation and secretion of IFNγ does not depend on IκBNS. Since time-dependent 

differences were observed with respect to the expression of CD25, PD1 and TNFα between both 

genotypes, a slightly delayed activation program in CD8
+
 T cells lacking IκBNS might be reasonable. 

Despite the aforementioned differences between both genotypes, IκBNS-deficiency did not affect the 

capacity of CD8
+
 T cells to establish in vivo cytotoxic T cell responses. 

The second part of the thesis focused on the impact of IκBNS on innate immune responses towards LM 

infection. IκBNS-proficient (WT) mice succumbed within few days post high-dose LM infection while 

IκBNS-deficient (KO) mice were completely protected. Histological examination revealed a mitigated 

immunopathology 4 days post LM infection in liver and spleen samples of KO compared to WT mice, 

which was however not the consequence of an improved pathogen clearance but rather due to an 

overall blunted inflammatory immune response induced in mice lacking IκBNS. This hypothesis was 

further supported by comprehensive genome-wide transcriptome analyses of LM infected livers, which 

confirmed reduced numbers and reduced expression levels of inflammation-associated genes in KO 

compared to WT mice. In-depth flow cytometric analysis of the immune cell composition in spleen and 

liver in concert with their cell-specific IκBNS-promoter activity during the course of LM infection 

revealed that IκBNS expression in inflammatory monocytes might represent one of the key factors 

responsible for inducing hyperinflammation during high-dose LM infection. This was further supported 

by data obtained from infection experiments done in conditional KO mice lacking IκBNS specifically in 

monocytes, macrophages and neutrophils. In summary, IκBNS was proven to be detrimental during 

systemic LM infection by promoting a transcriptional program resulting in severe hyperinflammation, 

which ultimately results in fatal disease course. 
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Introduction  1 

1. Introduction 

The immune system comprises a variety of mechanisms to protect the host against invading 

pathogens. It can be subdivided into the relatively unspecific innate immunity, which takes effect 

immediately upon pathogen encounter and prevents the expansion of the invading pathogen by 

controlling and limiting the infection by a variety of cellular and chemical reactions. On the other hand, 

the adaptive immunity is being subdivided into humoral and cellular immune responses that operate in 

a pathogen-specific manner and most importantly is able to generate an immunological memory to 

provide protection from re-infection with the same pathogen. Pattern-recognition receptors on innate 

immune cell subsets lead to the recognition and sensing of invading pathogens resulting in the 

activation of signaling pathways followed by activation of transcription factors such as the nuclear 

factor ‘kappa-light-chain-enhancer’ of activated B cells (NF-κB). NF-κB is ubiquitously expressed in 

nearly all cell types and is involved in gene modulation necessary for different biological processes 

such as cell proliferation, regulation of inflammation or apoptosis. Thus, a tight regulation of the 

complex NF-κB signaling pathway is needed which is primarily ensured by inhibitory κB proteins, 

(IκBs) which can be further subdivided in classical and atypical proteins such as IκBNS. Especially in 

the context of immune responses towards infectious agents an unrestricted functionality of NF-κB has 

to be ensured. For example the immunologically well-studied model pathogen Listeria monocytogenes 

triggers NF-κB mediated signaling pathways resulting in robust innate and adaptive immune 

responses that are needed to resolve the infection. 

 

1.1 Listeria monocytogenes as a model pathogen for a systemic infection 

1.1.1 Pathophysiology of Listeria monocytogenes infection 

The gram-positive bacterium Listeria monocytogenes (LM) was first described by Murray, Webb and 

Swan in 1924 when they isolated this microorganism out of rabbits and guinea pigs suffering from 

septicemic diseases (Murray et al. 1926). The infectious disease caused by the foodborne pathogen 

LM is called listeriosis, an opportunistic infection with potentially fatal outcome (Vázquez-Boland et al. 

2001). In healthy individuals an infection normally remains unnoticed, whereas it can lead to severe 

complications in older adults, immune-compromised patients, neonates and pregnant women 

(Schuchat et al. 1992). LM is a common contaminant of either processed or non-processed foods like 

cheese, poultry, meat and seafood products (Schlech, 2000). The clinical manifestations of listeriosis 

include gastroenteritis, meningoencephalitis and abortions in pregnant women (Ooi and Lorber, 2005; 

Levidiotou et al. 2004; Mateus et al. 2013). 

In general, the gastrointestinal tract is thought to be the primary site of entry for the bacterium into the 

host (Vázquez-Boland et al. 2001). Once arrived in the small intestine it can rapidly spread into lymph 

and blood stream. Thereby, it disseminates into its main replication sites spleen and liver (Kaufmann, 

1993). Listeria are intracellular pathogens that benefit from their potential to cross epithelial barriers, 

their capability to escape from phagosomes and the capability to initialize their own uptake by 

phagocytes to disseminate and propagate into other cells.  
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LM possesses dedicated ligands on its surface which can interact with cellular receptors on the 

surface of host cells. The protein ligand internalin A binds to E-cadherin and internalin B interacts with 

the hepatocyte growth factor Met on the surface of the host cell to mediate listeria uptake (Bamburg, 

2011; Bonazzi et al. 2009). The receptor Met is ubiquitously expressed allowing bacterial 

internalization in a variety of cell types, whereas E-cadherin is only expressed by a limited number of 

cells (Bonazzi et al. 2009; Hamon et al., 2006). Upon receptor-mediated internalization Listeria is 

engulfed into the host cell and subsequently is surrounded by a phagocytic vacuole (Figure 1). The 

membrane of the vacuole is disrupted by the secretion of two phospholipases (PIcA and PIcB) and by 

the pore-forming toxin listeriolysin O (LLO) (Hamon et al. 2006). Once the bacterium is released into 

the cytoplasm of the host cell it is highly motile due to the exploitation of polymerization of actin 

filaments induced by the bacterial surface protein ActA (Welch et al. 1997). Through the actin 

polymerization the bacterium is able to enter neighboring cells. Once it entered secondary cells, it can 

pass the resulting double-membrane by the conjugated action of LLO and the phospholipases (Stavru 

et al. 2011).  

 

 

Figure 1: Replication cycle of Listeria monocytogenes. The bacterium induces its entry through the interaction 
of specific cell surface ligands with receptors of the host cell (a) and gets surrounded by a phagosome. (b) The 
phospholipases PlcA and PlcB together with the toxin listeriolysin O form lytic pores within the membrane of the 
vacuole (c) allowing the escape from the phagosome. The bacterium can now replicate within the host cell. Actin 
polymerization induced by the surface protein ActA conciliates intracellular motility to spread to adjacent cells. (d) 
Once having invaded a neighbor cell (e) it can escape and lyse the resulting double membraned vacuole (f) which 
completes the replication cycle (adapted from Hamon et al., 2006). 

 

1.1.2 Immune responses against Listeria monocytogenes 

 

Innate Immunity 

Upon LM infection an innate immune response is rapidly triggered which is essential for controlling the 

bacterial growth and dissemination as well as conferes protection of the host against a systemic lethal 

infection (Zenewicz and Shen, 2007).  

The primary detection mechanism of pathogens is mediated by the recognition of pathogen-associated 

molecular patterns (PAMPs) by the host’s pathogen-recognition receptors (PRRs) such as the 

membrane-bound toll-like receptors (TLR) that recognize different microbial products. TLR2 for 

example specifically recognizes peptidoglycan and lipoproteins, TLR4 detects lipopolysaccharides and 

lipoteichoic acids, TLR5 flagellin and TLR9 recognizes CpG motifs in bacterial DNA (Medzhitov, 2001).  
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Especially TLR2-signaling contributes to an efficient early control of LM infection as studies revealed 

that TLR2-deficient mice are more susceptible to systemic LM infection, indicated by higher bacterial 

burden in the liver and enlarged hepatic micro-abscesses (Torres et al., 2004). 

The signaling via TLRs or cytosolic/nuclear oligomerization domain (NOD)-like receptors (NLR) 

initiates a signaling cascade which in turn activates signaling pathways such as mitogen-activated 

protein kinase (MAPK), interferon regulating factor 3 (IRF3) or NF-κB resulting in immune activation 

and induction of genes which are involved in host defense and cytokine production (Corr and O’Neill, 

2009). 

As a first line of defense neutrophils are recruited to the site of infection where they directly help to 

control the bacterial growth by phagocytosis, production of reactive oxygen species (ROS) and 

indirectly by production of inflammatory cytokines, promoting further anti-microbial immune 

mechanisms (Witter et al., 2016). The chemokines CXCL1 and CXCL2 have been shown to be 

involved in neutrophil recruitment to the sites of LM infection following TLR2 signaling (Liu et al., 

2012). Moreover, interleukin (IL) 6 and IL8 are involved in the recruitment of neutrophils to infectious 

foci, where they secrete inflammatory mediators and chemokines (Stavru et al., 2011). IFNɣ producing 

neutrophils are a critical component in the early control of LM infection (Yin and Ferguson, 2009). By 

secretion of several chemokines such as CXCL8, CXCL1, monocyte chemotactic protein-1 (MCP1) or 

macrophage inflammatory protein 1α (MIP1α/CCL3) neutrophils  contribute to the recruitment of 

additional neutrophils, monocytes, dendritic cells or NK cells to sites of infection (Tecchio et al., 2014).  

 

Macrophages are the primary targets for replication of LM, but at the same time they contribute to the 

ingestion and clearance of the pathogen in the early phase of infection. Especially tissue resident 

macrophages such as Kupffer cells in the liver are important for the initial clearance of bacteria 

(Zenewicz and Shen, 2007). In response to LM infection they produce large amounts of IL12 and 

TNFα which evoke the production of IFNɣ by natural killer (NK) cells that in turn stimulate infected 

tissue resident macrophages to eliminate the bacterium (Tripp et al., 1993; Havell, 1987). 

Furthermore, IL12 produced by macrophages supports the development of LM-specific T helper (Th) 1 

CD4
+
 T cells (Hsieh et al., 1993). Moreover, IFNɣ serves as a distinct signal for the efficient activation 

of macrophages to fulfill their effector functions (Stoiber et al., 2001). Activated macrophages produce 

ROS and nitrogen intermediates, which prevent bacteria from escaping from the vacuole into the 

cytoplasm of the host cell (Shaughnessy and Swanson, 2010).   

Another robust inflammatory innate immune response towards LM infection is orchestrated by 

lymphocyte antigen 6 complex (Ly6C
hi
) monocytes. Upon LM infection Ly6C

hi
 monocytes migrate from 

the bone marrow through the bloodstream to the site of infection, triggered by CCL2- and CCL7-

mediated stimulation of the CCR2 chemokine receptor on monocytes  (Serbina et al., 2008). 

Particularly in the liver, the surface protein integrin α-M (CD11b) on monocytes and the cell surface 

glycoprotein called “intercellular adhesion molecule-1” (ICAM-1) expressed on endothelial cells, help 

to guide chemotaxis of Ly6C
hi
 monocytes to the infected tissue (Serbina et al., 2012). Moreover, in 

spleens of LM infected animals Ly6C
hi
 monocytes undergo differentiation into TNF- and inducible nitric 

oxide synthase (iNOS)-producing dendritic cells (TipDCs) that express MHC class II, co-stimulatory 
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molecule B7.1 and CD40 on their surface. Absence of these DC subsets was reported to result in an 

uncontrolled bacterial burden in that organ (Serbina et al., 2003).  

 

Adaptive Immunity 

The adaptive immune system is composed of T lymphocytes and B lymphocytes which constitute the 

effector cells of cellular and humoral immune responses. The adaptive immune response against LM 

is mainly T cell mediated, generally involving both CD4
+
 and CD8

+
 T cell subsets, but especially 

cytotoxic CD8
+
 T cells being necessary for effective clearance of intracellular bacteria by eliminating 

infected host cells (Stavru et al., 2011). 

Mature naïve T lymphocytes originate from the thymus and circulate through the blood stream to 

secondary lymphoid organs such as spleen or peripheral lymph nodes in search of their cognate 

antigen-MHC complex presented by antigen-presenting cells (APCs). Upon antigen encounter T cells 

become activated and differentiate into effector T cells with specific functions (Agace, 2006).  

The antigen presentation and activation of T cells takes place in draining lymph nodes (Itano and 

Jenkins, 2003). APCs, such as dendritic cells or macrophages, migrate into the lymph nodes after 

picking up antigens from the periphery. Sampled antigens are proteolytically processed into small 

peptides and loaded onto MHC class I and MHC class II proteins. These peptide-MHC complexes are 

presented to naïve T cells (Guermonprez et al., 2002). Efficient activation of T cells requires three 

signals. The first signal is provided by the specific recognition of the cognate antigenic peptides 

presented by MHC molecules. The second signal needed for efficient T cell activation and clonal 

expansion is provided by interactions with co-stimulatory molecules such as the co-stimulatory 

receptor CD28 and ligation with members of the B7 molecule family expressed on the surface of 

activated APCs (Chen and Flies, 2013). TCR stimulation results also in the secretion of IL2, the 

principal growth factor for T cells, which regulates magnitude and duration of T cell responses (Kim et 

al., 2001). The receptor for IL2 consists of three subunits - α, ß and ɣ. Resting T cells express only the 

ß and ɣ chain of the IL2 receptor. Stimulation by antigen encounter leads to the association with the α-

chain of the IL2-R which results in the formation of a high affinity receptor for IL2. Autocrine secretion 

of IL2 results in an increased and prolonged expression of IL2-Rα (CD25) which acts as positive 

feedback regulator for the expression of the high-affinity receptor (Kim et al., 2001; Malek and Castro, 

2010). 

The third signal for efficient T cell activation is provided by the local cytokine milieu in which a T cell 

becomes activated. In the absence of an adequate cytokine milieu, antigen encounter and co-

stimulatory signals may be insufficient possibly leading to tolerance (anergy) rather than activation of 

T cells. Essentially, the cytokine milieu promotes and shapes the differentiation into effector T cells 

with different effector functions (Curtsinger and Mescher, 2010; Zhu et al., 2010).  

Antigens from intracellular pathogens such as LM are rapidly proteolytically degraded in the cytosol 

and the fragments are mainly bound to MHC class I molecules and can be recognized by CD8
+
 T cells 

(Finelli et al., .1999). Activation of naïve CD8
+
 T cells results in the differentiation into effector CD8

+
 

T cells with cytotoxic functions in order to combat the intracellular pathogens. One mechanism used by 

cytotoxic CD8
+
 T cells to lyse infected host cells is the release of perforin that integrates into the target 

cell membrane where it forms pores allowing specific enzymes, called granzymes, to enter the cell and 
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to initiate apoptosis (Wing and Gregory, 2002). A second mechanism to initiate apoptosis is the 

interaction of Fas ligand (CD95L) with Fas (CD95), which results in the activation of a death-inducing 

caspase complex (Sharma et al., 2000). Released bacteria from lysed host cells are finally 

phagocytosed by macrophages. 

Moreover, CD8
+
 T cell-derived cytokines such as IFNɣ or TNFα are important for resistance to 

infection (Harty et al., 2000). After proliferation and differentiation into primary effector cells, CD8
+
 

T cells undergo a rapid contraction phase in which most of the effector cells are eliminated by 

apoptosis (Stavru et al., 2011). Typically the CD8
+
 T cell response peaks approximately 7 days post 

infection followed by the contraction phase. A small fraction of cells remains and becomes long-lived 

memory T cells which can rapidly expand in case of re-infection (Prlic and Bevan, 2008). 

 

Foreign antigens derived from bacterial proteins processed in lysosomes are presented by APCs to 

CD4
+
 T cells through MHC class II (Zenewicz and Shen, 2007). LM infection-induced IL12 production 

by macrophages supports the differentiation into IFNɣ secreting T helper (Th) 1 T cells being the main 

CD4
+
 T cell population involved in protection against LM infection (Campbell and Shastri, 1998; Kursar 

et al., 2002). Additionally, by providing co-stimulatory interactions with APCs and secretion of distinct 

cytokines, CD4
+
 T cells are suggested to be involved in helping CD8

+ 
T cells to develop an optimal 

response in terms of augmented production of cytotoxic T cell responses and the development of 

memory CD8
+
 T cells (Lara-Tejero and Pamer, 2004; Shedlock et al., 2003). Naturally occurring 

regulatory T cells (Foxp3
+
 CD4

+
 T cells) are not directly involved in combating LM infection, but they 

are needed to maintain a balance between expansion of pathogen-specific effector T cells that 

promote pathogen clearance and at the same time limiting collateral host tissue damage by 

suppressing overwhelming pathogen-specific effector T cell responses (Ertelt et al., 2009). 

In summary, efficient elimination and clearance of LM infection rel ies on the complex interplay 

between cell subsets from the innate immune compartment and, for final clearance and long-term 

protection, from cells of the adaptive immune system which is summarized in Figure 2. 
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Figure 2: Schematic overview about innate and adaptive immune cell subsets that contribute to 

elimination and clearance of Listeria monocytogenes infection (taken from Stavru et al., 2011). 

 

1.2 Methodological basis of research on antigen-specific T cell 

responses 

The polyclonal CD4
+
 and CD8

+
 T cell pool is comprised of several millions of sub T cell pools, each of 

which can be defined by means of their specific T cell receptor variant, which has been carefully 

selected within the thymus to only recognize non self-antigens in context of MHC class I/II antigen 

presentation (Takaba and Takayanagi, 2017). When studying T cell immune responses, analyses of 

the entire polyclonal T cell pool alone does not directly allow to deduce the cellular fate and function of 

certain sub-pools of antigen-specific T cells, as typically specific T cell sub-pools, even during the peak 

of adaptive immunity, only account for a tiny fraction of all T cells. Thus, ever since immunologists 

strived to find ways to confine T cell analyses to specific T cell subsets in order to better understand 

their specific contributions to the adaptive immune response in dependence of their specific antigen. 

One of the most appreciated tools to do so is the use of model antigens, for which immunogenic 

peptide sequences are known (Newell and Davis, 2014). Knowledge of immunogenic peptides helped 

to identify specific T cell subsets e.g. by using synthetically produced pentamer complexes. However, 
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only the generation of genetically modified peptide-specific animal models allows studying specific 

T cell responses in vivo. All animal models for specific T cell research have in common that by genetic 

construction they exhibit a constricted pool of T cells with a major fraction being specific for the model 

peptide. Thus, these animal models represent a source of T cells with defined and known antigen 

specificity. An immunologically well-studied model antigen is the chicken-derived ovalbumin (OVA) 

protein, commonly used to study antigen-specific immune responses. OVA is a 42.7 kDa protein 

(Nisbet et al., 1981), which becomes proteolytically processed by APCs giving rise to the generation of 

upon others two immunodominant OVA-peptides. Complementary to these immunodominant OVA-

peptides, well-established transgenic T cell mouse models exist. TCR transgenic mice are used as 

donors for antigen-specific T cells that can directly recognize certain sequences of OVA. CD8
+ 

T cells 

from so called OT-I transgenic mice express a MHC class I-restricted TCR specific for the 

immunodominant OVA peptide OVA257-264 (SIINFEKL, Hogquist et al., 1994, Clarke et al., 2000), 

whereas CD4
+
 T cells derived from OT-II transgenic mice express a MHC class II-restricted TCR 

specific for the immunodominant OVA-peptide OVA323-339 (ISQAVHAAHAEINEAGR, Robertson et al., 

2000). An unambiguous detection of both OVA-specific TCR transgenic CD4
+
 and CD8

+
 T cell subsets 

is feasible by staining them with monoclonal antibodies specific for the TCRα (Vα2) and β (Vβ5) 

chains. Of note, one known drawback of the OT-I transgenic model is that OT-I transgenic CD8
+
 

T cells tend to display higher homeostatic proliferation within the OT-I mouse itself, leading to a higher 

than normal frequency of CD44
high

 T cells (Goldrath and Bevan, 1999), a fact that has to be taken into 

account when analyzing effector and memory T cell development. For the purpose of cell re-

identification following adoptive OT-I/OT-II T cell transfer in vivo into recipient mice, the congenic 

marker Thy1.1 can be used, when previously a congenic Thy1.1 mouse line was crossed into the OT-I 

and OT-II mouse lines. In the murine system two variants of Thy1, a Glycosyl-phosphatidylinositol 

(GPI)-anchored cell surface protein exist, which differ in amino acid position 89: arginine in case of 

Thy1.1 and glutamine in case of the Thy1.2 (Haeryfar and Hoskin, 2004).  

OT-I and OT-II transgenic mice used in this study bear the allelic variant Thy1.1, whereas C57BL/6 

recipient mice express the Thy1.2 variant. Therefore, it is possible to distinguish between recipient and 

donor T cell populations by means of monoclonal antibodies against Thy1.1.  

 

1.3 Marker for the analysis of antigen-specific T cell activation and 

effector functions 

Upon cognate antigen encounter in vivo, the cellular behavior of T cells changes in multiple ways. This 

includes cell adhesion, cell-to-cell interaction, cell division, cell migration and cytokine production. All 

of these behavioral changes involve substantial alterations in cell surface protein expression enabling 

T cell functions upon TCR engagement. Thus, proteins that show TCR signaling-induced expressional 

changes are generally useful as activation markers to dissect a polyclonal T cell response and to get 

insights into the current state of T cell responses in a given moment following infection. 

One of the earliest activation markers on the surface of T cells after TCR ligation is CD69. It is an 

inducible cell surface glycoprotein, which is transiently expressed on activated lymphocytes. 

Sancho and colleagues suggested that CD69 is involved in the enhancement of the activation and/or 
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differentiation of T cells, because of its rapid but transient expression (Sancho et al., 2005). CD25, the 

α-chain of the high-affinity IL2 receptor (IL2Rα), is the most prominent T cell activation marker, which 

is rapidly up-regulated following CD4
+
 and CD8

+
 T cell activation (Bajnok et al., 2017) both with 

mitogens and specific peptides. In addition, it plays a key role in the responsiveness to IL2 resulting in 

further IL2 production in a feedback-loop (Fazekas De St. Groth et al., 2004). Moreover, the extend 

and duration of IL2 production during a primary T cell response affects the differentiation of CD8
+
 

T cells influencing them to become short-lived effector T cells or long-lived memory T cells. Otherwise 

sustained CD25 expression results in strong IL2 signals that amplify the proliferation of CD8
+
 T cells 

and these cells become apoptosis-prone short lived effector CD8
+
 T cells (summarized by Boyman 

and Sprent, 2012).  

In addition, CD62L mediates the extravasation of naïve T cells and allows T cell migration to infected 

areas (Bradley et al., 1994). Naïve T cells are typically CD62L
high

 and following activation by TCR 

engagement the protein is shed from their cell surface. CD62L together with the expression level of 

the cell-adhesion molecule CD44 is used to further subclassify T cells into naïve, effector and memory 

T cell phenotypes. Naïve T cells are CD62L
high

CD44
low

, and effector/ effector-memory T cells are 

CD62L
low

CD44
high

 (Gerberick et al., 1997).  

By flow cytometry, T cells are divided into a CD44
high

 population and a CD44
int

 (intermediate) 

population (Wang et al., 2008) and also in a cell population that does not express CD44 (CD44
-
) at all. 

In the steady state the majority of CD4
+
 T cells are CD44

int 
and together with the CD44

-
 cells, they can 

be considered to be antigen-unexperienced naïve T cells (Zhao and Davis, 2010). CD44
high

CD4
+
 

T cells present an activated and also memory-like phenotype (Swain, 1994; Zhao and Davis, 2010) 

and therefore can be thought of as antigen-experienced T cells. 

Additionally, CD44 is highly up-regulated on T cells after activation through TCR signaling (Baaten et 

al., 2010), rendering CD44 a common T cell activation marker. 

IFNɣ is an effector cytokine which contributes to CD4
+
 and CD8

+
 T cell mediated immune responses. 

On the one hand it is secreted by activated and Th1-differentiated CD4
+ 

effector T cells and on the 

other hand by cytotoxic CD8
+
 T cells (Schoenborn and Wilson, 2007). 

Terminally differentiated effector CD8
+ 

T cells are furthermore characterized not only by expressing 

high levels of IFNɣ, but also by expression of perforin, granzymes and TNFα following activation 

(Pipkin et al., 2010; Reiser and Banerjee, 2016). TNFα for instance is rapidly produced after TCR 

engagement and is a potent inflammatory cytokine, which is involved in differentiation processes, cell 

proliferation and induction of cell death (Brehm et al., 2005). 

Programmed death 1(PD1) is another important marker, which is upregulated on CD8
+
 T cells upon 

activation, and together with its ligands PD-L1 and PD-L2 it delivers inhibitory signals that are needed 

to regulate the balance between T cell activation, tolerance and immunopathology (Keir et al., 2008). 

PD1 is expressed on activated T cells and through engagement of PD1 with its ligand during TCR 

signaling T cell proliferation and cytokine signaling can be blocked. In addition PD1 expression 

protects against self-reactivity by augmenting induced Treg (iTreg) functions and by suppressing the 

expansion as well as functions of activated effector T cells (Francisco et al., 2010). 
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1.4 Identification of immune cell subsets by flow cytometry 

Flow cytometry is a reliable tool to examine immune cells in lymphoid and non-lymphoid tissues. 

Usage of fluorescently conjugated antibodies against specific cell surface markers allows 

distinguishing different cellular immune cell subsets. Though typically the combination of a set of 

antibodies to be used in a flow cytometric analysis is heavily dependent on the scientific question to be 

answered, still there is some general common sense in the way immune cell subsets can be 

distinguished. By now flow cytometers allow to assess enough fluorescence markers to dissect all 

major immune subsets in one multi-color staining. However, flow cytometric analyses of especially 

innate immune cells is challenging due to phenotypic alterations and broad overlap of common surface 

marker expression. Many studies tried to improve flow cytometric identification of immune cell subsets 

in lymphoid and non-lymphoid tissues. Most studies were done in lung tissue, where phenotypic 

plasticity of macrophages and dendritic cells is challenging to dissect (Misharin et al., 2013; Becher et 

al., 2014; Yu et al., 2016). They all used at least a 10-color panel to distinguish and identify 9 distinct 

myeloid cell populations. Despite differences in the gating strategy, they commonly use the same 

markers for immune cell subset identification. 

 

Since all immune cells originate from hematopoietic precursors, distinction of hematopoietic and non-

hematopoietic cell subsets can be easily achieved by staining against the general hematopoietic 

protein CD45. It is a unique and ubiquitous membrane glycoprotein expressed on nearly all cellular 

subsets of the hematopoietic lineage (Nakano et al., 1990). Hematopoietic immune cells can be further 

subdivided into lymphoid and myeloid cells, since all immune cells originate from either dedicated 

lymphoid or myeloid stem cell progenitor cells in the bone marrow (see Figure 3, Janeway et al., 

2008). 

T cell precursors migrate to the thymus, where they mature und undergo thymic selection (Actor, 

2014) whereas B lymphocytes develop in the bone marrow from their hematopoietic precursor cells 

(Pieper et al., 2013). Murine B cells can be identified by their expression of the pan-B cell marker B220 

(Bleesing and Fleisher, 2003), and by the expression of CD19 that is expressed by essentially all B -

lineage cells (LeBien and Tedder, 2008). 

The different T cell subsets such as T helper CD4
+
 or cytotoxic CD8

+
 T cells can be defined by 

expression of their respective TCR co-receptor (CD4/CD8) and the invariant TCR chain CD3ε and 

additionally phenotyped by cell surface markers, activation markers and cytokines they secrete (refer 

to section 1.1.2 and 1.3).  

NK cells differentiate from the same lymphoid precursor cell but in contrast to B and T-lymphocytes 

they function in an antigen-unspecific manner (Janeway et al., 2008). They can be recognized in flow 

cytometry by staining against the pan NK-cell marker CD49b and against the alloantigen NK1.1 (Arase 

et al., 2001). Furthermore, antibodies against the natural cytotoxic receptor NKp46 allows identification 

of NK cells (Romero et al., 2006). 

In general, myeloid cell subsets can be further distinguished into granulocytes (mast cells, eosinophils, 

basophils and neutrophils) and in mononuclear phagocytes (monocytes, macrophages and dendritic 

cells).  
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Granulocytes are relatively short-lived cells, circulating in the blood stream and with expanding cell 

numbers during immune responses. They then leave the blood stream to migrate to sites of infection 

or inflammation (Janeway et al., 2008).  

Neutrophils are one of the first cell subsets that migrate towards the site of infection and provide 

phagocytic functions (Witko-Sarsat et al., 2000). They can be easily identified based on their high 

expression of the neutrophil-specific marker Ly6G (lymphocyte antigen 6 complex locus G6D) and 

their cellular property of high side scatter light intensity in a flow cytometer (Rose et al., 2012).  

Staining against the integrin CD11b allows the identification of monocytes, granulocytes, macrophages 

and natural killer cells (Solovjov et al., 2005). Since CD11b is a subunit of the complement receptor 3 

required to phagocytose complement-coated structures, it is present on basically all phagocytes. 

Fluorescence intensity (CD11b
high

, CD11b
int

 and CD11b
low

) is used for further sub-classification. For 

instance high expression of CD11b permits the separation of monocytes, interstitial macrophages and 

CD11b
+ 

DCs from natural killer cells, which express CD11b only to an intermediate extend (Misharin et 

al., 2013).  

Together with the integrin CD11c that functions as cell surface receptor and mediates leukocyte 

interactions, myeloid immune cell subsets can be further sub-classified. It is primarily found on myeloid 

cells, where its expression is for example regulated during monocyte maturation into tissue 

macrophages (Córbi and Lopéz-Rodríguez, 1997). 

Especially tissue macrophages are an extremely heterogeneous cell population based on their specific 

tissue origin. Basically they are characterized by high expression of the murine macrophage-specific 

antigen F4/80 (Austyn and Gordon, 1981). Some tissue-specific macrophages are for instance 

Langerhans cells (skin), Kupffer cells (liver), microglia (brain) or alveolar macrophages (lung). Since 

they commonly develop from dedicated tissue-specific stem cells, their renewal does not rely on blood 

monocytes (Davies et al., 2013). 

Monocytes are circulating white blood cells derived from bone marrow precursors, which can further 

differentiate into a range of tissue macrophages and DCs (Auffray et al., 2009). Monocytes can be 

further subdivided based on their expression of lymphocyte antigen 6C2 (Ly6C) and CD11b; 

Ly6C
high

 CD11c
-
 cells are referred to as inflammatory or Ly6C

+
 monocytes. They are rapidly recruited 

to sites of infection or inflammation and contribute to local and systemic inflammation (Shi and Pamer, 

2011). In the steady state Ly6C
+
 monocytes differentiate into Ly6C

-
 monocytes which patrol trough the 

periphery monitoring PAMPs, potentially becoming monocyte-derived tissue-resident macrophages 

(Yang et al., 2014; Misharin et al., 2013). Monocyte-derived macrophages and DCs can be further 

distinguished by the expression of the Fcɣ-receptor CD64. It is highly expressed on macrophages, 

whereas DCs express only low to no levels of CD64 (Tamoutounour et al., 2012). Yu and colleagues 

described for instance for lung tissue a good way of discrimination between CD64
+
CD24

-
 

macrophages, CD11b
-
CD11c

+
 alveolar macrophages and CD11b

+
CD11c

-
 interstitial macrophages (Yu 

et al., 2016). Alveolar macrophages function mostly as phagocytic cells to remove microorganisms in 

the alveoli, whereas interstitial macrophages serve as regulators in inflammation and as antigen-

presenting cells (Cai et al., 2014). The above mentioned discrimination strategy was also described to 

work in other tissues than lung (Yu et al., 2016). 
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DCs can be divided into plasmacytoid and classical DCs. Plasmacytoid DCs accumulate mainly in the 

blood and express low levels of MHC class II and CD11c in the steady state. Classical DCs are a 

subset of hematopoietic cells found in tissues and residing in most lymphoid and non-lymphoid tissue. 

They can roughly be sub-classified into MHC class II
+
 CDb11

-
 and CD11b

+
 DCs (Merad et al., 2013).  

Taken together, monocyte-derived immune cells share phenotypic and functional properties, but with 

the combination of the aforementioned markers it is possible to identify and distinguish most 

macrophages and DC populations by flow cytometry. 

 

Figure 3: Illustration of hematopoiesis. Pluripotent stem cells can either divide into common lymphoid 
progenitor cells, which are the precursors for T-, B lymphocytes and NK cells or into common myeloid progenitor 
cells, which are precursors for granulocytes (basophils, eosinophils and neutrophi ls), mononuclear phagocytes 

(monocytes, macrophages, dendritic cells), erythrocytes and megakaryocytes (taken from Janeway et al., 2008). 

 

1.5 The transcription factor NF-κB 

NF-κB is an inducible transcription factor, which was first described in 1986 by Sen and Baltimore. 

They found NF-κB as an inducible protein in LPS-stimulated pre-B cells interacting with a defined site 

in the κ immunoglobulin enhancer (Sen and Baltimore, 1986). Since its discovery a huge body of 

knowledge with several thousand publications has been gathered, describing upon others the 

functions of NF-κB in the regulation of gene expression of growth factors and effector cytokines upon 

ligation of receptors involved in immunity (e.g TCR, B cell receptor, tumor necrose factor (TNF)-

receptor, Toll/IL-1R family; Ghosh et al., 1998; Hayden and Ghosh, 2004).  
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NF-κB is ubiquitously expressed in nearly all cell types and since its discovery responsive κB sites 

have been described in promoters and enhancers of various genes mainly involved in immune and 

inflammatory responses (Ghosh et al., 1998).  

NF-κB is a dimer composed of members of the Rel family that consists of proteins sharing a sequence 

homology over a 300 amino acid long N-terminal Rel-homology domain (RHD) containing sequences 

needed for dimerization and DNA binding (Rushlow and Warrior, 1992). Until now, five members of the 

Rel-family are known: p50, p52, p65, RelB and c-Rel. These members are able to form homo- or 

heterodimers regulating distinct cellular functions (Mueller and Harrison, 1995). 

 

Based on the amino acid sequence of the C-terminus, which either contains a transactivation domain 

(TAD) like in p65, RelB and c-Rel, or an ankyrin-repeat domain (ARD) as in p52 and p50, NF-κB 

proteins can be divided into two groups (see Figure 4, Hayden and Ghosh, 2008). RelB is unique in as 

much as it is the only member containing a leucine zipper, which is needed together with TAD to gain 

full transactivation potential (Dobrzanski et al., 1993). TAD containing Rel-proteins are able to directly 

activate transcription (Saccani et al., 2003). The proteins p100 and p105 are distinguished from other 

Rel family members by their ankyrin repeats that prevent nuclear import, but can be processed into the 

mature forms p52 and p50, respectively (Wan and Lenardo, 2009; Gilmore 2006). Since p50 and p52 

lack a TAD, they have to form heterodimers with TAD-containing REL proteins to activate transcription 

of target genes. Otherwise, they can also form p50 and p52 homodimers to regulate gene transcription 

in a negative way by binding and occupying κB sites of target genes (Yu et al., 2009).  

The activation of NF-κB depends on phosphorylation-induced degradation of inhibitory-κB proteins, 

which sequesters NF-κB in the cytoplasm in resting cells. Release of NF-κB dimers enables their 

translocation into the nucleus where they bind to κB sites on the DNA of target genes (Oeckinghaus 

and Ghosh, 2009). 

 

 

Figure 4: The members of NF-κB/Rel family. NF-κB is formed by two members of the REL protein family, 
whereby homo-or heterodimers are possible. RHD=Rel homology domain; LZ=leucine zipper; 
TAD=transactivation domain; ANK=Ankyrin repeat; DD=death domain; GRR=glycine-rich region (taken from 
Hayden and Ghosh, 2008). 
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1.6 Regulation of NF-κB through inhibitory proteins (IκBs) 

The activity of NF-κB is regulated by inhibitory κB proteins (IκBs). In unstimulated cells, NF-κB is 

sequestered in the cytoplasm by binding to IκBs which mask the nuclear localization sequence of 

NF-κB, preventing translocation of the protein into the nucleus. Thereby NF-κB complexes cannot 

mediate their transcription factor activity by binding to kB-sites in the DNA (Wan and Lenardo, 2010). 

IκBs can be divided into two groups – classical and atypical IκBs. Classical IκBs such as IκBα, IκBß 

and IκBε are localized in the cytoplasm and are proteolytically degraded upon stimulation, thereby 

demasking the NLS of the bound NF-κB complex. Subsequently, NF-κB dimers are translocated into 

the nucleus (Hayden and Ghosh, 2004). Atypical IκBs such as Bcl-3, IκBζ and IκBNS act mainly in the 

nucleus and while they exhibit low expression in resting cells, they can be strongly induced following 

cell stimulation and specifically NF-κB activation itself. They bind to NF-κB dimers, which have 

previously been translocated into the nucleus and thus are thought to be able to modify and influence 

the transcriptional action of nuclear NF-κB complexes (Ghosh and Hayden, 2008). Thus atypical IκBs 

add to the cell’s spatial capability to regulate NF-κB function even in the nucleus.  

 

Common for all IκBs is the presence of a highly conserved ankyrin repeat domain (ARD) that mediates 

the interaction with NF-κB proteins (Hinz et al., 2012). The ARD is one of the most frequent protein-

protein interaction motifs and consists of 33 amino acids which are folded into a typical helix -loop-helix 

conformation (Mosavi et al., 2004; Hinz et al., 2012). 

The classical human IκBs display N-terminal to the ARD an unfolded protein structure containing a 

signal response domain (degron) with conserved serine residues that are required for a stimulus-

dependent phosphorylation by IκB kinases (IKK, Hinz et al., 2012). Located at the C-terminal site of 

IκBα and IκBß are short acidic regions, that are referred to PEST sequences (rich in proline (P), 

glutamic acid (E), serine (S) and threonine (T)) needed for protein degradation (Rogers et al., 1986). 

The precursors p105 and p100 contain C-terminal NF-κB inhibiting ANKs, thus they can act as IκBs as 

well (Siebenlist et al., 2005). 

 

Regarding its function, it has been described that atypical IκBs can act as both activator and 

suppressor of NF-κB-dependent target gene transcription (Ghosh and Hayden, 2008). Bcl-3 was first 

identified as a proto-oncogene overexpressed in B-cell chronic lymphocytic leukemia (Ohno et al., 

1990). Bcl-3 was described for example to be induced upon stimulation with IL9 and IL4 in T cells and 

mast cells (Richard et al., 1999). Furthermore, IL10 induces Bcl-3 expression in macrophages and 

promotes anti-inflammatory responses (Dagvadorj et al., 2009). In this line, Bcl-3 can act as anti-

inflammatory regulator in macrophages by attenuating LPS-induced pro-inflammatory cytokines 

(Wessells et al., 2004). It contains a well-conserved TAD and binds preferentially to p50 and p52 

dimers in the nucleus (Nolan et al., 1993; Bours et al., 1993).   

The second atypical IκB containing a TAD is IκBζ (also called MAIL) which was identified to be rapidly 

induced in several murine organs and specifically in macrophages and B cells upon LPS stimulation 

(Kitamura et al., 2000). Moreover, IκBζ mRNA expression is also induced upon stimulation of several 

TLRs for instance by peptidoglycan (TLR2), flagellin (TLR5) or CpG DNA (TLR9, Yamamoto et al., 
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2004). Like Bcl-3, it preferentially interacts with p50 and additionally with p65 and negatively regulates 

NF-κB activity in order to prevent excessive inflammation (Yamazaki et al., 2001).  

IκBη was shown to be highly expressed in brain, lung, testis and ovary . IκBη mRNA is constitutively 

expressed at basal levels and is slightly up-regulated by TLR signaling in macrophages (Yamauchi et 

al., 2010). Moreover, it is suggested that IκBη preferentially binds to p50 and might function as a co-

activator of NF-κB (Hinz et al., 2012). 

The atypical protein IκBNS, which is in the main focus of the present study  is described in more detail in 

chapter 1.8. 

 

 

Figure 5: Overview about inhibitory κB proteins based on their cellular localization in the cytoplasm and 
nucleus. Common feature of all IκBs  is the presence of ankyrin repeat domains  (taken from Annemann et al. 
2016). 

 

Taken together, atypical IκBs are stimulation-dependent inducible proteins and act mainly in the 

nucleus by binding to NF-κB complexes, thereby they modulate NF-κB-mediated gene transcription in 

a pleiotropic manner. 
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1.7 The classical NF-κB pathway 

The classical or canonical pathway of NF-κB activation is inducible upon recognition of viral or 

microbial products by TLRs, inflammatory cytokines or antigen receptor engagement in T cells usually 

leading to the activation of p65 or cRel containing NF-κB complexes (Oeckinghaus and Ghosh, 2009; 

Karin and Ben-Neriah, 2000). In resting cells, the NF-κB dimers are sequestered in the cytoplasm by 

classical IκBs such as the best-studied IκBα, which masks the NLS of the Rel proteins (Ghosh and 

Hayden, 2008). Upon activation with one of the above mentioned stimuli, the serine residues 32 and 

36 of IκBα become phosphorylated by an IκB kinase (IKK) complex that consists of IKKα and IKKß 

and a non-catalytic regulatory subunit (NEMO/IKKɣ) essential for the stimulus-response coupling of 

the kinase complex (Chen and Greene, 2004). Upon phosphorylation by the IKK, IκBα becomes 

rapidly polyubiquitinylated resulting in its proteasomal degradation (Kanarek and Ben-Neriah, 2012; 

Chen and Greene, 2004). The released NF-κB translocates into the nucleus and binds promoter and 

enhancer regions that contain κB consensus sequences and initiates transcription of dedicated target 

genes (Hayden and Ghosh, 2008; Bhatt and Ghosh, 2014). IκBα itself is a negative feedback regulator 

that controls the duration of NF-κB signaling and enables reactivation of NF-κB resulting in oscillatory 

dynamics (Hoffmann et al., 2002; Fagerlund et al., 2015). In addition de novo synthesis of IκBα is also 

induced by NF-κB (Chen and Greene, 2004). Through IκBα-mediated oscillatory nucleocytoplasmic 

shuttling NF-κB complexes are retrieved from the nucleus by bidirectional transport across the nuclear 

membrane (Korwek et al., 2016). Termination of NF-κB signaling and displacement from the DNA are 

achieved by ubiquitination, subsequent proteasomal degradation and by small ubiquitin-like modifiers 

(SUMO) E3 ligases, which decrease the transcriptional activity (summarized in Figure 6, Ghosh and 

Hayden, 2008). 

 

 

Figure 6: Overview about the activation cascade of the classical NF-κB signaling pathway (taken from 

Ghosh and Hayden, 2008). 

Next to the classical pathway, a second so-called non-canonical NF-κB activation pathway is known, 

which activates RelB/p52 NF-κB complexes using a mechanism relying on the inducible processing of 

p100 instead of the degradation of IκBα (Sun, 2011). In contrast to the classical NF-κB pathway, the 

non-canonical pathway is independent from IKKɣ/NEMO in the IKK complex, but depends on IKKα 

(Gilmore, 2006). A NF-κB-inducing kinase (NIK) is responsible for the phosphorylation of IKKα, which 

in turn mediates the processing of p100 to p52, leading to the proteolysis and release of the p52/RelB 

complex and its translocation into the nucleus, where it binds to κB sites (Gilmore, 2006). In contrast to 

the classical pathway, which is activated by a variety of stimuli, the non-canonical NF-κB pathway is 

activated exclusively by specific receptors and here mainly by TNFR superfamily receptors (Sun, 

2011). 
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1.8 The atypical non-structural κB protein IκBNS 

1.8.1 The structure of IκBNS 

The IκBNS protein is encoded by the Nfkbid gene (nuclear factor of kappa light gene enhancer in B 

cells inhibitor delta) located on the murine chromosome 7 and is comprised of 12 exons  (NCBI, 

https://ncbi.nlm.nih.gov/gene/243910). IκBNS was first described in 2002 by Fiorini and colleagues, 

who identified transcription of IκBNS upon peptide stimulation of immature T cells triggering negative 

selection of thymocytes (Fiorini et al., 2002). The protein consists of 7 ankyrin repeat domains and 

with 327 amino acids it is the smallest member of the BCL-3 family (Fiorini et al., 2002). Due to its 

nuclear localization, it has been proposed that IκBNS contains a nuclear localization signal in its N-

terminal region (Yamamoto and Takeda, 2008). On the other hand, Park and colleagues found also a 

single putative NLS located in the C-terminal region with a sequence well-conserved between mouse 

and human IκBNS (Park et al., 2014). Furthermore, they reported that IκBNS is an unstable protein, 

which is degraded by the proteasome similar to the degradation mechanisms known from the classical 

IκBα involving a PEST sequence in the N-terminal region (Park et al., 2014). The complete 3D protein 

structure of IκBNS remains elusive until now. However, Manavalan and colleagues performed in silico 

analyses to define structural relationships between cytoplasmic and nuclear IκB proteins. Moreover, to 

preconceive a potential protein structure of IκBNS a superimposition analysis with a known structural 

template for the atypical protein Bcl-3 was performed indicating that both proteins have a similar 

shape, but also variations which are located mainly within the loops of the ANK repeats (see Figure 7, 

Manavalan et al., 2010).  

 

 

Figure 7: In silico structural prediction of IκBNS. Superimposition model of Ankyrin repeat domains with a 
known common structural template of the atypical inhibitory protein Bcl -3. IκBNS is colored in purple and Bcl-3 in 

yellow (adapted from Manavalan et al., 2010). 

 

Interestingly, Schuster and colleagues could show that T cells stimulated with phorbol 12-myristate 13-

acetate (PMA) and ionomycin for 4 h express two IκBNS proteins with different sizes. A 35 kDa IκBNS 

protein was present in the cytoplasm and a 70 kDa isoform in the nucleus of the T cells (Schuster et 

al., 2012). This potentially homodimeric twice as large 70 kDa isoform cannot be deduced from the 

primary amino acid sequence of the translated Nfkbid mRNA itself. Since both the 35 kDa and the 

70 kDa isoforms are completely missing in IκBNS-deficient T cells, it is indicative that the 70 kDa 

protein is indeed likely to be an Nfkbid gene product, which interacts with NF-κB complexes in the 

nucleus (Schuster et al., 2012). The underlying protein-biochemical reasons of this phenomenon are 

likely to remain elusive until the actual 3D protein structure has been solved experimentally.  
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1.8.2 Cell-type specific effects of IκBNS 

IκBNS was first discovered in 2002 in context of peptide-triggered negative but not positive selection of 

thymocytes, where it was rapidly expressed upon TCR triggering (Fiorini et al., 2002), rendering T 

cells the first cell type in which IκBNS was found to have a functional impact on. However, when 

analyzing IκBNS-deficient mice regarding cell number or distribution of T cell subpopulations in thymus, 

spleen or lymph nodes no significant differences were reported between WT and IκBNS-deficient mice 

(Touma et al., 2007). Interestingly, the in vitro stimulation of IκBNS-deficient thymocytes and lymphatic 

T cells with plate-bound anti-CD3ε plus soluble anti-CD28 resulted in a reduced proliferation and 

diminished expression of IL2 and IFNɣ compared to IκBNS-sufficient T cells (Touma et al., 2007). 

Schuster and colleagues reported that IκBNS is necessary for the development of thymic derived and 

induced Foxp3
+
 Tregs, in which binding of IκBNS together with p50 and c-Rel and with the conserved 

non-coding sequence-3 to the Foxp3 promoter leads to a full transcriptional activation of the Foxp3 

locus. Nfkbid-deficient mice exhibit a reduction of mature Tregs and an increase of precursor cells due 

to the impaired transition into Foxp3
+
 Treg cells. Despite the reduction of mature Treg cells, IκBNS 

seems dispensable for their functionality, because Nfkbid-deficient mice do not develop T cell-

mediated autoimmunity (Schuster et al., 2012). 

On the other hand, it has been reported that IκBNS is crucial for the differentiation of CD4
+
 T cells into 

Th17 cells. Annemann and colleagues showed a high expression of IκBNS in Th17 cells and in its 

absence reduced frequencies of IL17A-producing T cells were observed under Th17 polarizing 

conditions in in vitro studies and in in vivo Citrobacter rodentium infection in mice. Mice lacking IκBNS 

showed an increased bacterial burden, but however a diminished tissue damage due to impaired Th17 

and IL17A
+
IFNɣ

+
 T cell formation (Annemann et al., 2015). 

In line with this, Kobayashi and colleagues showed that IκBNS
-/-

 T cells were less capable of generating 

Th17 cells in response to transforming growth factor (TGF)-ß and IL6 stimulation in vitro. Additionally, 

they described a resistance of IκBNS-deficient mice to develop Th17-dependent experimental 

autoimmune encephalomyelitis (EAE) due to secondary effects of the impaired Th17 cell generation 

resulting in reduced immunopathology (Kobayashi et al., 2014).  

 

Next to T cells, some studies investigated the impact of IκBNS on macrophage function. Hirotani and 

colleagues found that IκBNS is constitutively expressed in colonic lamina propia macrophages where it 

is thought to have suppressive functions on inflammatory responses in the intestine. Moreover, they 

showed that IκBNS suppresses LPS-induced IL6 production in macrophages through constitutive 

binding to the IL6-promoter together with p50 (Hirotani et al., 2005). 

In line with that, Kuwata and colleagues observed that IκBNS selectively inhibits the expression of IL6, 

IL12p40 and IL18 in macrophages upon LPS stimulation. IκBNS-deficient mice succumbed after LPS 

injection due to an endotoxin shock possibly induced by the sustained production of IL6 and IL12p40. 

Moreover, oral administration of dextran sulfate sodium (DSS) that induces colitis in mice resulted in a 

severe intestinal inflammation caused by disruption of the epithelial barrier possibly due to the 

continuous production of pro-inflammatory mediators (Kuwata et al., 2006). 

Touma and colleagues described an impact of IκBNS on the B cell lineage leading to reduced 

proliferation in response to stimulation with LPS or anti-CD40 and reduced levels of serum IgM and 



Introduction  18 

IgG3 immunoglobulins in absence of IκBNS. Moreover, IκBNS-deficient mice exhibit defects in the 

development of B1 and marginal zone B cells and the differentiation to plasma B cells (Touma et al., 

2011). 

A recently published study described that IκBNS can either negatively or positively regulate the 

pathologic outcome of asthma dependent on its expression in hematopoietic or non-hematopoietic 

cells. Yokota and colleagues observed that IκBNS is important in the suppression of house-dust-mite 

induced allergic airway inflammation shown by exacerbated eosinophilic airway inflammation in mice 

lacking IκBNS. In contrast, absence of IκBNS in non-hematopoietic cells resulted in attenuation of airway 

hyper-responsiveness due to impaired production of Muc5a, a hallmark mucin in asthmatic airways 

(Yokota et al., 2017).  

 

In summary, IκBNS can act as activator as well as suppressor of NF-κB mediated gene transcription. 

Its dedicated effects are cell type specific and dependent on various factors such as stimulatory 

conditions and the in vitro or in vivo experimental set-up in which IκBNS effects are studied. Although 

several studies already revealed relevance of IκBNS for a few immune cell types under certain 

experimental conditions, a thorough integrated description of IκBNS expression and function in context 

of an in vivo orchestrated immune response is still missing, especially in the context of systemic 

infections. 
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1.9 Aims of the thesis 

The development and function of immune cells is tightly regulated by transcription factors such as 

NF-κB, that induces a specific gene expression profile involved in processes like inflammation, 

proliferation and immune responses towards pathogens. The act ivation of NF-κB is governed by 

inhibitory kB proteins. The classical ones such as IκBα, which act in the cytoplasm, are well-

characterized whereas the function and regulatory properties of the non-classical IκB proteins, such as 

IκBNS, in immune cells are still incompletely understood. Most scientific work published so far 

described an impact of IκBNS on dedicated T cell subsets such as regulatory T cells. Moreover, it was 

also shown that IκBNS-deficient T cells are hyporesponsive under certain experimental conditions, 

however, most of these studies were performed in vitro. Published data led to the assumption that 

IκBNS might contribute to the development and function of CD4
+
 and CD8

+
 T effector cells. To extend 

existing knowledge on IκBNS-mediated effects on the in vivo expansion and pathogen-specific 

T effector cell differentiation during systemic bacterial infection, an in vivo approach based on the 

adoptive transfer of T cells carrying a transgenic TCR specific for the model antigen ovalbumin (OVA) 

in combination with recombinant Listeria monocytogenes expressing the cognate antigen (LM-OVA) 

will be used. 

In a first approach, proliferation and activation of OVA-specific IκBNS-proficient and IκBNS-deficient 

CD4
+
 and CD8

+
 T cells will be analyzed in vitro by stimulation with the cognate OVA peptides. 

Proliferation will be assessed by CFSE dilution and activation status by flow cytometric analyzes of 

CD44, CD25 and IFNγ expression. In order to study the in vivo impact of IκBNS on T cell activation and 

development of pathogen-specific effector function, OVA-specific IκBNS-proficient and IκBNS-deficient 

CD4
+
 and CD8

+
 T cells will be isolated from TCR transgenic donor mice and adoptively transferred 

into wildtype recipients. After adoptive transfer, recipient mice will be infected with recombinant LM-

OVA to provide antigen-specific and at the same time pathogen-specific stimulation of the T cells. At 

different times post infection liver and spleen, the main replication sites of LM, will be sampled and the 

proliferation and activation status of the adoptively transferred OVA-specific CD4
+
 and CD8

+
 T cells in 

response to in vivo LM-OVA encounter will be assessed. For this purpose, proliferation will be 

analyzed by CFSE dilution and by flow cytometric acquisition of the expression of effector molecules 

such as CD44, CD25, PD1, IL2, IFNɣ and TNFα. Moreover, the bacterial burden will be determined in 

spleens of recipient mice that receive either CD4
+
 or CD8

+
 T cells proficient or deficient for IκBNS in 

order to analyze if IκBNS in T cells has any impact on pathogen clearance. To overall conclude the 

effector status of CD8
+
 T cells, the formation of cytotoxic T cell function in response to LM-OVA 

infection will be analyzed.  

In summary, the first part of the thesis will give a detailed overview about the impact of IκBNS on 

antigen-specific proliferation and activation of CD4
+
 and CD8

+
 effector T cells during systemic Listeria 

monocytogenes infection. 
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In addition to adaptive immune cells, previous studies described as well an impact of IκBNS on the 

function of dedicated subsets of the innate immune response. Nevertheless, so far no comprehensive 

knowledge has been gathered with respect to the role of IκBNS in innate immune responses during 

systemic bacterial infection. 

To this end, WT and IκBNS-deficient mice will be infected with Listeria monocytogenes. First the overall 

health status and survival will be monitored to elucidate if IκBNS has a general impact on the outcome 

of a systemic bacterial infection. Moreover, detailed analyses of several relevant parameters will be 

addressed including pathogen control, immunopathology, cytokine profile and the cellular composition 

of liver and spleen during the course of LM infection. To overall complete this picture, detailed 

transcriptome analyzes will be performed from liver samples to identify potential IκBNS-related 

differences in the immune response based on differential gene regulation in response to LM infection. 

Moreover, the expression of IκBNS ifself will be determined in hematopoietic and non-hematopoietic 

cell fractions of the liver. To complete these data, promoter activity of IκBNS will be measured in a 

brought set of leukocyte subsets both in the steady state as well as during the course of LM infection 

making use of a newly developed reporter mouse. Taken together, the second part of the thesis will 

provide detailed knowledge regarding the impact of IκBNS on immune responses induced during 

systemic in vivo LM infection.  

 

In summary, this thesis will address two major objectives: 

 

Aim 1:  Deciphering the role of IκBNS on antigen-specific activation, proliferation and effector 

function of CD4
+
 and CD8

+
 T cells in the context of infection 

 

Aim 2:  Elucidating the impact of IκBNS on pathogen-specific innate immune responses during 

the course of Listeria monocytogenes infection. 
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2. Materials  

2.1 Consumables 

Table 1: Chemicals  

Product Catalog number Manufacturer 

ß-Mercaptoethanol 1001090202 Sigma-Aldrich 

Bacto™ agar 214010 BD Biosciences 

Bacto™ Brain Heart Infusion 237200 BD Biosciences 

BD FACS™ Clean 340345 BD Biosciences 

BD FACS™ Flow 342003 BD Biosciences 

BD FACS™ Rinse 340346 BD Biosciences 

BD FACS™ Shutdown 334224 BD Biosciences 

Brefeldin A 420601 BioLegend 

CFSE V12883 Invitrogen 

Collagenase A 1108886601 Roche 

DNAse I D5025-15kU Sigma Aldrich 

DMSO A9941 Carl Roth 

Easycoll L6145 Biochrom 

Ethanol, absolut (p.a.) 2246.1000 CHEMSOLUTE® 

EDTA E6758-500G Sigma-Aldrich 

FCS P4047500 PAN Biotech 

Fixable Viability Dye eFlour® 780 65-0865-14 eBioscience 

Gentamicin P11-004 PAA 

Igepal® CA-630 18896 Sigma-Aldrich 

Glutamax IMDM 31980-022 Gibco 

Ionomycin I0634 Sigma-Aldrich 

Lane Marker Reducing Sample Buffer 39000 Thermo Scientific 

OT-I peptide - synthesized at HZI  

OT-II peptide - synthesized at HZI 

Paraformaldehyde 252549-1L Sigma-Aldrich 

PBS tablets 18912-014 Gibco 

Penicillin-Streptomycin 15070-063 Gibco/ Invitrogen 

Percoll 17-0891-01 GE Healthcare 

PMSF 8553 Cell Signaling 

RLT buffer (RNeasy Lysis buffer) 79214 Qiagen 

RNAlater 76106 Qiagen 

Triton X-100 3051.2 Carl Roth 

TWEEN 20 A1379-100mL Sigma-Aldrich 

Trypan blue 15250-061 Gibco 
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Table 2: Kits 

Product Catalog number Manufacturer 

CD4
+
 T cell Isolation kit 130-104-454 Miltenyi Biotec 

CD8a
+
 T cell Isolation kit 130-104-075 Miltenyi Biotec 

CD45 Microbeads 130-052-301 Miltenyi Biotec 

cDNA synthesis kit 04379012001 Roche 

FluoReporter® lacZ Flow Cytometry kits F-1930 Molecular Probes™ 

FastStart Essential DNA Green Master 06402712001 Roche 

Liver dissociation kit 130-105-807 Miltenyi Biotec 

RNeasy Mini kit 74104 Qiagen 

 

2.2 Technical devices 

Table 3: Technical devices 

Device Model Manufacturer 

autoMACS  Pro separator Miltenyi Biotec 

Blotting chamber REL-SD20 Carl Roth 

Centrifuge Allegra® X-15R Beckman Coulter 

Centrifuge Multifuge® 1 S-R Heraeus 

Clean bench HERAsafe® KS Heraeus 

CO2 incubator NU-8500E Integra Biosciences 

Counting chamber Neubauer Marienfeld Superior 

Disperser POLYTRON® PT 3100 D KINEMATICA AG 

Flow cytometer BD FACS Canto™ II BD Biosciences 

Flow cytometer BD LSRFortessa™ BD Biosciences 

gentleMACS  octo dissociator with heaters Miltenyi Biotec 

Incubation shaker Ecotron INFORS HT 

Laboratory balance Pioneer® Ohaus 

Magnetic stirrer C-MAG HS7 IKA 

Microscope  CX21 Olympus 

Micro centrifuge 5417R Eppendorf 

pH measuring instrument EL20 Mettler Toledo 

Plate reader Synergy HT BioTek Instruments 

Roller mixer SRT9 Stuart 

Shaker DOS-10L neolab 

Spectrophotometer GeneQuant™ pro Amershan Biosciences 

Spectrophotometer ND-1000 NanoDrop Technologies 

Suction pump Vacusafe Integra Biosciences 

Thermocycler LightCycler® 480 II Roche 

Thermomixer Thermomixer comfort Eppendorf 
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Transfer membrane Immobilon®,PVDF, 0.45 µm Merck Millipore 

Vortex Vortex Genie 2 Scientific Industries 

Water bath WNE 7 Memmert 

 

2.4 Antibodies 

In the following section all used antibodies are listed. Every antibody was titrated prior to usage to find 

the optimal antibody staining concentration. 

 

Table 4: Antibodies used for purity check of adoptively transferred OVA-specific T cells 

Antibody Conjugation Clone Manufacturer  

CD8a/ CD4 PerCP-cy5.5 53-6.7/ RM4-5 BioLegend 

TCR Vα2 PE-Cy7 B20.1 eBioscience 

TCR β5.1/5.2 APC MR9-4 BioLegend 

CD44 FITC IM7 BioLegend 

CD25 PE PC61 BioLegend 

CD62L Biotin MEL-14 BioLegend 

Streptavidin BV510 - BioLegend 

 

Table 5: FACS-panel used in the adoptive transfer experiments 

Antibody Conjugation Clone Manufacturer  

CD16/CD32 

CD8a 

- 

BV421 

93 

53-6.7 

BioLegend 

BioLegend 

CD4 BV421 GK1.5 BioLegend 

CD90.1/Thy1.1 PE-Cy7 OX-7 BioLegend 

CD44 Biotin IM7 BioLegend 

CD25 PerCP-Cy5.5 PC61 BioLegend 

Streptavidin BV510 - BioLegend 

IFNγ APC XMG1.2 BioLegend 

IL2 PE JES6-5H4 BioLegend 

PD-1 Biotin 29F.1A12 BioLegend 

TNFα APC MP6-XT22 BioLegend 

 

Table 6: FACS-panel for characterization of cellular influx during Listeria-infection 

Antibody Conjugation Clone Manufacturer  

NKp46 Biotin 29A1.4 BioLegend 

Ly6C PerCP-Cy5.5 HK1.4 BioLegend 

CD24 PE M1/69 BioLegend 

CD8 PE-Cy5 53-6.7 BioLegend 

CD11c APC HL3 / N418 BioLegend 
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Ly6G AF700 1A8 BioLegend 

CD11b APC-Cy7 M1/70 BioLegend 

CD64 BV421 X54-5/7.1 BioLegend 

CD4 BV510 RM4-5 BioLegend 

CD45 BV605 30-F11 BioLegend 

IA/IE BV650 M5/114.15.2 BioLegend 

 

2.5 Buffers and Media 

Table 7: IMDM complete 

Component Final concentration  

IMDM + GlutaMAX  500 mL 

FCS 10% (v/v) 

Penicillin/ Streptomycin 1% (v/v) 

Gentamicin 0.1% (v/v) 

β- Mercaptoethanol 0.1% (v/v) 

 

Table 8: FACS buffer 

Component Final concentration  

PBS  

FCS 2.0% (v/v) 

EDTA 2 mM 

 

Table 9: FACS staining medium for intracellular lacZ activity assay 

Component Final concentration  

PBS  

FCS 4.0% (v/v) 

HEPES 10 nM 

 

2.6 Mouse models 

All experiments were performed in strict accordance with the institutional guidelines and approved by 

the “Landesamt für Verbraucherschutz, Sachsen-Anhalt” under the license “42502-2-1242” or the 

guidelines of the “Landesamt für Verbraucherschutz und Lebensmittelsicherheit, Niedersachsen” 

under the license “33.19-42502-04-14/1545”. 

 

Constitutive IκBNS knockout mice 

Wildtype and constitutive IκBNS knockout mice on C57BL/6 genetic background were bred at the 

animal facility of the Helmholtz Centre for infection research (HZI) Braunschweig, Germany. For 

experiments, 8-20 weeks old female animals were transferred to the animal facility (Zentrales 
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Tierlabor) of the University Hospital Magdeburg and maintained under specific pathogen-free 

conditions in environmentally-controlled clean rooms. 

 

Mice for adoptive transfer experiments 

For the adoptive T cell transfer experiments TCR-transgenic OT-I and OT-II mice, as well as OT-I and 

OT-II mice crossed on IκBNS
-/- 

background were used as T cell donors. Breeding and housing of 

transgenic mice were carried out in the animal facility of the HZI. Mice of the OT-II strain harbor CD4
+
 

T cells that express a transgenic T cell receptor specifically recognizing the amino acid sequence 

ISQAVHAAHAEINEAGR of the chicken ovalbumin protein (OVA323-339) on MHC II molecules. In case 

of the OT-I strain the transgenic T cell receptor is restricted to MHC I and recognizes a specific 

CD8/MHC I epitope of ovalbumin (OVA257-264) with the amino acid sequence SIINFEKL. 

As recipient mice for adoptive T cell transfers 8-12 weeks old female wildtype C57BL/6OlaHsd from 

Harlan Laboratories (since 2015 Envigo) and C57BL/6 mice from Janvier Labs were used. Mice were 

maintained under specific pathogen-free conditions in the animal facility of the University Hospital 

Magdeburg. 

 

Nfkbid
LacZ 

reporter mice 

An IκBNS reporter mouse line from the EUCOMM consortium, called Nfkbid
tm1a(EUCOMM)Wtsi

, kindly 

provided by Prof. Ingo Schmitz (Helmholtz Centre for Infection Research, Braunschweig), here 

referred as Nfkbid
LacZ

 was used to directly analyze the promotor activity of the Nfkbid gene encoding 

for the IκBNS protein. Nfkbid
LacZ

 mice have a promoter-less cassette containing a LacZ coding 

sequence, which encodes a ß-galactosidase, which is knocked into one allele of the Nfkbid locus 

allowing the indirect detection of Nfkbid promoter activity through assessment of enzymatic 

ß-galactosidase activity. This can be achieved by using surrogate galactose substrate analoga with 

fluorescent features like Fluorescein Di-D-Galactopyranoside (FDG), which releases fluorescein dye 

upon lacZ cleavage. Though Nfkbid
LacZ

 mice only have one functional allele for the Nfkbid gene they 

show no specific phenotype and a normal development at least under steady state conditions. 

Breeding and housing were carried out at the animal facility of the HZI. For infection experiments 

female mice at the age of 10-20 weeks were used. 

 

Conditional IκBNS
-/-

 mice- NSflLysmC 

NSflLysmC mice were kindly provided by Prof. Ingo Schmitz (Helmholtz Centre for Infection Research, 

Braunschweig). The conditional IκBNS
-/-

 mouse strain NSflLysmC (Nfkbid
f l/f l

xLysMCre
tg/wt

) created by 

the EUCOMM consortium was used with a specific deletion of IκBNS in Lyz2 expressing cells, i.e. 

macrophages and granulocytes. Mice developed normal and show no specific phenotype in steady  

state conditions. Breeding and housing were carried out at  the animal facility of the HZI. For 

preliminary infection studies, female and male mice at the age of 10-17 weeks were transferred to the 

animal facility of the University Hospital Magdeburg. 
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3. Methods 

3.1 Genotyping of inbred mouse strains 

Genotyping of the inbred mouse strains was performed by using the KAPA Mouse Genotyping Hot 

Start kit. A small ear biopsy was digested by adding 2 µL Express Extract enzyme (1 U/µL) and 10 µL 

10x KAPA Express extract buffer. The solution was filled to 100 µL with water and heated for 10 min at 

75°C in a thermomixer. This step was followed by another heating step (95°C for 5 min). The solution 

was mixed and centrifuged for 1 min at full speed. The DNA containing supernatant was transferred to 

a new tube and 1 µL was used directly as template for the amplification of the respective genotyping 

locus via PCR. 

 

Table 10: Composition of the PCR mix for the amplification reaction 

Component Volume [µL] 

Genotyping Mix 12,5  

MgCl2 (25 mM) 0,5 

Primer sense 1,25 

Primer anti-sense 1,25 

DMSO 1,5 

water 8,5 

template 1,0 

 

Table 11: Used oligonucleotides primers for genotyping of mice 

oligonucleotide  Sequence 5’   3’ 

IκBNS_Neo AAG CGC ATG CTC CAG ACT GCC TT 

IκBNS_rev CAT TTA GTG CCC CTG GAC AT 

IκBNS_fwd CTC CTC CCA GGC TGT GTT TA 

NFKBID_LZ_fwd TCC ATG AGG TAG GGA TGG AGA GTA 

NFKBID_LZ_rev CTC CCA GTG CTG ATA TTA CAG GCA 

NFKBID_LZ_rev1 CCT TCC TCC TAC ATA GTT GGC AGT 

 

Table 12: Thermal cycler program used for genotyping PCR 

Cycle step Temperature  Time  # of cycles 

Initial denaturation 95°C 3 min  

Denaturation 95°C 15 sec  

Annealing 60°C 15 sec 35 

Elongation 72°C 15°sec  

Terminal elongation 72°C 10 min  
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3.2 Organ isolation and single cell preparation 

Mice were euthanatized by inhalation of CO2. Prior to collection of the organs a transcardial perfusion 

with 10 mL ice-cold PBS was performed. Afterwards, the respective organs were carefully removed 

and stored until further usage in PBS on ice. 

Spleens were weight and subsequently meshed through a 100 µm cell strainer. The cell strainer was 

flushed with 10 mL PBS and the cell suspension was transferred into a falcon tube. The cells were 

centrifuged (300 xg, 4°C, 10 min) and supernatant was discarded. An erythrocytes lysis was 

performed by resuspending the cell pellet in 1 mL ACK buffer. The falcon tube was rinsed with an 

additional 1 mL ACK buffer and after 2 min the lysis was stopped by adding at least 10 mL PBS. Cells 

were centrifuged (300 xg, 4°C, 10 min), supernatant was discarded and cell pellet was resuspended in 

PBS. The liver was meshed through a 70 µm cell strainer into a 50 mL falcon tube and the strainer 

was flushed with 30 mL PBS. The liver samples were centrifuged (300 xg, RT, 10 min) and the 

supernatant was discarded. The pellet was resuspended in 10 mL 0.2% NaCl for erythrocytes lysis. 

After 10 sec lysis was stopped by adding 10 mL 1.6% NaCl and 10 mL PBS. 

The cell suspension was centrifuged (300 xg, RT, 10 min) and the supernatant discarded. Leukocytes 

from liver samples were obtained by a density gradient centrifugation using Easycoll 

(density: 1.124 g/mL). To this end, the cell pellet was resuspended in 10 mL 35% (v/v) Easycoll/PBS 

solution (density: 1.041 g/mL). Then the cell suspension was centrifuged (360 xg, RT, 20 min, without 

brake). The supernatant was discarded and the cell pellet containing the leukocytes was washed with 

10 mL PBS and centrifuged (300 xg, RT, 10 min). Finally, the cells were resuspended in PBS and 

stored on ice until further analysis.  

 

3.3 CD4+ and CD8+ T cell isolation by magnetic activated cell sorting (MACS) 

In order to isolate naïve OVA-specific CD4
+
 or OVA-specific CD8

+
 T cells the magnetic activated cell 

sorting technology (MACS) was used. For this purpose, the CD4
+
 and CD8

+
 T cell isolation kits from 

Miltenyi were used according to manufacturer recommendations. Initially, spleens, inguinal and 

cervical lymph nodes from OT-I x WT, OT-I x IκBNS
-/-

, OT-II x WT or OT-II x IκBNS
-/-

 donor mice were 

collected. Lymphocytes from spleen samples were isolated as described above (section 3.2). Lymph 

nodes were meshed through a 70 µM cell strainer, washed with 10 mL PBS and collected by 

centrifugation (300 xg, 4°C, 10 min). The lymph node cells derived from a certain mouse genotype 

were pooled together with the respective splenocytes fraction. Then, the pooled cell suspension was 

adjusted to 1x10
7
 cells in 400 µL FACS buffer containing 1:500 diluted biotinylated CD25 antibody for 

depletion of natural occurring regulatory T cells and 100 µL biotinylated antibody cocktail against 

epitopes present on the surface of dendritic cells, macrophages, NK cells or B cells . The cell 

suspension containing the antibodies was incubated at 4°C for 5 min. Then, 300 µL FACS buffer and 

200 µL streptavidin-labeled microbeads were added to the cells followed by 10 min incubation at 4°C. 

For the separation process the autoMACS device was used applying the isolation program “depletes”. 

This strategy allows the isolation of untouched T cells not being bound to any antibodies. Aliquots of 

cells before and after MACS were transferred to a 96-well round-bottom plate followed by 

centrifugation (300 xg, 4°C, 5 min). Afterwards the cells were stained with 100 µL of the antibody 



Methods   28 

cocktail according to table 4 and incubated in the dark for 10 min. To visualize the non-fluorescent 

biotin-conjugated anti-CD62L antibody later on in FACS, the cells were stained with 100 µL 

fluorescently labeled streptavidin for 10 min in the dark. After a final washing step, the cells were 

resupended in 200 µL FACS buffer and assessed by BD FACS Canto™ II flow cytometer. This 

staining allows to analyze the isolation efficiency and purity of the MACS-enriched cell populations and 

to characterize the phenotype of cells prior injection to the recipient mice. 

 

3.4 In vitro stimulation of T cells 

Spleens of OT-I x WT, OT-I x IκBNS
-/-

, OT-II x WT and OT-II x IκBNS
-/-

 mice were sampled. Splenocytes 

were isolated and enriched for T cells using the CD4
+
 T cell isolation kit or the CD8

+
 T cell isolation kit 

from Miltenyi according to manufacturer recommendations (refer to 3.3). After the isolation, 

OT-II CD4
+
 T cells and OT-I CD8

+
 T cells were stained with Carboxyfluorescein succinimidyl ester 

(CFSE, refer to 3.5) with a final concentration of 2.5 µM. 2 x 10
5
 CFSE-stained cells were co-cultured 

with 3 x 10
5
 30 Gy irradiated syngeneic splenocytes from wildtype C57BL/6 mice in 96 well round-

bottom plates. One day prior to stimulation, the 96 well plates were coated with 0.25 µg/mL anti-CD3ɛ 

antibody. On the day of stimulation 1 µg/mL anti-CD28 antibody was added to the culture. For antigen-

specific stimulation conditions specific OVA-peptides were used. CD4
+
 T cells were stimulated with 

OVA323-339 peptide with the amino acid sequence ISQAVHAAHAEINEAGR (10 µg/mL, 1 µg/mL, 

0.1 µg/mL) and CD8
+
 T cells were stimulated with different concentrations of the peptide OVA257-264 

with the amino acid sequence SIINFEKL (100 ng/mL, 1 ng/mL, 0.1 ng/mL). 

The cells were incubated for at least 24 h and maximally for 72 h at 37°C for proliferation analysis and 

to ensure viability of cells. Approximately 4 h before FACS analysis of the cells, the supernatant was 

discarded from culture plates and 100 µL fresh IMDM medium containing Brefeldin A (1 µg/mL) was 

added to the cells and incubation at 37°C was continued. The addition of Brefeldin A blocks the 

cytokine transport and ensures that the produced cytokines accumulates in the Golgi apparatus.  

3.5 CFSE staining of T cells 

T cell proliferation was measured by staining the OVA-specific CD4
+
 or CD8

+
 T cells with the 

fluorescent cell staining dye carboxyfluorescein succinimidyl ester (CFSE). CFSE is able to pass the 

cell membrane and binds through covalent esterification to intracellular proteins. Upon cell division the 

initial amount of CFSE dye is equally distributed between the mother and the daughter cell resulting in 

two cells with half of the initial dye concentration. Thus, cell division can be followed by means of 

CFSE dye fluorescence by FACS analysis. For the CFSE staining procedure the cells were re-

suspended in 4 mL IMDM without fetal calf serum (FCS) to prevent an unspecific interaction of serum 

proteins with the CFSE dye. CFSE was added to a final concentration of 2.5 µM. Then, the cells were 

gently mixed and incubated for 8 min at 37°C protected from light. The CFSE staining was stopped by 

adding at least twice the volume of FCS followed by 5 min incubation at 37°C. Afterwards the cells 

were washed twice with PBS. Finally, the cells were resuspended in PBS and stored on ice protected 

from light until further usage. 
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3.6 Adoptive T cell transfers 

For adoptive T cell transfers OT-II x WT, OT-II x IκBNS
-/-

, OT-I x WT and OT-I x IκBNS
-/-

 mice were used 

as donors. Spleens, inguinal and cervical lymph nodes were isolated and OVA-specific CD4
+
 and 

OVA-specific CD8
+
 T cells were isolated by MACS using the CD4

+
 and CD8

+
 T cell isolation kits from 

Miltenyi according to manufacturer instructions (refer to 3.3). The T cells were then stained with 

2.5 µM CFSE. After this, cells were washed twice with 10 mL PBS and 3.0 x 10
6
 cells were 

resuspended in 200 µL sterile PBS and injected via the lateral tail vein into C57BL/6 recipient mice. 

3.7 Infection of mice with Listeria monocytogenes 

In this study a recombinant Listeria monocytogenes strain (10403S, Shen et al. 1995) constitutively 

expressing the model-antigen ovalbumin was used (LM-OVA). For infection experiments fresh cultures 

were prepared from frozen glycerol stocks in an overnight culture (incubation at 37°C, 180 rpm) in 

5 mL BHI broth. Next day a 1:5 dilution was prepared with fresh BHI broth and after 3 h of incubation 

bacteria were washed twice with PBS and resuspended in PBS and finally the bacterial counts 

(CFU/mL) was determined by OD600 measurement and the desired infection dose for each experiment 

was diluted in sterile PBS. This suspension was injected via the lateral tail vein into the respective 

mice. The infection dose was controlled by plating serial dilutions of the inoculum on BHI agar plates 

and counting the colonies after incubation at 37°C for 24h. 

In case of the adoptive T cell transfers a low infection dose (5000 CFU/ 100 µL) was used to ensure 

that the mice survive the infection and to provide a stimulus for the transferred T cells without 

orchestrating the hosts immune system in an exceeding inflammatory manner. 

3.8 Determination of bacterial burden 

For the determination of the colony forming units, the organs of interest were collected from LM-OVA 

infected mice at different times post infection, weight and homogenized in a mild 0.2% (v/v) IGEPAL 

CA-630/PBS eukaryotic cell lysis buffer using a homogenizer. The cell lysis buffer is necessary to 

ensure that the intracellular listeria are released from their host cell and can be detected as colonies 

on the BHI agar plates later on. 10 µL of ten-fold serial dilutions were plated in fluid stripes on BHI 

agar plates and colonies were counted after incubation at 37°C for 24 h.  

3.9 In vivo cytotoxicity assay 

For the in vivo determination of the cytotoxicity of CD8
+
 T cells, WT and conventional IκBNS

-/- 
mice 

were infected with a sublethal dose (10
4
 CFU/ 100µL PBS) of LM-OVA by intravenous injection. Nine 

days post infection splenocytes from uninfected C57BL/6 donor mice were isolated and split into two 

cellular fractions. One fraction was pulsed with 1.0 µg/mL OVA257-264 or 0.1 µg/mL OVA257-264 peptides, 

respectively, at RT. After 30 min incubation the peptide-loaded cells were stained with 2.5 µM CFSE 

(CFSE
high

) and the unloaded control cell fraction was stained with 0.25 µM CFSE (CFSE
low

). CFSE 

staining was performed as described in section 3.5. After staining and washing, the peptide-loaded 

and the unloaded cell fractions were mixed in a 1:1 ratio and finally 1.0 x 10
7 

cells in 200 µL sterile 

PBS were injected in the tail vein of the previously infected WT and IκBNS
-/- 

animals. Twelve hours after 

injection, spleens from the LM-OVA infected mice were harvested, splenocytes were isolated and the 

relative amounts of CFSE
high 

(peptide-loaded) and CFSE
low 

(unloaded control) cells were determined 
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by flow cytometry. To this end, the transferred cell fractions (CFSE
low

 and CFSE
high

) were initially re-

identified by means of their general CFSE staining. Within this pool of transferred splenocytes the ratio 

r of the frequencies of CFSE
high 

and CFSE
low 

was calculated according to the following equation 1. 

 

𝑟 =  
CFSElow

CFSEhigh
          (1) 

The relative specific lysis R (%) within individual infected animals (rinf ected) was calculated in relation to 

uninfected control mice (rcontrol) according to equation 2. 

 

𝑅 = (1 −
rcontrol

rinfected
) × 100        (2) 

 

3.10 Flow cytometric analysis of adoptively transferred T cells 

The isolated cells were transferred into a 96-well round-bottom plate and centrifuged for 5 min at 300 g 

at 4°C to pellet the cells, the supernatant was discarded. Next, the cells were incubated with anti-

CD16/CD32, an antibody that binds specifically to Fcγ III/II receptors to prevent unspecific binding of 

subsequently used fluorescently labeled FACS antibodies. To exclude dead cells from later analyses 

LIVE/DEAD Fixable Viability Dye eFluor 780 (eBioscience) was added as well. Cells were incubated 

for 10 min at 4°C protected from light. After a subsequent washing step cells were stained with 100 µL 

surface marker antibody mix according to Table 5 for 10 min at 4°C in the dark. Since biotinylated 

CD44 antibody was used, staining with fluorescently labeled streptavidin (BV510) that specifically 

binds to the biotinylated antibodies was performed. Streptavidin staining was carried out for 10 min at 

4°C protected from light. After washing, the cells were fixed in 100 µL 2% paraformaldehyde (PFA) for 

20 min at RT protected from light. Prior to intracellular staining of cytokines, the cells needed to be 

permeabilized, to enable antibodies to reach their intracellular antigen. Therefore, the cells were 

permeabilized in 100 µL 0.1% (v/v) IPEGAL® CA-630/PBS detergent and incubated for 4 min at 4°C. 

After washing, the cells were incubated with the intracellular staining mix according to table 5 for 

30 min at 4°C protected from light. Afterwards, the washed cells were resuspended in 200 µL FACS 

and assessed with BD FACS Canto II flow cytometer (BD Biosciences). 

 

3.11 Histopathology of liver and spleen from WT and conventional IκBNS
-/- mice  

Uninfected and LM infected WT and IκBNS
-/-

 mice were euthanatized by inhalation of CO2. Spleens and 

livers were carefully removed and shortly washed in PBS. Afterwards, the organs were fixed in 4% 

paraformaldehyde (PFA). 

The histopathology was performed by Dr. Olivia Kershaw from Freie Univerität Berlin. The samples 

were sliced and stained with hematoxylin and eosin and were microscopically scored in a blinded 

manner to assess the dissemination and quality of pathological alterations by measuring necrotic 

areas. 
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3.12 Liver dissociation with GentleMACS dissociator  

Mice were euthanatized by inhalation of CO2. Prior to collection of the liver a transcardial perfusion with 

10 mL PBS was performed to rinse blood out of the organs. Liver was then isolated and the gal-

bladder was carefully removed. Cellular contents of the livers were obtained by using the liver 

dissociation kit from Miltenyi Biotec according to manufacturer recommendations. The whole liver was 

transferred in a C-tube containing 4.7 mL DMEM with 200 µL Enzyme D solution, 100 µL enzyme R 

solution and 20 µL enzyme A solution provided by the kit. The C-tube was attached upside down onto 

the sleeve of the GentleMACS dissociator and the dissociation program 37C_m_LIDK_1 was applied. 

This procedure combines enzymatic as well as mechanic dissociation of the liver tissue. After 

termination of the program the C-tube was detached from the device and cells were resuspended and 

the cell suspension was filtered first through a 100 µm, then through a 70 µm and finally through a 

30 µm cell strainer. Cells were filled up with DMEM medium and centrifuged (300 xg, 10 min, 4°C). 

The supernatant was carefully discarded and the cells were resuspended in an appropriate volume 

PBS and stored on ice until further use. 

3.13 Isolation of CD45+ and CD45- cell populations by MACS 

To distinguish between hematopoietic and non-hematopoietic cells, the dissociated liver cell 

suspension was centrifuged (300 xg, 10 min, 4°C). The supernatant was carefully discarded and 

1 x 10
8 

cells were resuspendend in 900 µL FACS buffer with 100 µL CD45 MicroBeads provided by 

Miltenyi Biotec. The cell suspension was mixed well and incubated for 15 min at 4°C. After the 

incubation the cells were washed with 10 mL PBS and centrifuged (300 xg, 10 min, 4°C). 

Subsequently the cell pellet was resuspended in 500 µL FACS buffer and applied to the autoMACS 

device applying program “possel”. This program involves a positive selection strategy to isolate CD45
+
 

cells bound to the MicroBeads provided by the kit. Cell numbers of both fractions (CD45
+
 and CD45

-
) 

were counted, cells were centrifuged (300 xg, 10 min, 4°C), resuspended in 100 µL RLT buffer and 

stored at -20°C until further analysis. Furthermore, the purity of the CD45
+ 

enriched cell fraction was 

confirmed by flow cytometry and generally contained ≥ 90% CD45
+
 cells.  

3.14 Real-time Polymerase chain reaction (PCR) 

Thawed liver and spleen samples were mechanically homogenized in RLT buffer containing 1% (v/v) 

β-Mercaptoethanol. The homogenate was centrifuged (10 min, 3000 xg, RT) and 500 µL of the 

supernatant was used for the RNA isolation. The RNA was isolated with the RNeasy Mini kit according 

to manufacturer instructions, DNA was removed by using the RNase-Free DNase set and the RNA 

was finally eluted in 50 µL nuclease-free ultrapure water. The RNA concentration was measured with 

the NanoDrop ND-1000 spectrophotometer. Equal amounts of RNA were used for cDNA synthesis in 

a reverse transcription reaction. 

For the cDNA synthesis the following mixture was pipette according to Table 13. 
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Table 13: Reaction mixture for cDNA synthesis 

component Volume [µL]  

Total RNA 1.0 

Oligo-dT-Primer (0.5 µg/µL) 0.5 

Random Primer (3.0 µg/µL) 0.5 

DEPC-water 10.0 

 

This mix was heated for 10 min at 70°C in a thermocycler and then placed on ice for additional 10 min. 

Afterwards the reverse transcription reaction mix was pipetted as described in Table 14. 

Table 14: Reaction mixture for reverse transcription 

component Volume [µL]  

5x first strand buffer 4.0 

Dithiothreitol (0.1 M) 2.0 

dNTP-Mix (10 mM) 1.0 

SuperScript II Reverse Transcriptase 1.0 

 

For the cDNA synthesis RNA samples were incubated for 60 min at 42°C in a thermocycler. Finally, 

8 µL TE 10/1 was added per 1 µg reverse transcribed RNA. Next, real-time PCR was performed in 

duplicate reactions using a LightCycler 480 system and the Fast-Start Essential DNA Green Master 

Mix. 1 µL cDNA was used per reaction. The primers were used in a final concentration of 500 nmol/L 

diluted in nuclease-free water. To test the PCR efficiency of the respective primers a standard curve 

was generated with 4 serial dilutions of a template mix, which contained a mixture of all cDNA samples 

from a given experiment. By use of the delta/delta cp (crossing point) method the relative gene 

expression normalized to a house keeping gene was determined (Rao et al., 2013).  Calculations were 

performed by Roche Light Cycler 480 II software. 

 

Table 15: Composition of the real-time RT-PCR reaction mix 

Component Volume [µL]  

Primer mix (forward and reverse, 500 nmol/L each) 5.0 

cDNA (1 µL cDNA sample + 4 µL water) 5.0 

Fast-Start Essential DNA Green Master Mix 10.0 

 

Table 16: Thermal cycler program used for real-time RT-PCR 

Cycle step Temperature  Time  # of cycles 

Incubation 95°C 5 min  

Amplification 95°C 10 sec  

 60°C 10 sec 45 

 72°C 10 sec  

Cooling 40°C hold  
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Table 17: Quantitative real-time RT-PCR primers. Tm was 60°C for all primers. 

Primer name  Sequence 5’   3’ 

RPS9 fwd 

RPS9 rev 

β-Actin fwd 

β-Actin rev 

IL6 fwd 

CTGGACGAGGGCAAGATGAAGC 

TGACGTTGGCGGATGAGCACA 

CTTCTTTGCAGCTCC 

TCCTTCTGACCCATTCCCAC 

ACCACGGCCTTCCCTACTTC 

IL6 rev GCCATTGCACAACTCTTTTCTC 

IL1α fwd TTGGTTAAATGACCTGCAACA 

IL1α rev GAGCGCTCACGAACAGTTG 

IL1β fwd TGAAATGAAAGACGGCACACC 

IL1β rev TCTTCTTTGGGTATTGCTTGG 

TNFα fwd CTGTCTACTGAACTTCGGGG 

TNFα rev CTTGGTGGTTTGCTACGACG 

Nos2 fwd TGGAGGTTCTGGATGAGAGC 

Nos2 rev AATGTCCAGGAAGTAGGTGAGG 

IFNγ fwd ATCTGGAGGAACTGGCAAAA 

IFNγ rev TTCAAGACTTCAAAGAGTCTGAGGTA 

 

3.15 Serum preparation and measurement of ALT level 

Mice were sacrificed by CO2-euthanasia and blood was obtained by puncture of the heart with a 25 

gauge needle on a 1 mL syringe. Blood samples were incubated first for 20 min at RT and then for 

another 20 min at 4°C. Afterwards, samples were spun down at full speed at 4°C for 5 min and serum-

containing supernatant was collected and stored at -20°C until further analysis. For analysis of the 

serum alanine transaminase (ALT) level, 32 µL serum was pipetted on a Refloton® test stripe and 

measured on the spectrophotometer Reflovet Plus (Roche).  

3.16 Flow cytometric analysis of cellular composition in organs during LM infection 

To characterize the cellular composition of spleen and liver from WT and conventional IκBNS
-/-

 mice 

during the course of LM infection, isolated splenocytes and liver-leukocytes were transferred into a 96-

well plate and centrifuged (300 xg, 5 min, 4°C). To prevent unspecific binding of FACS antibodies, the 

cells were incubated with anti-CD16/CD32 antibody for 10 min at 4°C protected from light. To exclude 

dead cells from the analysis, staining with Fixable Blue dye was carried out for 10 min at 4°C in the 

dark. After a washing step, the cells were incubated with the staining mix stated in Table 6 for 10 min 

at 4°C protected from light. After a final washing step, cell pellets were resuspended in 200 µL FACS 

buffer and assessed with a BD Fortessa (BD Biosciences).  FACS data were analyzed using FlowJo 

software (Version 9.6.4, Tristar). 

 

For the identification of different cell subsets in lymphoid and non-lymphoid tissues the approach of a 

previously published study was adapted to develop an appropriate gating strategy (Yu et al., 2016).  
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In the first gating step, leukocytes were defined based on their cell size and granularity with the 

forward scatter FSC-A and sideward scatter SSC-A, excluding cell debris. Cell doublets and clumps 

were excluded next by FSC-A vs. FSC-H gating. Finally to exclude dead cells from the analysis all 

cells that were negative for the used Live/Dead marker were gated for further analysis. 

Based on the expression of the surface protein CD45 discrimination between non-hematopoietic cells, 

erythrocytes and leukocytes was performed, because CD45 is exclusively expressed on hematopoietic 

cells (Fornas et al., 2002; van Lochem et al., 2004). In the next step neutrophils were gated by the 

expression of the neutrophil-specific marker Ly6G and their cellular property of high SSC intensity 

(Rose et al., 2012). 

The remaining cells that were not neutrophils were further gated on CD11b and CD11c to distinguish 

between myeloid and CD11b
-
CD11c

-
 lymphoid cells. CD11b

-
CD11c

-
 lymphoid cells were further 

subdivided via MHC class II (IA/IE) and CD24 staining. IA/IE
+
CD24

+
 cells were defined as B cells and 

the remaining cells that were not positive for either IA/IE or CD24 as T cells. T cells were further sub-

classified as CD4
+
 T cells, CD8

+
 T cells and CD4

-
CD8

-
 (DN) lymphocytes. The latter cell population 

mainly constitutes innate lymphoid cells and other miscellaneous lymphoid cell subsets of unknown 

origin. Myeloid leukocytes were further sub-classified by their SSC pattern vs. IA/IE intensity. The 

IA/IE
-
 SCC

low
 fraction can be further distinguished based on the expression of CD64 and CD11b. 

CD11b
int

CD64
-
 cells were defined as NK cells and CD11b

+
 CD64

+
 as monocytes. Monocytes were 

further subdivided into Ly6C
+
CD11c

- 
inflammatory monocytes

 
and into Ly6c

int
CD11c

+
 resident 

monocytes. The remaining cells that are not IA/IE
-
SSC

low 
represent macrophages, DCs and 

eosinophils. Macrophages were classified as CD64
+
CD24

low
 cells which were further subdivided based 

on their expression of CD11c and CD11b into CD11b
+
CD11c

-
 interstitial macrophages and into 

CD11c
+
CD11b

int
 resident macrophages. The remaining CD24

+
 cells were classified into DCs and 

eosinophils, which are IA/IE
-
CD11b

+
. Based on the expression intensity of CD11b together with IA/IE 

CD11b
-
 DCs and CD11b

+
 DCs were defined. 

In summary this gating strategy according to the publication of Yu and colleagues allows to determine 

different immune cell subsets in one flow cytometric panel. However, in particular with progressive 

infection, surface marker expression is subject to fluctuations and moreover, tissue damage caused by 

the LM infection results in increased auto-fluorescence especially in apoptotic cells. Thus, 

unambiguous subset identification was not always guaranteed especially in the late stage of LM 

infection. For these reasons and most importantly, to prevent misinterpretations of data, the FACS 

analysis performed day 4 post LM infection was excluded from the results part. 
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Figure 8: Representative gating scheme to define different cell subsets from LM infected spleen and liver 
tissue. Cells were pregated on leukocytes by FSC vs. SSC and doublets were excluded by FSC -A vs. FSC-H 
gating. Dead cells were eliminated by staining with live/dead marker and only CD45

+
 cells were further 

characterized (pregating not shown). Based on the expression intensity of indicated surface markers, the 13 
major lymphoid and myeloid cell fractions were defined. 

3.17 Flow cytometric cell sorting 

Spleens and livers were sampled from WT and IκBNS
-/-

 mice on day 3 post LM infection. Spleen 

samples were treated as described in chapter 3.2 and liver samples were treated with the Liver 

dissociation kit as described in chapter 3.12. After dissociation density centrifugation was performed 

with 35% Percoll/PBS (density: 1.041 g/mL, 360 xg, RT, 20 min, without brake). Supernatant was 

discarded and cell pellet washed with 10 mL PBS (300 xg, RT, 10 min). The cell pellet was 

resuspended in PBS. Splenocytes were pre-sorted by autoMACS to eliminate B cells and T cells by 

incubating 1 x 10
7
 cells with 20 µL biotinylated anti-B220 (1:200 diluted in PBS) and 20 µL anti-CD3ɛ 

(1:200 diluted in PBS) and subsequent use of anti-Biotin Microbeads (Miltenyi Biotec) according to 

manufacturer recommendations. MACS program “deplete” was applied to remove B and T cells from 

the samples. The resulting negative fraction was washed with 10 mL PBS and the cell number was 

determined. Cells from 5 individual infected IκBNS
-/- 

and 5 individual infected WT mice were pooled per 

genotype to ensure sufficient cell numbers after FACS-based cell sorting.  

For sorting of inflammatory monocytes the cell suspensions were stained according to the panel 

shown in table 6 with exclusion of CD4 and CD8, but in addition with F4/80 and CD115. Gating was 

performed comparable to the scheme in Figure 8. The stained cells were sorted on a BD FACS Aria III 

(BD Biosciences). The sorted cell fractions were resuspended in 350 µL RLT buffer and stored 

at -20°C until further use. 
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3.18 LacZ fluorochrome reporter assay 

To quantify the ß-galactosidase activity of the lacZ reporter within cells of the Nfkbid
lacZ

 mice the 

FluoReporter™ lacZ Flow Cytometry kit from Thermo Fisher was used. The prepared single cell 

suspension from the respective organs was adjusted to 10
7
 cells/mL and 55 µL of the cell suspension 

was transferred into a 5 mL flow cytometer tube. The FDG reagent provided by the kit was thawed on 

ice and a 2 mM working solution was prepared by diluting the thawed FGD reagent 10-fold with 

deionized water. The working solution was briefly warmed at 37°C and vortexed to obtain a 

homogenous solution. Afterwards the prepared cell suspension was loaded with FDG by adding 55 µL 

of the prewarmed 2 mM working solution to the cell suspension. Through the hypotonic shock the FDG 

can enter the cells and can be potentially hydrolyzed by the cytoplasmic reporter ß-galactosidase 

enzyme (lacZ). After incubation for exactly 1 min at 37°C, the FDG loading was stopped by adding 

1 mL ice-cold staining medium. The suspension was centrifuged (5 min, 300 xg, 4°C) and cell surface 

staining was performed as described in chapter 3.16. For all staining steps, the cells were kept on ice 

and protected from light. Flow cytometric acquisition was performed on the same day.  

3.19 Microarray  

RNA from whole liver homogenates was isolated and purified using the RNeasy Mini Kit and the 

RNase free DNase kit according to manufacturer recommendations. Per analyzed point in time 

following infection the RNA concentration of samples from 3-5 WT and IκBNS
-/-

 mice was measured 

with a photospectrometer (NanoDrop) and equal amounts of RNA from each sample were pooled to 

obtain a representative sample mix integrating biological variances. 

 

Further sample preparation, amplification, fragmentation, microarray hybridization, staining and 

scanning were performed by the Genome Analytics Group at Helmholtz Centre for Infection Research 

in Braunschweig (Germany). Samples were analyzed with the GeneChip® Mouse Gene 2.0 ST 

microarray from Affymetrix Company according to manufacturer instructions. In total 8 microarrays 

reflecting the following conditions were performed: WT: d0, d2, d3, d4; IκBNS
-/-

: d0, d2, d3, d4. 

 

Microarray raw data were processed by GeneSpring GX11 Software (Agilent Technologies). Data 

were summarized, log2-transformed and quantile-normalized with RMA algorithm including 

background subtraction. A percentile filter was applied to the microarray data in a way, that only 

transcripts with signal intensity above the 20
th

 percentile of all signal intensities in a given microarray 

were retained and only if this is the case in at least one out of in total 8 microarrays. Differentially  

regulated genes were identified as follows. Per genotype the comparisons: d2 vs. d0, d3 vs. d0, d4 vs. 

d0 were considered, resulting in together 6 different conditions. Next, a list of genes was compiled only 

containing entries with a fold change of differential gene expression of ˃ ± 3 in at least one out of the 6 

previous conditions. Scatter dot plots were generated using GraphPad Prism Software v5. K -means 

cluster analysis of z-score transformed microarray data of differentially regulated genes was carried 

out by Genesis Software (version 1.8.1, Sturn et al., 2002). Gene Ontology enrichment analysis was 

performed using Cytoscape software and ClueGO plugin (Bindea et al., 2009). 

 



Methods   37 

Statistics 

All statistical analyses were performed with the GraphPad Prism Software v5 (GraphPad Software, 

Inc, La Jolla, USA) by using two-tailed unpaired student’s t-test or two-way ANOVA with Bonferroni 

post-test. A p-value of < 0.05 was considered significant. 
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4. Results 

The NF-κB inhibitory protein IκBNS was first described in the context of antigen-induced negative 

selection of thymocytes (Fiorini et al. 2002). Consequently, most of the scientific work performed 

thereafter dealt with IκBNS characterization in T cells. Schuster et al. then identified IκBNS as a 

regulator of Foxp3
+
 in naturally occurring Treg cell differentiation. This became evident since IκBNS-

deficient mice showed a strong reduction of Tregs in the thymus, spleen and peripheral lymph nodes, 

without IκBNS being required for the maintenance and function of mature Tregs (Schuster et al. 2012). 

Despite reduced number of Tregs, IκBNS-deficient mice showed no signs of autoimmunity in the steady 

state, which typically evolve under Treg-compromised conditions due to diminished Treg-control of 

self-reactive conventional effector T cells. Therefore, it has been speculated what function IκBNS in 

general may have in effector T cells. In this line, Touma et al. described on the basis of in vitro T cell 

mitogen stimulation experiments that IκBNS-deficient polyclonal conventional CD4
+
 and CD8

+ 
lymph-

node derived T cells exhibit an impaired proliferation and a decreased secretion of IL2 and IFNγ 

(Touma et al., 2007). However, detailed knowledge on IκBNS function in conventional T cells following 

antigen-specific T cell receptor stimulation still remains elusive. 

Thus, the first part of this thesis describes the impact of IκBNS on activation and proliferation of 

antigen-specific effector CD4
+ 

and CD8
+
 T cells utilizing an experimental approach combining in vitro 

T cell stimulation assays and an in vivo adoptive T cell transfer model with Listeria monocytogenes as 

antigen-specific stimulus.  

4.1 Probing of antigen-specific T cell responses in vitro 

To address the impact of IκBNS on parameters such as T cell activation, proliferation and differentiation 

into effector cells, an experimental system to specifically stimulate the TCR with antigenic peptides 

was selected. By using irradiated syngeneic splenocytes as antigen-presenting cells, a MHC 

dependent antigen presentation in the presence of co-stimulus for T cell activation is ensured, thus 

mimicking a “natural” TCR stimulation. 

OVA-specific CD4
+
 T cells from OT-II x IκBNS

-/-
 and OT-II x WT and OVA-specific CD8

+
 T cells from 

OT-I x IκBNS
-/- 

and OT-I x WT mice were isolated by negative selection using autoMACS (refer to 

chapter 3.3). The isolated cells were stained with CFSE and co-cultured together with lethally 

irradiated syngeneic splenocytes as antigen presenting cells in the presence of various amounts of the 

cognate OVA-peptides for 24 h to 72 h. As positive control, cells were stimulated with plate-bound 

agonistic anti-CD3ɛ (0.25 µg/mL) and soluble anti-CD28 (1 µg/mL) (αCD3/αCD28) to trigger antigen-

unspecific TCR stimulation. As negative control, cells were left unstimulated in the presence of culture 

media and irradiated splenocytes. 

After stimulation the cells were harvested and analyzed by flow cytometry. For testing the functionality 

of the transgenic OVA-specific CD4
+
 and CD8

+
 T cells in dependence of IκBNS classical T cell 

activation markers such as CD25 and CD44 as well as the effector cytokine IFNɣ were selected.  
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4.1.1 Loss of IκBNS does not affect the activation of CD4+ T cells following in vitro 

stimulation 

In the first instance the impact of IκBNS on the activation capacity of CD4
+
 T cells was investigated in 

the above mentioned in vitro stimulation set-up. 

First of all, different antigen doses were chosen in order to identify a suitable peptide dose to activate 

OVA-specific CD4
+
 T cells from OT-II x WT and OT-II x IκBNS

-/-
 mice. 

Since it is known that T cell responses are sensitive to the efficiency and strength of antigen-

presentation of their respective antigenic epitope (Lazarski et al., 2006) and quality of co-stimulation 

by antigen-presenting cells and due to the unknown antigen presenting capacity of the chosen number 

of antigen presenting cells per T cell, three different doses of OVA323-339 peptide were tested. By this, 

even slightly different T cell responses in dependency of the IκBNS genotype are expected to become 

detectable.  

 

As depicted in Figure 9A and as expected, there is an antigen dose-dependent effect on the 

proliferation of OVA-specific CD4
+
 T cells. With lower amounts of OVA323-339, less proliferation 

(% CFSE
low

) of CD4
+
 T cells was detected. The stimulation with 0.1 µg/mL OVA323-339 resulted in 

approximately 30% of responding CD4
+
 T cells irrespective of the genotype. The stimulation in 

presence of 10 µg/mL peptide led to about 85% CFSE
low

 OVA-specific CD4
+
 T cells which was 

comparable to the proliferation induced by stimulation with agonistic antibodies against CD3ɛ and 

CD28. In both conditions no significant differences were observed between the genotypes. The 

intermediate dose of 1 µg/mL OVA peptide resulted in proliferative response of nearly 60% of the 

antigen-specific CD4
+
 T cells. Since this peptide dose triggers an intermediate proliferative response 

with potential for observing increasing or decreasing proliferative responses in both genotypes it was 

used for all subsequent OT-II peptide-based in vitro CD4
+
 T cell stimulations. Figure 9B shows 

representative histograms, documenting the CFSE loss using 1 µg/mL OVA323-339 peptide or 

αCD3/αCD28 stimulation in comparison to unstimulated controls with no significant differences 

between OVA-specific CD4
+
 T cells from OT-II x WT and OT-II x IκBNS

-/-
 mice. Thus, OT-II-peptide 

specific CD4
+ 

T cell proliferation does not rely on IκBNS in this in vitro setting. 
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Figure 9: Proliferation of in vitro stimulated WT and IκBNS
-/-

 OT-II transgenic CD4
+
 T cells. WT (■) and 

IκBNS
-/-

 (■) CD4
+
 OT-II transgenic T cells were isolated from spleens  of respective mice by autoMACS, CFSE-

stained and co-cultured in a 96-well plate with lethally irradiated splenocytes from WT donors. T cells were 
stimulated with indicated amounts of OVA323-339 peptide or as positive control with plate-bound anti-CD3ɛ plus 
soluble anti-CD28 or left unstimulated as negative control. Cell number per well was 2 x 10

5
 CD4

+
 T cells plus 

3 x 10
5
 feeder cells. Cells were incubated for 72 h with addition of brefeldin A for the last 4 h of incubation. CFSE-

loss indicating cell proliferation was analyzed by flow cytometry and the percentage of CFSE
low

 cells was 
determined. Apoptotic and dead cells were excluded from the analysis. (A) Summary of data from n= 4 
OT II x WT and n= 4-6 OT-II x IκBNS

-/-
 mice. Data represent mean ± SEM. Statistical analyses were performed 

using two-way ANOVA with Bonferroni’s  post-test. (B) Representative histograms for CFSE dilution in OT-II x WT 
and OT-II x IκBNS

-/-
 CD4

+
 T cells following stimulation with 1.0 µg/mL OVA323-339 peptide (solid line), anti-CD3ɛ plus 

anti-CD28 (light grey) and unstimulated (dark grey). 
 

Next to the proliferation, surface expression of the activation markers CD25 and CD44 as well as the 

expression of the effector cytokine IFNɣ were assessed by flow cytometry.  

As depicted in Figure 10, the stimulation with 1.0 µg/mL OVA323-339 peptide led to an efficient activation 

of CD4
+
 T cells with regard to expression of CD25 and CD44 with more than 40% CD25

+
 and CD44

+
 

CD4
+
 T cells in both genotypes. Furthermore, T cells which underwent proliferation, in comparison to 

unproliferated (CFSE
high

) cells, do express both activation markers, though CFSE
high

 T cells show 

some CD25 and CD44 expression as well.  

CD4
+
 T cells from both genotypes did not secrete IFNγ in response to antigenic stimulation and 

stimulation with αCD3/αCD28 induced IFNγ production in only 10% of the CD4
+
 T cells, independent 

of the genotype. This might be due to the fact that in this in vitro setting no Th1-differentiating 

conditions were achieved.  

In summary, the obtained results revealed, that in the chosen in vitro setting IκBNS has no impact on 

the antigen-specific proliferation and activation of OT-II CD4
+
 T cells.  
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Figure 10: Representative dot plots and summarizing bar charts of the flow cytometric analysis of in vitro 
stimulated CD4

+
 T cells from OT-II x WT and OT-II x IκBNS

-/-
 mice. WT (■) and IκBNS

-/-
 (■) CD4

+
 OT-II 

transgenic T cells were isolated from spleens of respective mice by autoMACS, CFSE-stained and co-cultured in 
a 96-well plate with lethally irradiated splenocytes from WT donors. T cells were stimulated with 1 µg/mL 
OVA323-339 peptide or as positive control with plate-bound anti-CD3ɛ plus solube anti-CD28 or were left 
unstimulated as negative control. Cell number per well was 2 x 10

5
 CD4

+
 T cells plus 3 x 10

5
 irradiated 

splenocytes. Cells were incubated for 72 h with addition of brefeldin A for the last 4 h of incubation. Cells were 
analyzed by flow cytometry. Apoptotic and dead cells were excluded from the analysis. Left: Representative dot 
plots for CD25, CD44 and IFNγ expression vs. CFSE dilution in OVA-specific WT and IκBNS

-/-
 CD4

+
 T cells. 

Numbers indicate the percentage of cells in the respective quadrant. Right: Summary of data from n= 4 WT and 
n= 4-6 IκBNS

-/-
 OT-II transgenic mice. Data represent mean ± SEM. Statistical analyses were performed using two-

way ANOVA with Bonferroni’s post-test. 

4.1.2 Loss of IκBNS does not affect the proliferation of in vitro stimulated CD8+ T cells, 

but results in reduced IFNγ secretion 

In order to analyze the role of IκBNS in CD8
+
 T cells, the same experimental set-up that was mentioned 

in the previous chapter 4.1.1 was used to analyze the proliferative capacity and the activation status of 

in vitro stimulated CD8
+
 T cells derived from OT-I x WT and OT-I x IκBNS

-/-
 mice. Since it is known that 

OT-I derived CD8
+
 T cells compared to OT-II-derived CD4

+
 T cells exhibit a lower antigen threshold for 

the induction of fulminant in vitro proliferation (Clarke et al., 2000), lower OT-I antigen amounts were 

used for the stimulation. The highest antigen concentration used was 100 ng/mL, followed by 1 ng/mL 

and 0.1 ng/mL. As positive control plate-bound anti-CD3ɛ plus soluble anti-CD28 was used for the 
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stimulation. Homeostatic background proliferation was assessed by means of an unstimulated media-

only negative control. After 48 h post stimulation the cells were analyzed by flow cytometry with 

respect to the CFSE dilution and the expression of CD25, CD44 and IFNγ. This early time point to 

measure proliferation was selected since the OT-I transgenic CD8
+
 T cells are known to respond 

faster than OT-II transgenic CD4
+
 T cells (Au-Yeung et al., 2017). 

Figure 11 summarizes the results for the CD8
+
 T cell proliferation. Unexpectedly, all tested peptide 

concentrations were sufficient to trigger equally fulminant T cell proliferation irrespective of the IκBNS 

genotype. In addition, even lower peptide concentrations were tested, still inducing proliferation in OT-I 

transgenic CD8
+
 T cells. However, since under these conditions a decrease in cell viability was 

observed (data not shown), 0.1 ng/mL was selected as minimal concentration for further analyses. Of 

note, in contrast to antigen-specific stimulation a significant decrease in proliferation of CD8
+
 T cells 

derived from OT-I x IκBNS
-/-

 mice was detectable following stimulation with αCD3/αCD28 (OT-I x WT: 

86% ± 5%, OT-I x IκBNS
-/-

: 58% ± 10%).  

 

Figure 11: Proliferation of in vitro stimulated WT and IκBNS
-/-

 OT-I transgenic CD8
+
 T cells. WT (■) and 

IκBNS
-/-

 (■) CD8
+
 OT-II transgenic T cells were isolated from spleens  of respective mice by autoMACS, CFSE-

stained and co-cultured in a 96-well plate with lethally irradiated splenocytes from WT donors. T cells were 
stimulated with indicated amounts of OVA257-264 peptide or as positive control with plate-bound anti-CD3ɛ plus 
soluble anti-CD28 or left unstimulated as negative control. Cell number per well was 2 x 10

5
 CD8

+
 T cells plus 

3 x 10
5
 irradiated splenocytes . Cells were incubated for 48 h with addition of brefeldin A for the last 4 h of 

incubation. CFSE-loss indicating cell proliferation was analyzed by flow cytometry and the percentage of CFSE
low

 
cells was determined. Apoptotic and dead cells were excluded from the analysis. (A) Summary of data from 
n= 3-4 OT-I x WT and n= 4 OT-I x IκBNS

-/-
 mice. Data represent mean ± SEM. Statistical analyses were performed 

using two-way ANOVA with Bonferroni’s post-test. (B) Representative histograms for CFSE dilution in OT-I x WT 
and OT-I x IκBNS

-/-
 CD8

+
 T cells following stimulation with 0.1 ng/mL OVA257-264 peptide (solid line), anti-CD3ɛ plus 

anti-CD28 (light grey) and unstimulated (dark grey). 

 

With respect to the activation markers CD25 and CD44, no significant differences between CD8
+
 

T cells from OT-I x WT and OT-I x IκBNS
-/-

 mice were observed when stimulated with OVA257-264 in an 

antigen-specific manner (Figure 12). More than 40% of the proliferated CD8
+
 T cells derived from 

OT-I x WT and OT-I x IκBNS
-/-

 donors were CD25
+ 

and approximately 60% were positive for CD44, 

irrespective of IκBNS. In comparison to that, the stimulation with αCD3/αCD28 led to significantly 

reduced expression levels of CD25
+
 and CD44

+ 
on OT-I x IκBNS

-/- 
CD8

+
 T cells compared to OT-I x WT 

CD8
+
 T cells which matches with the reduced proliferation in response to this antigen-unspecific TCR 

trigger. Regarding the IFNɣ expression no differences were detected between CD8
+
 T cells from both 

genotypes when stimulated with αCD3/αCD28. Strikingly, a significantly reduced frequency of 
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IFNɣ
+
 OT-I x IκBNS

-/- 
CD8

+
 T cells compared to OT-I x WT derived CD8

+
 T cells was observed in 

response to stimulation with the cognate OVA peptide, suggesting that IκBNS might have a direct 

impact on the IFNɣ secretion upon antigen-specific TCR engagement. In general, the marker and 

cytokine expression with the two higher peptide concentrations tested were comparable to these 

results.  

 

 

Figure 12: Representative dot plots and summarizing bar charts of the flow cytometric analysis of in vitro 
stimulated CD8

+
 T cells from OT-I x WT and OT-I x IκBNS

-/-
 mice. WT (■) and IκBNS

-/-
 (■) CD8

+
 OT-I transgenic 

T cells were isolated from spleens of respective mice by autoMACS, CFSE-stained and co-cultured in a 96-well 
plate with lethally irradiated splenocytes from WT donors . T cells were stimulated with 0.1 ng/mL OVA257-264 

peptide or as positive control with plate-bound anti-CD3ɛ plus solube anti-CD28 or left unstimulated as negative 
control. Cell number per well was 2 x 10

5
 CD8

+
 T cells plus 3 x 10

5
 irradiated splenocytes Cells were incubated 

for 48 h with addition of brefeldin A for the last 4 h of incubation. Cells were analyzed by flow cytometry. Apoptotic 
and dead cells were excluded from the analysis. Left: Representative dot plots for CD25, CD44 and IFNγ 
expression vs. CFSE dilution in OVA-specific WT and IκBNS

-/-
 CD8

+
 T cells. Numbers indicate the percentage of 

cells in the respective quadrant. Right: Summary of data from n= 4 WT and n= 4 IκBNS
-/-

 OT-I transgenic mice. 
Data represent mean ± SEM. Statistical analyses were performed using two-way ANOVA with Bonferroni’s post-

test. 
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Data obtained using the above described experimental in vitro setting moreover confirmed that both 

CD4
+
 and CD8

+
 OVA-TCR transgenic T cells very well respond to stimulation with their cognate 

antigens. As such, OT-I and OT-II mice with a WT and IκBNS
-/-

 genetic background, respectively, also 

represent an ideal tool to next study the role of IκBNS on CD4
+
 and CD8

+
 T cell activation, proliferation 

and effector function during in vivo Listeria monocytogenes infection utilizing the mice as donors for 

OVA-specific WT and IκBNS
-/-

 CD4
+
 and CD8

+
 T cells in adoptive transfer experiments. 

 

4.2 Impact of IκBNS on antigen-specific T cell activation in vivo 

Previous reports revealed the role of IκBNS on proliferation and cytokine expression of differentiated 

CD4
+
 effector T cells and that for instance T helper 17 (Th17) cells are affected by a loss of IκBNS as 

indicated by diminished expression of IL17 and IFNɣ (Annemann et al., 2015). In a colitis model and 

as well in a Citrobacter rodentium infection model, IκBNS-deficiency resulted in impaired Th17 

mediated immune response which is known to be necessary to solve the infection. The reduced 

secretion of the pro-inflammatory cytokine IL17 in IκBNS
-/-

 mice resulted in reduced tissue damage, but 

at the same time increased pathogen burden and thereby an overall increased susceptibility to 

C. rodentium infection (Annemann et al., 2015). 

Another study reported that IκBNS-deficiency confers resistance to experimental autoimmune 

encephalomyelitis (EAE) due to the reduced secretion of the proinflammatory cytokine IL17 by T cells 

(Kobayashi et al., 2014). While those results were obtained in auto-immune and gut-associated 

infectious diseases it remains elusive which impact IκBNS has in the context of T cell-mediated immune 

responses during systemic infections. 

As introduced in chapter 1.1.2, Listeria monocytogenes infection in mice is a well-established model to 

investigate CD4
+
 and CD8

+ 
T cell mediated immune responses, because both cellular subsets are 

stimulated by the pathogen and are involved in the clearance of the infection. Thus, this infection 

model is highly suitable to elucidate the role of IκBNS in pathogen-specific T cell activation and effector 

function in vivo. 

For this purpose OT-II and OT-I transgenic mice either proficient or deficient for IκBNS were used as 

donors for OVA-specific CD4
+
 and CD8

+
 T cells (refer to chapter 4.1). For antigen-specific in vivo 

priming of these transgenic T cells following their adoptive transfer in WT recipient mice a recombinant 

Listeria monocytogenes strain (14030S) expressing both, the OVA323-339 (OT-II) and the 

OVA257-264 (OT-I) peptides, was used. 

4.2.1 IκBNS-deficiency has distinct effects on in vivo activation of OVA-specific 

CD4+ T cells during LM infection 

As described in chapter 4.1.1 the deficiency of IκBNS had no impact on antigen-specific activation of 

CD4
+
 T cells in vitro. In order to assess the impact of IκBNS on antigen-specific stimulation in vivo the 

experimental setup depicted in Figure 13 was used. First, lymphocytes from either OT-II x WT or 

OT-II x IκBNS
-/-

 mice were isolated from spleens and inguinal as well as cervical lymph nodes. 

Afterwards, naïve OVA-specific CD4
+
 T cells were isolated by autoMACS by negative selection. 

Furthermore, a CD25-depletion was performed during the autoMACS separation to deplete natural 

occurring regulatory T cells and to obtain a naïve T cell pool.  Purified cells were CFSE stained and 
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3.0 x 10
6
 OVA-specific CD4

+
 T cells were injected into C57BL/6 recipient mice. The relatively high cell 

number was chosen to ensure sufficient recovery of the transferred cells after several days and to 

obtain adequate cell numbers for the reanalysis.  

One day post transfer the recipient mice were infected with 5000 CFU LM-OVA, which is a rather low 

dose to ensure that the recipient mice definitely would survive the infection while at the same time 

being high enough to induce a strong T cell activation. At indicated times post infection (d3, d5) the 

adoptively transferred cells were re-isolated from spleen and liver (refer to chapter 3.2) representing 

the main replication sites of LM, and analyzed by flow cytometry with respect to their proliferation, 

activation status (CD25, CD44) and cytokine secretion (IFNγ and IL2). 

 

 

Figure 13: Schematic overview about the experimental design of adoptive transfer of OT-II transgenic 
CD4

+
 T cells followed by LM-OVA infection. Naive OVA-specific CD4

+
 T cells were isolated from either OT-

II x WT or OT-II x IκBNS
-/-

 mice by autoMACS. Afterwards, CD4
+
 T cells were stained with CFSE and 3 x 10

6
 cells 

were injected i.v. into C57BL/6 recipients. One day post adoptive transfer, mice were infected with a sublethal 
dose of LM-OVA. At indicated times post infection, mice were sacrificed, spleens and livers were sampled and the 

proliferation and activation status of transferred CD4
+
 T cells were analyzed by flow cytometry. 

Prior to adoptive transfer of the isolated OVA-specific CD4
+
 T cells a purity and phenotype analysis 

was performed to confirm that recipient mice indeed received a monoclonal pool of naïve OVA-specific 

CD4
+
 T cells. Furthermore, the phenotyping prior to transfer is necessary for the later interpretation of 

the results from re-analyses and to better understand the cellular fate after in vivo LM-OVA encounter. 

Clonality of the transferred T cell pool was confirmed by using antibodies against the TCR Vβ5.1/5.2 

and Vα2 chains, which are indicative for the transgenic TCRs. Generally, MACS-purified CD4
+
 T cells 

from OT-II mice comprised more than 80% T cells with OVA-specificity (data not shown). 

Figure 14 shows a representative example of the activation status of MACS-isolated CD4
+
 T cells from 

OT-II x WT (left) and OT-II x IκBNS
-/-

 mice (right) in regard to expression of CD25, CD44 and CD62L. 

Due to the CD25 depletion during the MACS isolation (see chapter 3.3), the CD25
+
 T cells within the 

OT-II x WT derived CD4
+
 T cells (0.33%) and OT-II x IκBNS

-/-
 derived CD4

+
 T cells (0.20%) were 

almost absent, indicating that the transferred T cell pool contained only negligible numbers of CD25
+ 

Treg cells with immunosuppressive capacity. 

Figure 14 shows that the isolated CD4
+
 T cells, irrespective of the genotype of the donor mice, showed 

highest frequencies of the CD44
int 

population (˃60%) and about 20% of the CD4
+
 T cells were 

CD44
neg

. Interestingly, after MACS enrichment a CD44
high

 fraction was detected, which accounted for 

about 8% of the OT-II x WT CD4
+
 T cells and approximately 3% of the OT-II x IκBNS

-/-
 CD4

+
 T cells. 

Since it is very unlikely that those T cells could have encountered their specific OVA-peptide within the 

untreated naïve donor mice, the exact reason for the presence of this population remains unclear. 

In addition to CD44, the expression of the adhesion molecule L-selectin (CD62L) was analyzed. 

Approximately 75% of OVA-specific CD4
+
 T cells from OT II x WT and OT-II x IκBNS

-/- 
were CD62L

high
. 
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Taken together, the majority of transferred CD4
+
 T cells derived from OT-II x WT and 

OT-II x IκBNS
-/- 

exhibited a naïve CD44
int

 and CD25
-
CD44

neg
CD62L

+
 phenotype. No obvious 

differences were observed between the genotypes, thus providing a well-defined basis for in vivo 

studying antigen-specific T cell activation and effector T cell responses in dependency of IκBNS. 

 

 

Figure 14: Representative dot plots showing the activation status of CD4
+
 T cells isolated from OT-II x WT 

and OT-II x IκBNS
-/-

 mice before adoptive transfer. Lymphocytes from OT-II x WT and OT-II x IκBNS
-/-

 mice were 
collected from spleen and lymph nodes and CD4

+
 T cells were isolated by autoMACS. After MACS isolation, cells 

were stained for the expression of TCR Vβ5.1/5.2, TCR Vα2 and CD4 as well as the activation markers CD25, 
CD44 and CD62 and analyzed by flow cytometry. Cell debris were excluded from the analysis and cells were pre-
gated on singlets and TCR Vβ5.1/5.2 vs. TCR Vα2 transgenic cells. Numbers represent the percentage of the 

respective marker positive and also negative cells. 

 

In order to analyze the in vivo activation of adoptively transferred OVA-specific OT-II x WT and 

OT II x IκBNS
-/-

 CD4
+
 T cells in response to LM-OVA as antigen-specific stimulus, the cells in spleen 

and liver were analyzed at different times (d3, d5) post infection. To restrict the re-analysis to the 

transferred T cells only, the congenic Thy1.1 (CD90.1) marker was used for pre-gating.  

Figure 15 summarizes individual CFSE distribution patterns of transferred Thy1.1 T cells in LM-OVA 

infected recipient mice. As depicted in Figure 15A, on day 3 post infection the majority of the 

transferred OT-II x WT and OT-II x IκBNS
-/-

 CD4
+
 T cells are still CFSE

high
, indicating that they did not 

yet start proliferating. The same was true for re-isolated cells from livers of LM-OVA infected 

recipients, which basically showed no proliferation. Interestingly, only small numbers of transferred 

OVA-specific Thy1.1
+
 CD4

+
 T cells were found in livers 3 days post infection independent of the 
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genotype. This indicates that even 4 days after T cell transfer the cells did not evenly distribute 

throughout the organs, but prefer to reside in the spleen. 

In contrast, when analyzing the transferred T cells 5 days post infection (Figure 15B) it becomes 

obvious that a part of the OVA-specific CD4
+
 T cells indeed underwent several cycles of division both 

in spleens and livers. Strikingly, the OVA-specific CD4
+ 

T cells sufficient for IκBNS underwent 

significantly stronger proliferation indicated by a higher CFSE loss compared to CD4
+
 T cells lacking 

IκBNS. The same result was observed for CD4
+
 T cells in the livers 5 days post infection. Moreover, at 

this time more cells were detected in the liver compared to day 3 post infection. This might be due to 

infection-related migration of the transferred cells.  

 

Figure 15: Proliferation of transferred OVA-specific OT-II x WT and OT-II x IκBNS
-/-

 CD4
+
 T cells at different 

times post LM-OVA infection. CD4
+
 T cells from OT-II x WT and OT-II x IκBNS

-/- 
with Thy1.1 congenic 

background were MACS purified, CFSE labeled and 3 x 10
6
 T cells were adoptively transferred into naïve 

C57BL/6 recipient mice. One day post transfer recipient mice were i.v. infected with 5000  CFU LM-OVA. 3 days 
(A) and 5 days (B) post infection recipient mice were sacrificed and CFSE loss on lymphocytes from spleen and 
liver was analyzed by FACS. FACS data from n=4-5 individual mice/group were constrained to alive singlet 
Thy1.1

+
 CD4

+
 T cells and are shown in columns side-by-side in a concatenated qualitative dot plot in which each 

column represents data of an individual mouse. The genotype of the analyzed T cells is indicated. Green lines 
mark the fluorescence intensity below which cells are considered as CFSE

low
. 

Since the most obvious LM-OVA induced proliferation and first striking differences between the WT 

and IκBNS
-/-

 CD4
+
 T cell genotypes were observed on day 5 post infection, the proliferation and 

activation status of OVA-specific CD4
+
 T cells in dependence of IκBNS was analyzed in more detail at 

this particular time post LM-OVA infection. As described above, OVA-specific CD4
+
 T cells derived 

from OT-II x IκBNS
-/- 

mice showed less proliferative capacity following in vivo pathogen encounter in 

comparison to CD4
+
 T cells from OT-II x WT mice (Figure 16A). This effect was observed in spleens 

as well as in liver samples. Quantification of the exact frequencies (Figure 16A, upper panel) of 

CFSE
low 

OVA-specific CD4
+ 

T cells from OT-II x WT mice in spleens revealed that they are in average 
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2.9 times higher than the frequencies of OT-II x IκBNS
-/-

 mice (OT-II x WT: 49% ± 6%, OT-II x IκBNS
-/-

: 

17% ± 3%). The same observation holds true for the cells re-analyzed from livers (Figure 16A, lower 

panel). Here, 3.4-times higher frequencies of proliferated OVA-specific IκBNS-sufficient CD4
+
 T cells 

(62% ± 7%) compared to OVA-specific IκBNS-deficient CD4
+
 T cells (18% ± 5%) were detected. 

Analyzing CFSE dilution in conjunction with the expression of CD25, CD44, IFNγ and IL2 allows 

deeper insights into the fate of transferred T cells in spleen and liver (Figure 16B and C) after LM 

infection. Concerning CD25 and CD44, lower frequencies of proliferated (CFSE
low

) CD25
+
 and 

CD44
high

 OVA-specific CD4
+
 T cells from OT-II x IκBNS

-/-
 mice were detected compared to cells from 

OT-II x WT mice. In general, not too many T cells with strong CD25 expression could be detected in 

both organ compartments and both genotypes (in average about 1-3%). Still, the percentage of 

CFSE
low

 CD25
+
 CD4

+
 T cells from OT-II x WT mice was significantly higher compared to 

OT-II x IκBNS
-/-

 mice (WT spleen: 3.4% ± 0.5%, IκBNS
-/-

 spleen: 1.3% ± 0.3%; WT liver: 2.6% ± 0.7%, 

IκBNS
-/-

 liver: 0.7% ± 0.4%). Given the canonical CD25/IL2 autocrine feedback loop, typically required 

for exponential T cell expansion, the lack in proliferating CD25
+ 

OT-II x IκBNS
-/-

 CD4
+ 

T cells 

corresponds to the lack in IL2 production by the same cells as well as with their diminished 

proliferation (compare to Figure 16A). This overall observation holds true for spleen and liver. 

 

In case of the CD44
high

 expression which marks activated or memory T cells, significant differences 

were observed between OT-II x WT and OT-II x IκBNS
-/-

 CD4
+
 T cells in both spleen and liver. Here, 

significantly more CD44
high

 CFSE
low 

OT-II x WT CD4
+
 T cells were detected compared to 

OT-II x IκBNS
-/-

 (WT spleen: 27.7% ± 8.4%, IκBNS
-/-

 spleen: 7.0% ± 3.9%; WT liver: 27.7% ± 8.4%, 

IκBNS
-/-

 liver: 7.8% ± 6.3%), indicating a decreased activation of OT-II x IκBNS
-/-

 CD4
+
 T cells in 

response to LM-OVA.  

Regarding the secretion of IFNγ (Figure 16C) higher frequencies of IFNγ
+
 CFSE

low
 OVA-specific WT 

CD4
+
 T cells were re-covered from the livers than from spleens (WT spleen: 21.0% ± 3.0%, 

IκBNS
-/-

 spleen: 4.7% ± 0.8%; WT liver: 37.7% ± 6.5%, IκBNS
-/-

 liver: 4.6% ± 1.0%). This organ-

dependent effect was not observed for proliferated OVA-specific IκBNS
-/- 

CD4
+
 T cells. Here, in both 

organs less than 10% IFNγ
+
 cells were detected. Of note, when looking on the representative dot plots 

for OT-II x WT CD4
+
 T cells in liver and spleen (Figure 16C), secretion of IL2 and IFNγ clearly 

corresponds with the degree of CFSE loss, as only T cells that are completely CFSE-negative and 

thus underwent several consecutive cell divisions, are producers of cytokines. Those cells can be 

considered differentiated effector T cells, since especially the production of the Th1 effector cytokine 

IFNγ is a property typically acquired only after several cell divisions under Th1-differentiating 

conditions. Apparently, IκBNS
-/-

 CD4
+
 T cells are impaired in this respect, as they show little to no IL2 

and especially no IFNγ secretion. 
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Figure 16: Phenotype of adoptively transferred OT-II x WT and OT-II x IκBNS
-/-

 CD4
+
 T cells 5 days after LM-

OVA infection. (Figure legend continues on the next page) 
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CD4
+
 OT-II x WT (■) and OT-II x IκBNS

-/-
 (■) T cells with Thy1.1 congenic background were MACS-purified, CFSE-

labeled and 3 x 10
6
 T cells were adoptively transferred into naïve C57BL/6 recipient mice. One day post transfer 

recipient mice were i.v. infected with 5000 CFU LM-OVA. 5 days post infection recipient mice were sacrificed and 
lymphocytes from spleen and liver were stained with antibodies against CD25, CD44 , IFNγ or IL2 and re-analyzed 
by FACS. Prior to intracellular staining of IFNγ and IL2, cells were re-stimulated with 1 µg/mL OVA323-339 peptide 
for 5 h, with brefeldin A added for the last 4 h of incubation. FACS data (n=5 mice/group) were constrained to 
alive singlet Thy1.1

+ 
CD4

+
 T cells. Data are depicted as mean ± SEM. (A) Representative CFSE histograms and 

summary plots indicating proliferation as percentage of CFSE
low

 T cells. (B) Representative contour plots with 5% 
probability without outliers  for CD25 and CD44 vs. CFSE from OT-II x WT and OT-II x IκBNS

-/-
 CD4

+
 T cells. 

Summary plots indicate percentage of CD25
+
 and percentage of CD44

hi 
T cells within the CFSE

low
 fraction. (C) 

Representative contour plots with 5% probability without outliers  for IFNγ and IL2 vs. CFSE from OT-II x WT and 
OT-II x IκBNS

-/-
 CD4

+
 T cells. Summary plots indicate percentage of IFNγ

+
 and percentage of IL2

+ 
T cells within the 

CFSE
low

 fraction. Statistics were performed using two-tailed unpaired student’s t-test comparing WT and 

IκBNS
-/-

 CD4
+
 T cells. * p < 0.05; ** p < 0.01, *** p < 0.001. 

 

In summary, IκBNS has a clear influence on the activation and proliferation of CD4
+
 T cells following 

antigen-specific activation in the context of an in vivo LM infection. Data obtained in the chosen 

experimental setup suggest that especially the differentiation into Th1 CD4
+
 effector T cells is affected 

when IκBNS is missing. This is in particular interesting with respect to the fact, that OT-II x IκBNS
-/-

 CD4
+
 

T cell responses following in vitro peptide stimulation was comparable to their WT counterparts (see 

chapter 4.1.1), highlighting the overall importance of the experimental setting (in vitro vs. in vivo, T cell 

stimulation in the presence or absence of infection-related inflammation) in which T cell functions are 

analyzed. 

 

4.2.2 IκBNS-deficiency has only marginal effects on the activation of CD8+ T cells 

following in vivo pathogen encounter 

In order to contain and eliminate intracellular infections, CD8
+ 

T cell-mediated immune responses play 

an essential role. Infection with Listeria monocytogenes induces strong CD8
+
 T cell expansion and the 

development of pronounced cytotoxic effector functions (Seaman et al., 2000). An essential effector 

function is the secretion of inflammatory mediators such as IFNɣ and IL2, which in turn further promote 

the expansion of effector CD8
+
 T cells.  

The previous chapter (4.2.1) showed a clear impact of IκBNS on proliferation and priming of CD4
+
 

T cells in the context of antigen-specific stimulation during in vivo LM infection. Thus, it was next 

studied whether the in vivo CD8
+
 T cell response would also be dependent on IκBNS. This was 

suggested by the results from the in vitro stimulation experiments indicating that CD8
+
 T cells from 

OT-I x IκBNS
-/-

 mice are impaired in IFNγ secretion when stimulated with the cognate OVA peptide 

(refer to chapter 4.1.2) 

 

For that purpose, the experimental set-up described in chapter 4.2.1 was used. For the re-analysis of 

adoptively transferred CD8
+
 T cells additional markers which are described in the context of effector 

CD8
+
 T cells

 
such as PD1 and TNFα were included. The experimental scheme is represented in 

Figure 17. Naïve OVA-specific CD8
+
 T cells from OT-I x WT and OT-I x IκBNS

-/-
 mice were isolated by 

MACS, stained with CFSE and transferred via lateral tail vein injection into C57BL/6 recipients. One 

day post transfer, recipient mice were infected with LM-OVA and at different times (d1, d3 and d5) 

post infection, transferred cells were re-analyzed by flow cytometry.  
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Figure 17: Schematic overview about the experimental design of adoptive transfer of OT-I transgenic 
CD8

+
 T cells followed by LM-OVA infection. Naive OVA-specific CD8

+
 T cells were isolated from either 

OT-I x WT or OT-I x IκBNS
-/-

 mice by autoMACS. Afterwards, CD8
+
 T cells were stained with 2.5 µM CFSE and 

3 x 10
6
 cells were injected into C57BL/6 recipients. One day post transfer, mice were infected with a sublethal 

dose (5000 CFU/mouse) of LM-OVA. At different times post infection, mice were sacrificed, spleens and livers 
were sampled and the proliferation and activation status of transferred CD8

+
 T cells were analyzed by flow 

cytometry. 

Prior to adoptive transfer of OVA-specific CD8
+
 T cells the expression of CD25, CD44 and CD62L was 

analyzed (Figure 18) to ensure that the transferred cells exhibit a naïve phenotype (refer to chapter 

4.2.1).  

Less than 0.1% CD25
+ 

was detected on the surface of OVA-specific CD8
+
 T cells irrespective of the 

genotype indicating that in both mouse groups the depletion of CD25 was efficient. Interestingly, when 

analyzing the expression of CD44, it is noticeable that in case of OT-I CD8
+
 T cells from WT donors 

approximately 27% are CD44
high

 whereas in case of OT-I CD8
+
 T cells from IκBNS

-/-
 mice only about 

11% are highly positive for CD44. Of note, the CD8
+
 T cells were not exposed to the OVA antigen 

before their isolation, thereby a prior antigen-specific activation can be excluded and the increased 

CD44
high

 frequency is considered as an artifact of the OT-I mouse model. Regarding the activation 

marker CD62L, more than 80% of OT-I CD8
+
 T cells from WT as well as IκBNS

-/-
 donor mice were 

CD62L
high

. In summary, the transferred OVA-specific CD8
+
 T cells exhibited a naïve phenotype with 

exception of the CD44
high

 population (summarized in Figure 18), which was taken into account in 

subsequent cell-fate analysis. 
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Figure 18: Representative dot plots showing the activation status of CD8
+
 T cells isolated from OT-I x WT 

and OT-I x IκBNS
-/-

 mice. Lymphocytes from OT-I x WT and OT-I x IκBNS
-/-

 mice were collected from spleen and 
lymph nodes and CD8

+
 T cells were isolated by autoMACS. After MACS isolation, cells were stained for the 

expression of TCR Vβ5.1/5.2, TCR Vα2 and CD8 as well as for the activation markers CD25, CD44 and CD62, 
respectively, and analyzed by flow cytometry. Cell debris were excluded from the analysis and cells were 
pregated on singlets and TCR Vβ5.1/5.2 vs. TCR Vα2 transgenic cells. Numbers represent the percentage of the 

respective marker positive and also negative cells. 

To investigate the impact of IκBNS on CD8
+
 T cell activation in response to in vivo LM-OVA infection, 

different points in time post infection were selected for re-analysis of the transferred cells. Figure 19 

represents mouse-individual CFSE dilution patterns. As depicted in Figure 19A, one day post infection 

the OVA-specific CD8
+
 T cells basically show no CFSE loss in spleens and livers, indicating that they 

did not proliferate. In the next step, cells were re-analyzed 3 days post infection. As depicted in Figure 

19B, at this time all OT-I x WT or OT-I x IκBNS
-/-

 CD8
+
 T cells recovered from spleens underwent 

proliferation as indicated by a homogenous loss of CFSE. However, OVA-specific CD8
+ 

T cells were 

hardly detectable in liver samples 3 days post infection. The few CD8
+ 

T cells recovered from the livers 

were CFSE
low

, whereas at this time still all CFSE-intermediates ranging from high to low can be found 

in spleens. No genotype-dependent differences in T cell proliferation and tissue distribution became 

evident on day 3 post LM infection. Finally, the transferred cells were re-analyzed 5 days post infection 

(Figure 19C). Here, a nearly complete loss of the CFSE dye was detected in spleen and liver samples 

indicating that the cells underwent intensive proliferation. In addition, generally more cells were 

detected in both organs compared to day 3 post infection. Next to extensive CD8
+
 T cell expansion 



Results  53 

due to proliferation following in vivo pathogen encounter this might also be due to an infection-related 

T cell migration into the primary LM replication sites, e.g. spleen and liver. 

 

Figure 19: Proliferation of transferred OVA-specific OT-I x WT and OT-I x IκBNS
-/-

 CD8
+
 T cells at different 

times post LM-OVA infection. CD8
+
 T cells from OT-I x WT and OT-I x IκBNS

-/- 
with Thy1.1 congenic background 

were autoMACS purified, CFSE labeled and 3 x 10
6
 T cells were adoptively transferred into naïve C57BL/6 

recipient mice. One day post transfer recipient mice were i.v. infected with 5000 CFU LM-OVA. 1 day (A), 3 days 
(B) and 5 days (C) post infection recipient mice were sacrificed and the CFSE intensity of lymphocytes from 
spleen and liver was analyzed by FACS. FACS data from n= 5-6 individual mice/group were constrained to alive 
singlet Thy1.1

+
 CD8

+
 T cells and are shown in columns side-by-side in a concatenated qualitative dot plot in 

which each column represents data of an individual mouse. The genotype of the analyzed T cells is indicated. 

Green lines mark the fluorescence intensity below which cells are considered as CFSE
low

. 

 

Based on the obtained data, day 3 post infection was selected as earliest time point to elucidate 

potential differences between OT-I x WT and OT-I x IκBNS
-/-

 CD8
+
 T cells regarding their in vivo 

activation profile. 

Similar to the qualitative CFSE distribution patterns (Figure 19) also the quantitative data depicting 

percentages of CFSE
low 

OVA-specific CD8
+
 T cells clearly indicate a strong proliferation in response to 

LM-OVA infection irrespective of the presence or absence of IκBNS (Figure 20A). Interestingly, the 
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frequency of recovered CD25
+
 OVA-specific CD8

+
 T cells derived from OT-I x IκBNS

-/- 
mice was more 

than twice as high as the frequency of CD25
+
 CD8

+
 T cells from WT counterparts (OT-I x WT: 

14.1% ± 1.6%, OT-I x IκBNS
-/-

: 38.3% ± 6.0%, Figure 20B). In contrast, the same percentage of 

transferred OVA-specific CD8
+ 

T cells was CD44
high

 independent of the genotype, indicating that the 

progression to effector and memory phenotype was not affected by loss of IκBNS. This was confirmed 

by equally high frequencies of CFSE
low

 IFNɣ
+
 OVA-specific CD8

+
 T cells of both genotypes (Figure 

20C). However, OVA-specific CD8
+
 T cells of both genotypes showed only marginal expression of IL2

 

on day 3 post infection. This was somehow unexpected, since at the same time approximately 40% of 

OT-I x IκBNS
-/-

 CD8
+
 T cells were positive for CD25, the α-chain of the high-affinity IL2-receptor (Figure 

20C). Furthermore, the expression of the programmed cell death protein 1 (PD1) was examined. Here, 

30% of OT-I x WT CD8
+
 T cells expresses PD1 which is significantly more compared to 

OT-I x IκBNS
-/- 

CD8
+
 T cells with 14%.  

Conversely, significant higher frequency of TNFα producing OT-I x IκBNS
-/- 

CD8
+
 T cells was detected 

compared to the WT counterparts. One possible explanation might be that IκBNS acts as a suppressor 

for this pro-inflammatory cytokine at a certain stage to prevent an exaggerated effector T cell 

response. 
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Figure 20: Phenotype of adoptively transferred OT-I x WT and OT-I x IκBNS
-/-

 CD8
+
 T cells 3 days post LM-

OVA infection. (Figure legend continues on the next page) 
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CD8
+
 OT-I x WT (■) and OT-I x IκBNS

-/-
 (■) T cells with Thy1.1 congenic background were autoMACS-purified, 

CFSE-labeled and 3 x 10
6
 T cells were adoptively transferred into naïve C57BL/6 recipient mice, respectively. 

One day post transfer recipient mice were i.v. infected with 5000 CFU LM-OVA. 3 days post infection recipient 
mice were sacrificed and lymphocytes from spleen and liver were stained with antibodies against CD25, CD44, 
PD1 or IFNγ, IL2 and TNFα and re-analyzed by FACS. Prior to intracellular staining of IFNγ, IL2 and TNFα cells 
were re-stimulated with 1 µg/mL OVA257-264 peptide for 5 h, with brefeldin A added for the last 4 h of incubation. 
FACS data (n= 5 mice/group) were constrained to alive singlet Thy1.1

+ 
CD8

+
 T cells. Data are depicted as 

mean ± SEM. (A) Representative CFSE histograms and summary plots indicating proliferation as %CFSE
low

 
T cells. (B) Representative contour plots with 5% probability without outliers  for CD25, CD44 and PD1 vs. CFSE 
from OT-I x WT and OT-I x IκBNS

-/-
 CD8

+
 T cells. Summary plots indicate percentage of CD25

+
, CD44

hi
 and PD1

+ 

T cells, respectively, within the CFSE
low

 fraction. (C) Representative contour plots with 5% probability without 
outliers for IFNγ, IL2 and TNFα vs. CFSE from OT-I x WT and OT-I x IκBNS

-/-
 CD8

+
 T cells. Summary plots 

indicate percentage of IFNγ
+
, IL2

+
 and TNFα

+ 
T cells, respectively, within the CFSE

low
 fraction. Statistics were 

performed using two-tailed unpaired student’s t-test comparing WT and IκBNS
-/-

 CD8
+
 T cells. * p < 0.05; ** p < 

0.01, *** p < 0.001. 

Taken together, these results indicate that antigen-specific CD8
+
 T cell responses during in vivo LM-

OVA infection are partially dependent on IκBNS. Whereas proliferation as well as CD44 and IFNγ 

expression were not affected by a loss of IκBNS, the expression of CD25, PD1 and also TNFα in CD8
+
 

T cells is dependent on IκBNS. 

OVA-specific CD8
+
 T cells were next analyzed in more detail 5 days post LM infection. As summarized 

in the qualitative mouse-individual CFSE distribution plots (Figure 19), almost all OT-I CD8
+
 T cells 

from both genotypes underwent intensive proliferation in spleen and liver. Quantification of the 

frequencies of CFSE
low 

OVA-specific CD8
+
 T cells revealed as well no differences between both IκBNS 

genotypes (Figure 21A). Figure 21B and C summarize the analyses of the activation markers CD25, 

CD44 and PD1 as well as the cytokines IFNγ, IL2 and TNFα, respectively. In contrast to the day 3 

analysis of the spleen (refer to Figure 20B) where significantly more CD25
+
 OVA-specific 

OT-I x IκBNS
-/-

 CD8
+
 T cells were detected compared to OT-I x WT, no difference regarding CD25 

expression was observed 5 days post infection. Though the same frequency of CD25
+
 CD8

+
 T cells 

were detected, irrespective of the IκBNS genotype, it is important to note that on day 5 post infection 

only 4% of the CD8
+
 T cells were CD25

+
 as opposed to 10% (OT-I x WT) and 40% (OT-I x IκBNS

-/-
) on 

day 3 post infection. This indicates a clear drop in CD25 expression within 2 days occurring in both 

genotypes. In line with this, 5 days post infection only marginal frequencies of CD8
+
CD25

+
 T cells 

were detected in the liver as well (approximately 2% in both genotypes). This drop in CD25 expression 

on day 5 compared to day 3 might be due to the fact that at this time all transferred cells already 

underwent intensive proliferation and thus the IL2/CD25 feedback-loop becomes dispensable. In line 

with this, the expression of IL2 by OVA-specific CD8
+
 T cells re-covered from spleens and livers 

remained equally low, independent of the genotype. 

In case of CD44, the same frequency of CD44
high

 CD8
+
 T cells was detected in both genotypes. More 

than 40% OVA-specific CD8
+
 T cells from spleens were CD44

high
 and more than 80% were CD44

high
 in 

livers, irrespective of the IκBNS genotype (see Figure 21B). Nevertheless, in comparison to OVA-

specific CD8
+
 T cells re-analyzed on day 3 post infection, generally less CD44

high
 T cells were 

detectable in spleens on day 5 post infection. However, in contrast to day 3 post infection where no 

distinct CD44
low 

populations were detected in spleen samples of both genotypes, both mouse groups 

exhibited a distinct CD44
low 

CFSE
low

 low population by day 5 post infection. In liver samples, more than 

80% of OT-I x WT and OT-I x IκBNS
-/-

 CD8
+
 T cells were found to be CD44

high
 CFSE

low
. 

In case of IFNγ secretion no difference between OT-I x WT and OT-I x IκBNS
-/-

 CD8
+
 T cells was 

observed, i.e. almost all cells re-covered from spleens expressed high amounts of IFNɣ (≥ 95%) 
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independent of the presence or absence of IκBNS. When looking at the representative contour plots 

from spleens it becomes obvious that especially CD8
+
 T cells that underwent extensive proliferation 

show the highest IFNɣ expression. 

The OVA-specific CD8
+
 T cells from spleens were furthermore analyzed with respect to the expression 

of PD1 and TNFα. The frequencies of PD1
+
 cells were comparable between both genotypes (10-15%), 

but were in general lower than on day 3 post infection. In the spleen OVA-specific CD8
+
 T cells from 

OT-I x IκBNS
-/-

 expressed significantly more TNFα than OVA-specific CD8
+
 T cells from OT-I x WT 

mice (OT-I x WT spleen: 25.9% ± 2.8%, OT-I x IκBNS
-/-

 spleen: 44.4% ± 5.6%) This phenomenon was 

observed already on day 3 post infection (compare to Figure 20C). 
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Figure 21: Phenotype of adoptively transferred OT-I x WT and OT-I x IκBNS
-/-

 CD8
+
 T cells 5 days after LM-

OVA infection. CD8
+
 OT-I x WT (■) and OT-I x IκBNS

-/-
 (■) T cells with Thy1.1 congenic background were MACS-

purified, CFSE-labeled and 3 x 10
6
 T cells were adoptively transferred into naïve C57BL/6 recipient mice, 

respectively. One day post transfer recipient mice were i.v. infected with 5000 CFU LM-OVA. 5 days post infection 
recipient mice were sacrificed and lymphocytes from spleen and liver were stained with antibodies agai nst CD25, 
CD44, PD1 or IFNγ, IL2 and TNFα and re-analyzed by FACS. Prior to intracellular staining of IFNγ, IL2 and TNFα 
cells were re-stimulated with 1 µg/mL OVA257-264 peptide for 5 h, with brefeldin A added for the last 4 h of 
incubation. FACS data (n= 5 mice/group) were constrained to alive singlet Thy1.1

+ 
CD8

+
 T cells. Data are 

depicted as mean ± SEM. (A) Representative CFSE histograms and summary plots indicating proliferation as 
percentage of CFSE

low
 T cells. (B) Representative contour plots with 5% probability without outliers for CD25, 

CD44 and PD1 vs. CFSE from OT-I x WT and OT-I x IκBNS
-/-

 CD8
+
 T cells. Summary plots indicate percentage of 

CD25, CD44
hi
 and PD1

+ 
T cells, respectively, within the CFSE

low
 fraction. (C) Representative contour plots with 

5% probability without outliers for IFNγ, IL2 and TNFα vs. CFSE from OT-I x WT and OT-I x IκBNS
-/-

 CD8
+
 T cells. 

Summary plots indicate percentage of IFNγ
+
, IL2

+
 and TNFα

+ 
T cells, respectively, within the CFSE

low
 fraction. 

Statistics were performed using two-tailed unpaired student’s t-test comparing WT and IκBNS
-/-

 CD8
+
 T cells. * p < 

0.05; ** p < 0.01, *** p < 0.001. 

In summary, the results largely confirmed the aforementioned observations made on day 3 post 

infection. The in vivo proliferation capacity of OVA-specific CD8
+
 T cells is not affected by a loss of 

IκBNS neither in spleens nor in liver samples. The differences observed on day 3 post infection 

regarding the CD25 and PD1 expression were gone, which might be due to slightly delayed 

expression of activation markers in IκBNS-deficient CD8
+
 T cells which can be compensated by time. 

However, even on day 5 post infection the frequency of TNFα
+
 CFSE

low
 OT-I x IκBNS

-/-
 CD8

+
 T cells is 

increased compared to the WT counterparts indicating that IκBNS might have a suppressive role in the 

regulation of TNFα. In contrast to the above mentioned results obtained following in vitro CD8
+
 T cell 

stimulation that revealed significantly impaired IFNɣ secretion in absence of IκBNS (refer to chapter 

4.1.2), no impact on the IFNγ expression was detected in the applied in vivo setting. This clearly 
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indicates that the overall setting in which the specific T cell functions are analyzed plays an important 

role. Several factors such as microenvironment in which T cell priming occurs or the cytokine milieu 

generated by the host’s immune response to infection could influence activation and proliferation of 

the transferred T cells so that it may happen that some specific effects of IκBNS-deficiency in CD8
+
 

T cells observed in in vitro stimulation assays might be rescued in vivo and vice versa. 

 

4.2.3 Impact of IκBNS in CD4+ and CD8+ T cells on pathogen clearance 

Next to in vivo proliferation capacity and activation status of adoptively transferred OVA-specific CD4
+
 

and CD8
+
 T cells (refer to Chapter 4.2.1 and 4.2.2), their ability to contribute to the clearance of the 

LM-OVA pathogen in the respective organs in dependency of IκBNS was elucidated.  

To this end, spleens of LM-OVA infected recipient C57BL/6 mice were sampled at various times post 

infection (CD4
+
 T cell transfers: d3, d5, d7; CD8

+
 T cell transfers: d1, d3, d5), homogenized and serial 

dilutions were plated on BHI agar plates to determine the colony forming units (CFU) and thus to 

define the contribution of the transferred LM-OVA-specific T cells to the control of bacterial burden 

depending on the presence or absence of IκBNS in CD4
+
 or CD8

+
 T cells. As depicted in Figure 22A, 

there was a high bacterial load on day 3 post infection in spleens of mice that received OT-II x WT or 

OT-II x IκBNS
-/- 

CD4
+
 T cells, respectively. However, on day 5 post infection a strong decrease in the 

bacterial load could be observed in both mouse groups, i.e. independent of the genotype of the 

transferred CD4
+
 T cells, indicating onset of bacterial clearance. No bacteria were detectable on day 7 

post infection, suggesting efficient elimination of the bacteria in both mouse groups. Since the 

adaptive immunity in LM infection typically kicks in around day 5 to day 7 post infection, the observed 

bacterial clearance in this time frame is likely to be dominated by the adaptive immune response of the 

host’s immune system. Thus, if indeed there would be differences with respect to pathogen-specific 

effector functions between the two genotypes of transferred LM-OVA-specific CD4
+
 T cells and thus a 

differential contribution to the clearance of LM-OVA, this could probably only be clearly attributed to 

the transferred T cells during an early phase of the infection. 

 

In case of recipient mice that received OT-I x WT or OT-I x IκBNS
-/-

 CD8
+
 T cells, an equally high 

bacterial load was observed in the spleen on day 1 post infection. In spleens of mice that received 

OT I x WT CD8
+
 T cells, an effective clearance already was detected on day 3 post infection with far 

less bacteria compared to day 1 post infection. Strikingly, mice that received OT-I x IκBNS
-/-

 CD8
+
 

T cells exhibited no reduction of bacterial load by day 3 post infection suggesting that the transferred 

LM-OVA specific IκBNS
-/-

 CD8
+
 T cells in contrast to their LM-OVA specific WT counterparts did not 

have any beneficial effect with respect to pathogen clearance at this time.  This was unexpected, since 

the expression of effector molecules in response to LM-OVA by transferred OVA-specific CD8
+
 T cells 

such as IFNγ was previously found to be independent of IκBNS (compare to Figure 20). In any case, on 

day 5 post infection no bacteria were detectable at all, irrespective of the genotype of the transferred 

T cells. These results suggest that CD8
+
 T cells from OT-I x IκBNS

-/-
 mice might be compromised in 

cytotoxicity especially in the early phase of the LM infection which is likely to be compensated by the 

host’s adaptive immune response constituting in the later infection phase.  

 



Results  61 

 

Figure 22: Clearance of LM-OVA infection in C57BL/6 mice which received transgenic OVA-specific CD4
+
 

or CD8
+
 T cells from IκBNS sufficient or deficient donors. (A) CD4

+
 T cells and (B) CD8

+
 T cells from 

OT II x WT (▲) or OT-II x IκBNS
-/- 

(■) mice were MACS purified, CFSE-labeled and 3 x 10
6
 cells were adoptively 

transferred into C57BL/6 recipient mice, respectively. One day post transfer recipient mice were i.v. infected with 
5000 CFU LM-OVA. At indicated days post infection, recipient mice were sacrificed and CFU in spleens was 
determined. The mean CFU value of each experimental group is indicated by the horizontal line. Statistical 

analyses were performed with two-way ANOVA and Bonferroni post-test. **** p < 0.0001. 

Given the delayed pathogen clearance observed in OT-I x IκBNS
-/-

 CD8
+
 T cell recipient mice 

compared to OT-I x WT CD8
+
 T cell recipients, hinting at a potentially impaired cytotoxic function of 

the CD8
+
 T cells lacking IκBNS, in vivo cytotoxicity in absence of IκBNS was next studied in more detail. 

 

4.2.4 Impact of IκBNS on in vivo cytotoxicity 

In order to evaluate CD8
+
 T cell-mediated cytotoxicity in IκBNS

-/-
 mice in frame of LM infection an 

in vivo cytotoxicity assay (CTL) was performed (refer to Chapter 3.9). As mentioned above, it cannot 

be excluded that in the chosen adoptive transfer model the host’s immune system is involved in the 

clearance of the pathogen as well. Since in the chosen experimental setting the immune system of the 

recipient host is proficient for IκBNS, we refrained from using the transfer model to probe for in vivo 

cytotoxicity. Instead, conventional IκBNS
-/-

 mice lacking IκBNS in all cells were used to analyze the 

cytotoxic response to LM-OVA in comparison to WT mice. WT and IκBNS
-/-

 mice were infected with a 

sublethal dose (10
4
 CFU/mouse) of LM-OVA or, as a control, were left untreated. After 9 days post 

infection they received a pool of CFSE-stained splenocytes (1 x 10
7
/mouse) from uninfected C57BL/6 

mice, consisting of SIINFEKL peptide-pulsed (1 µg/mL OVA257-264, CFSE
high

) and unpulsed (CFSE
low

) 

cells in a 1:1 ratio. Here, the CFSE
low

 labeled cell fraction that was not loaded with antigenic peptide 

serves as background control for unspecific cell lysis. 12 h after cell injection, splenocytes were re-

isolated from the infected recipient animals and the in vivo cytotoxicity was determined by comparing 

the frequency of the CFSE
high

 and CFSE
low

 fraction by flow cytometry. 

As represented in Figure 23 no obvious differences regarding the specific lysis were observed 

between the genotypes. In the uninfected control animals, same frequencies of CFSE
high

 and CFSE
low

 

cells were detected, thus indicating the absence of unspecific background cytotoxicity. Both, the 

infected WT and IκBNS
-/-

 mice could eliminate approximately 100% of the transferred peptide-pulsed 
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splenocytes, indicating that independent of the genotype there was an efficient formation of LM-OVA 

specific cytotoxic CD8
+
 T cells. 

To test whether potential differences in the cytotoxic function between IκBNS-sufficient and deficient 

CD8
+
 T cells would become evident with lower antigen doses, the very same experiment was repeated 

with 10-times lower amount of SIINFEKL-antigen (0.1 µg/mL OVA257-264) used for splenocytes loading. 

As depicted in Figure 23B both infected mouse groups were able to almost completely lyse the 

peptide-pulsed cells, indicating that even with lower amounts of antigen the cytotoxic lysis is equally 

efficient and neither dependent on the amount of antigen used for peptide-pulsing nor dependent on 

the genotype of the cytotoxic CD8
+
 T cells. 

 

  

Figure 23: In vivo analysis of LM-OVA induced CD8
+
 T cell cytotoxicity in WT and IκBNS

-/-
 mice following 

LM-OVA infection. WT (▲) and IκBNS
-/- 

(■) mice were infected i.v. with 10.000 CFU LM-OVA or left uninfected as 
controls. 9 days post infection splenocytes from naïve C57BL/6 mice were isolated, CFSE labeled and pulsed 
with (A) 1.0 µg/mL OVA257-264 or (B) 0.1 µg/mL OVA257-264 peptide and mixed with unpulsed cells in a 1:1 ratio. 
The unpulsed CFSE

low
 fraction serves as negative control. 12 h after cell injection, splenocytes of the recipient 

mice were isolated, analyzed by flow cytometry and subsequently the specific cell lysis based on cell frequencies  
of peptide-pulsed CFSE

high
 and unpulsed CFSE

low
 cell fractions was calculated. WT, n=5; IκBNS

-/-
, n=4. Data 

represent mean ± SEM. 
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In summary, the antigen-specific activation of CD4
+
 T cells following in vivo pathogen encounter relies 

strongly on IκBNS. Especially the differentiation into Th1 effector CD4
+
 T cells seems to be affected 

indicated by a significantly reduced proliferation and expression of effector molecules in CD4
+
 T cells 

lacking IκBNS. The pathogen-specific in vivo activation of CD8
+
 T cells is less affected by IκBNS-

deficiency, and here especially proliferation and secretion of the effector cytokine IFNɣ does not 

depend on IκBNS. In contrast, IκBNS
-/-

 CD8
+
 T cells show higher expression of the activation marker 

CD25 on day 3 post infection compared to their WT counterparts,  a difference which is however gone 

on day 5 post infection. One might speculate that this is due to a slightly delayed activation program in 

IκBNS
-/-

 CD8
+
 T cells. With respect to TNFα production higher frequencies of IκBNS-deficient CD8

+
 

T cells were detected in the LM-OVA infected host, suggesting that IκBNS has a suppressive effect on 

the expression of this pro-inflammatory cytokine. However, despite significantly impaired function to 

control the pathogen during the early phase of the infection as observed in the adoptive transfer 

experiments, the aforementioned differences observed between both genotypes did not affect the 

capacity of IκBNS
-/-

 CD8
+
 T cells to establish cytotoxic T cell responses as shown by efficient induction 

of a CTL response after LM-OVA infection in IκBNS
-/-

 mice. 
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4.3 The role of IκBNS in immunity against Listeria monocytogenes 

Previous studies showed that IκBNS does not only contribute to the control of T cell responses, but is 

also involved in the regulation of innate immune responses. For example it has been shown that IκBNS 

is strongly induced upon TLR ligation in macrophages (Kuwata et al., 2006). Nevertheless, so far no 

comprehensive study addressing the influence of IκBNS on innate immune responses during systemic 

bacterial infection has been published. 

In order to further address the impact of IκBNS on pathogen-specific immune responses, WT and 

IκBNS
-/-

 mice were infected with Listeria monocytogenes. To combat this pathogen, in addition to 

adaptive immunity the innate immune response is required. Therefore, LM represents a suitable tool to 

study the role of IκBNS not only in adaptive immune cells, but as well in the context of innate immunity.  

4.3.1 IκBNS-deficiency confers robust protection against high-dose LM infection 

To get a first hint regarding the effects of a complete loss of IκBNS on the immune response towards 

the intracellular pathogen Listeria monocytogenes the weight loss as an indicator for infection-

associated disease severity as well as the overall survival following LM infection were monitored. To 

this end, IκBNS-sufficient (WT), IκBNS-deficient (IκBNS
-/-

) and IκBNS-heterozygous (IκBNS
+/-

) mice were 

infected via the tail vein with graded doses of LM (10
4
, 5x10

4
, 10

5
 CFU/mouse). All genotypes showed 

no weight loss in response to the low dose LM infection (10
4
) and only a slight weight loss in response 

to the intermediate infection dose (5x10
4
) (data not shown). Strikingly, as represented in Figure 24A all 

mouse groups lost between 10-15% of their initial body weight until day 4 post infection when infected 

with the high-dose of LM (10
5
). Despite no significant differences in weight loss were observed during 

the first days post infection, still the IκBNS
-/-

 mice appeared less sick than their WT counterparts and 

also the heterozygous mice. Most of the WT mice had scruffy-looking fur, a crooked posture, inflamed 

eyes, and were apathetic whereas the IκBNS
-/- 

mice exhibited far less severe disease symptoms. In line 

with their aggravated disease symptoms, WT mice succumbed to the infection between day 4 and day 

6 post infection. Strikingly and in direct contrast, 100% of IκBNS-deficient mice survived the high-dose 

LM infection. A clear indicator that this observation is directly linked to IκBNS is that about 50% of the 

heterozygous mice which lack only one functional allele for IκBNS survived the high-dose infection (see 

Figure 24). 

 

 

 



Results  65 

 

Figure 24: Weight loss and survival of IκBNS
+/+

, IκBNS
+/-

 and IκBNS
-/-

 mice following high-dose Listeria 
infection. WT (▲), heterozygous (●) and IκBNS

-/-
 (■) mice were infected i.v. with a high-dose (10

5
 CFU) of LM and 

were daily monitored. (A) Body weight loss depicted as percent of initial body weight. WT: n= 9; IκBNS
+/-

: n=13; 
IκBNS

-/-
: n= 13. Dashed line indicates 75% body weight loss (abort criterion). Data represent mean values ± SEM. 

(B) Kaplan-Meier plot for survival following high-dose LM infection. Statistical analyses were performed using Log-
rank (Mantel-Cox) test. *** p= 0.0003. 

 

Taken together, all WT mice succumbed within few days post high-dose LM infection while IκBNS-

deficient mice were completely protected. These data suggest that IκBNS is involved in the regulation 

of inflammatory pathways especially within the early innate immune response.  

4.3.2 Bacterial clearance in high-dose LM infection is not affected by IκBNS-deficiency 

Given the previous finding of complete protection of IκBNS-deficient mice against high-dose LM 

infection it is reasonable to evaluate their capacity to control bacterial growth in spleen and liver, which 

are the main replication sites of LM. Due to the observation that WT mice had inflamed eyes and some 

of them exhibited slightly swollen heads, which might be indicative for encephalitis resulting from a 

fulminant dissemination of the bacteria into the brain, the bacterial burden in the brain was also 

determined.  

For this purpose, spleen, liver and brain samples were collected from high-dose LM infected WT and 

IκBNS
-/-

 mice at different times post infection (day 2, 3, 4, 5 and 6). This particular time frame was 

chosen since at the latest 6 days after high-dose LM infection all WT mice would have succumbed to 

the infection and hence their bacterial burden could not be compared to the IκBNS
-/-

 group anymore. 

The organ homogenates were plated on BHI agar plates and the bacterial burden was determined by 

counting the CFU after 24 h incubation at 37°C. As depicted in Figure 25, the bacterial burden is 

almost identical in spleen and liver samples on day 2 and 3 post infection. Especially on day 4 post 

infection, there is a tendency for an improved pathogen clearance in IκBNS
-/- 

mice which does, 

however, not reach statistical significance. In both genotypes a slight decrease in bacterial burden is 

observed on day 5 and 6 post infection (compared to day 4), whereas this decrease is more evident in 

spleen samples. 

The bacterial load in the brain is clearly lower than in spleen and liver samples. Strikingly, especially 

on day 6, when all WT mice ultimately succumbed to the infection, the highest number of bacteria was 

reached in their brains. In direct contrast to the WT animals, IκBNS
-/- 

mice were capable to completely 

eliminate the bacteria from the brain by day 5 post infection.  
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To investigate whether, IκBNS
-/-

 mice that survived the high-dose LM infection would be capable to 

completely clear the pathogen, the bacterial burden was additionally determined on day 10 post 

infection. Indeed, at this time no bacteria were detectable in neither spleen, liver nor brain samples 

(data not shown). 

 

 

Figure 25: CFU in different organs in high-dose LM infected WT and IκBNS
-/-

 mice. At indicated times post 
high-dose (10

5
 CFU/mouse) i.v. LM infection (A) spleens, (B) livers and (C) brains of WT (▲, n= 4-12) and 

IκBNS
-/--

 (■, n= 3-10) mice were homogenized and plated on BHI agar plates . Colonies were counted after 24 h of 
incubation at 37°C and total CFU/organ was determined. Data represent log10 (CFU/organ) with the mean per 
group indicated. Dashed lines represent limit of detection for each organ. Statistical analyses were performed 

using two-way ANOVA with Bonferroni pos t-test. * p < 0.05. 

 

Taken together, these results show that the pathogen clearance in spleens and livers is not affected 

by the loss of IκBNS. Thus, the improved survival and the overall milder disease course in IκBNS
-/-

 mice 

is likely not the result of an improved pathogen clearance. To further clarify the mechanism underlying 

the robust protection of IκBNS-deficient mice against high-dose LM infection, a histopathological 

examination of the infected organs was performed. 

 

4.3.3 Reduced immunopathology in IκBNS-deficient mice following LM infection 

As described in the previous chapter, IκBNS-deficient mice showed milder disease symptoms and in 

contrast to their WT counterparts survived the high-dose LM infection. However, the bacterial burden 

in liver and spleen did not significantly differ between both genotypes. This suggests that the improved 

outcome of infection is not due to a better control of bacterial growth, but rather a result of reduced 

immunopathology in the infected organs. In line with this, macroscopic evaluation of the mice revealed 

clearly visible liver pathology which was more pronounced in WT mice compared to IκBNS-deficient 

mice. Moreover, the spleens were spotted with white lesions that macroscopically resembled 

granulomas, which were also more pronounced in WT mice than in IκBNS
-/-

 mice (data not shown). Due 

to these observations, spleen and liver samples were assessed histopathologically day 0 and day 4 

post high-dose LM infection. Furthermore, the brains were included as well in the analyses due to the 

prior observed head swelling in WT mice and the documented bacterial infection of the brains in both 

genotypes. 

Histological analyses were performed by Dr. Olivia Kershaw (Freie Universität Berlin). Prepared organ 

slices were stained with hematoxylin and eosin (H&E) and numerically scored in a systematic, blinded 

manner and summarized in a score representing the degree of inflammation. Of note, brain samples of 
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both genotypes did not reveal histological particularities, which is surprising in as much as high 

bacterial burden was found in most brains 4 days post high-dose infection (refer to Figure 25). 

 

The histological findings of livers of uninfected mice were inconspicuous irrespective of the genotype. 

As expected, in both mouse groups a normal liver architecture was observed (Figure 26A, upper row). 

Following LM infection, generally all liver samples showed foci with leukocyte aggregates and severe 

acute, necrotizing inflammation-related structural changes. Strikingly and well in line with the improved 

disease course, the degree of inflammation was clearly less pronounced in livers of IκBNS-deficient 

mice (Figure 26, lower row) with far lower number of foci detectable in livers of IκBNS
-/-

 mice compared 

to the WT group. 

Spleen samples of both uninfected genotypes showed a normal structure as well. The white pulp 

(marked by the blue circles, Figure 26B, upper row) showed an intact shape. The LM infection resulted 

in a dramatic change of the splenic architecture which was severely aggravated in spleens of WT 

animals. Here, the basic structure of the organ was nearly completely destroyed, exemplified by the 

large white areas within the H&E stained tissue slices. Absence of H&E stainable intact cells in those 

regions indicates multifocal necrosis. In contrast to that, the severity of organ destruction was less 

pronounced in spleens of IκBNS-deficient mice. Here, hardly any completely destroyed areas lacking 

H&E staining are present. Structural differences between both IκBNS genotypes also become apparent 

when splenic white pulp areas are compared. The white pulp or the splenic lymphoid nodules are 

distinguishable in H&E staining by areas of dark blue color. Comparing the white pulp distribution 

throughout the spleens of WT and IκBNS
-/-

 mice (Figure 26B, lower row) clearly demonstrates that 

necrotic lesions have substantially scattered the white pulp of WT mice into a multitude of smaller 

patches, whereas the white pulp in IκBNS
-/-

 mice is structurally largely intact. However, in general in 

both genotypes a multifocal, acute and necrotizing splenitis was observed.  In terms of scoring the 

degree of inflammation, higher scores were determined in the spleens of WT mice compared to 

IκBNS
-/-

 mice. Noticeable, for both genotypes the inflammation scores in the spleens were overall 

higher than in the according livers. Furthermore it should be noted that in spleen samples of WT mice 

a scoring with respect to lymphatic depletion was not possible due to the severity of necrosis. 

 

Taken together, the histological examination confirmed a mitigated immunopathology 4 days post LM 

infection in liver and spleen samples of IκBNS-deficient compared to WT mice. As described above the 

reduced immunopathology of IκBNS
-/-

 mice is not linked to an improved pathogen clearance, which was 

comparable in both genotypes. Therefore, it seems more likely that the reduced immunopathology in 

IκBNS-deficient mice is a result of an attenuated inflammatory response to the pathogen, which 

ultimately would lead to reduced tissue injury. 
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Figure 26: Histopathological examinations of uninfected and day 4 LM infected liver and spleen samples. 
WT (▲) and IκBNS

-/-
 (■) mice were infected i.v. with 10

5 
CFU LM or left uninfected as controls. Uninfected mice 

and mice 4 days post infection were sacrificed, liver and spleen excised and stored in 4% PFA. After slicing and 
staining with hematoxylin and eosin (H&E), organ slices were scored by a veterinarian in a blinded manner for the 
degree of inflammation. (A) Upper row: Liver sections show normal organ architecture. Lower row: Liver histology 
revealed leukocyte aggregates and necrotic foci indicated by the arrows and blue circles, while WT liver showed 
more foci compared to IκBNS

-/-
 mice. Scoring revealed the degree of inflammation. (B) Upper row: Uninfected 

spleens show normal structure with well visible splenic lymphoid nodules (dark blue H&E staining). Lower row: 
White pulp (WP) is largely destroyed 4 days post LM infection, while necrotic lesions are more pronounced in WT 
mice compared to IκBNS

-/-
 mice. Scoring revealed the degree of inflammation. The black bars at the bottom right 

corners represent a distance of 50 µm (d0) and 100 µm (d4) for liver sections and 100 µm (d0, d4) for spleen 

sections. 
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4.3.4 Blunted inflammatory immune response in IκBNS
-/- mice 

As described in the previous chapter, the histological examination of livers and spleens from WT and 

IκBNS
-/-

 mice revealed severe immunopathology 4 days post LM infection, which was less pronounced 

in the organs of IκBNS
-/-

 mice. To further confirm the described differences in liver damage, the serum 

level of the enzyme alanine aminotransferase (ALT), which is a reliable and sensitive marker for liver 

inflammation, was measured. In case of liver injury ALT is released from the damaged liver cells and 

increasing levels of ALT are detectable in the serum (Kim et al., 2008) where it is not present in 

healthy conditions. 

For this purpose, the cardiac blood from high-dose LM infected (10
5
 CFU/mouse) WT and IκBNS

-/-
 mice 

was collected day 0, 2, 3 and 4 post infection and the ALT level in sera were determined to assess the 

stage of liver inflammation. Since WT mice started to succumb on day 4 post infection, this day was 

selected as the latest time point for analysis. Livers and spleens from these mice were collected for 

RT-PCR analyses of selected inflammatory mediators. The reason behind this is that host resistance 

to LM infection is conferred by cell-mediated immunity that is mainly driven by the expression of pro-

inflammatory cytokines (Mizuki et al., 2002). Especially cytokines such as TNFα, IL6, IFNɣ and IL1 

were described to play important roles in the host resistance against LM infection (Havell 1987; Hoge 

et al., 2013; Buchmeier and Schreiber, 1985; Petit et al., 1988). Furthermore, those cytokines were 

described to have also opposite effects on the host. On the one hand, they are needed to solve the 

infection, but on the contrary elevated levels of for example TNFα can cause immunopathology 

(Nakane et al., 1999). In addition, high levels of TNFα and IFNɣ were described to be crucially 

involved in the development of septic shock (Nakane et al., 1999). 

Thus, potential differences in the gene expression level of these inflammatory mediators in LM 

infected liver and spleen homogenates should provide insights regarding potential alterations in the 

inflammatory response of infected IκBNS-deficient mice, which ultimately could result in less 

pronounced immunopathology in the infected organs. 

 

As depicted in Figure 27A, the levels of serum ALT are equally low (WT: 32 ± 1 mU/mL, 

IκBNS
-/-

: 31 ± 4 mU/mL) in both genotypes in the uninfected state (d0). Also on day 2 and day 3 post 

infection no differences regarding ALT level were observed in WT and IκBNS
-/-

 mice, although the ALT 

levels were significantly increased compared to day 0. Strikingly, on day 4 post infection significantly 

elevated serum ALT levels were detected in WT animals (490 ± 90 mU/mL), while at this time post 

infection ALT level remained almost constant in IκBNS
-/-

 mice compared to day 2 and 3 post infection 

(90 ± 59 mU/mL). These data confirm immunohistology results revealing pronounced liver damage in 

WT but not in IκBNS-deficient animals. Livers and spleens from LM infected mice were further 

processed for RT-PCR assays in which the mRNA expression of the aforementioned pro-inflammatory 

cytokines TNFα, IL6, IFNɣ, IL1ß and IL1α were quantified.  

As depicted in Figure 27B, 2 days post infection no differences in the mRNA levels of either gene was 

observed comparing livers from WT and IκBNS
-/-

 mice. On day 3 post infection a small increase of 

TNFα mRNA level in WT livers was observed in contrast to liver samples from IκBNS-deficient. This 

increase became statistically significant on day 4 post infection demonstrating higher levels of TNFα 

expression in WT compared to IκBNS
-/- 

mice. A similar principle pattern of increased mRNA levels on 
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day 4 post infection, and in part also on day 3 post infection, could be observed for IL6, IFNɣ, IL1ß and 

IL1α in livers of WT compared to IκBNS
-/- 

mice. This suggests that the inflammatory immune response 

to LM in livers of mice lacking IκBNS is blunted and that differences in the expression of pro-

inflammatory genes in the liver become most obvious by day 3-4 post infection. 

These differences in gene expression are however not as obvious in spleen samples (Figure 27C). 

Here, throughout the course of infection no clear differences in TNFα or IL6 expression between both 

genotypes were observed. In case of IFNɣ a by tendency higher expression level was determined in 

spleens of WT mice on day 2 post infection in comparison to spleens of IκBNS
-/- 

mice. However, this 

difference was gone by day 3 and day 4 post infection. The splenic mRNA expression of the two 

inflammatory cytokines IL1ß and IL1α was very low on day 2 post infection in both genotypes. Still on 

day 3 post infection in both genotypes a similar increase was detectable with overall higher levels of 

IL1α than ILß. Finally, on day 4 post infection a pronounced increase of the mRNA levels of both IL1ß 

and IL1α was observed, but only in spleen samples of WT and not IκBNS
-/-

 mice. 

 

 



Results  71 

 

Figure 27: Serum ALT levels and expression of inflammatory cytokines in spleen and liver of WT and 
IκBNS

-/-
 mice during the course of LM infection. WT (▲, n= 3-5) and IκBNS

-/-
 (■, n= 3-4) were infected with 10

5 

CFU LM and serum, spleen and liver were sampled at indicated times post infection. (A) Determination of the liver 
enzyme alanine transaminase (ALT) level in serum samples. Statistical analyses were performed by using two-
tailed unpaired student’s t-test (* p< 0.05, ** p< 0.01, *** p< 0.001). (B and C) Relative mRNA expression levels of 
pro-inflammatory cytokines (TNFα, IL6, IFNγ, IL1β and IL1α) in liver (B) and spleen (C) homogenates normalized 
to β-actin expression. All data are presented as mean ± SEM. Data in B and C were confirmed with two 
independent experiments with similar results. Results of one experiment are shown. Statistical analyses were 
performed by two-way ANOVA with Bonferroni post-test. * p< 0.05. 

 

Taken together, obtained results confirmed that WT mice indeed produce large amounts of 

inflammatory mediators in the liver especially on day 4 post infection, which is the critical time when 

the mice start to succumb to the high-dose LM infection. In direct contrast, livers of IκBNS
-/-

 mice 

showed markedly lower levels of TNFα, IL6, IFNɣ and IL1 expression indicating that the inflammatory 

immune response towards LM is blunted compared to their WT counterparts. This blunted 

inflammatory response in IκBNS
-/-

 mice could be an explanation for the reduced immunopathology. An 

unbiased genome-wide transcriptome analysis could provide deeper insight into the mechanisms 

underlying the resistance of IκBNS
-/-

 mice to an otherwise lethal LM infection. 
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4.3.5 Broad alterations in the gene expression profile in the liver of IκBNS-deficient 

mice during LM infection 

Given the finding, that IκBNS
-/-

 mice showed a milder immunopathology in response to LM infection and 

that the expression of typically pro-inflammatory mediators is reduced on day 4 post infection, it is 

reasonable to gain next more detailed overview regarding the gene expression profile in both mouse 

groups in response to LM infection.  

For this, a comparative genome-wide transcriptome analysis of whole liver homogenates from WT and 

conventional IκBNS
-/- 

mice sampled on day 0 (uninfected) and on day 2, 3 and 4 post LM infection with 

10
5
 CFU/mouse was performed. Microarray procedures are explained in detail in section 3.19. Briefly, 

total RNA was isolated from liver homogenates. DNA was removed by means of DNAse treatment 

followed by molecular biological mRNA-specific sample amplification and cDNA synthesis in vitro. 

Samples were hybridized onto the GeneST 2.0 microarrays (Affymetrix Company), stained, washed 

and scanned according to manufacturer recommendations. Microarray data processing, normalization 

and filtering were performed with R Bioconductor package and Microsoft Excel. Briefly, microarray 

data were summarized with the RMA-algorithm, signal intensity data were log2 transformed, quantile 

normalized and a signal intensity percentile filter was applied to exclude transcripts with consistently 

low abundance across all samples. 

 

Given the data structure being linked to the underlying experimental design the most reasonable 

approach for microarray analysis is to ask which consecutive transcriptional alterations arise in livers 

of WT and conventional IκBNS
-/-

 mice on day 2, 3 and 4 post LM infection compared to day 0, 

respectively. This approach reveals the general transcriptional response of the liver tissue as well as 

contributions of the ongoing immune response and allows in a secondary meta-analysis to compare 

the resulting time-sequential alterations between the WT and IκBNS
-/-

 genotype for each considered 

point in time (see schema in Figure 28A). Moreover, to exclude that there are general alterations in the 

transcriptional expression of genes between both genotypes even in the uninfected state (d0), a direct 

comparison of gene expression on day 0 was performed. As shown in Figure 28B, this analysis 

revealed that there are no general genotype-dependent alterations in the uninfected state with the 

exception of one up-regulated transcript (Serpina-ps1) and 5 down-regulated transcripts (e.g. Sult2a5, 

Cyb2b13, Cyb2b9) in IκBNS
-/-

 mice compared to their WT counterparts. However, these results 

revealed that in general all alterations in gene transcription mentioned later on are due to the response 

to the LM infection and the influence of IκBNS on the infection-mediated immune response.  
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Figure 28: Schematic overview about the evaluation strategy and direct comparison of both genotypes in 
the uninfected state. (A) Schematic representation of the analysis and evaluation of the microarrays. Each 
sampling point in time (d2, d3, d4) is compared to the uninfected state (d0) for WT and IκBNS

-/-
 mice. (B) RA 

scatter plot of annotated genes assessed by microarray analysis from whole liver homogenates  of uninfected (d0) 
WT and IκBNS

-/-
 mice. Equal amounts of RNA (n=3- 4 mice per genotype) were pooled and applied to Affymetrix 

Gene 2.0 ST microarray analysis. Shown data represent normalized log 2-transformed signal intensities (SI) and 
log2-transformed fold change of expressed genes from IκBNS

-/-
 compared to WT samples. As threshold fold 

change (FC) ˃ 3 was applied, indicated by red and green lines. Up-or down-regulated transcripts based on FC 
threshold ± 3 are stated. Dashed lines indicate a FC threshold of ± 2. The vertical blue line represents the median 
of all signal intensities. 

 

Initially, to get an overview about the numbers of regulated genes alongside with the overall extend of 

transcriptional expression of a given gene, the processed data were plotted in RA-plots. This plot 

correlates the averaged signal intensity of each transcript (average over all 8 microarrays in the 

experiment) with the according fold change of differential regulation resulting from the comparison of 

its signal intensity on d2, d3, d4 vs. d0, respectively. A transcript was considered differentially 

expressed in a given pairwise microarray comparison if the resulting fold change in this comparison 

was bigger than ± 3. Figure 29 summarizes all RA-plots resulting from this approach. As depicted in 

Figure 29 (left side) it became apparent that in WT mice during the course of infection plenty of genes 

are up-regulated compared to the uninfected state (d2: 224, d3: 388, d4: 385). Furthermore, due to the 

infection also a lot of genes were down-regulated compared to d0 (d2: 119, d3: 246, d4: 243). These 

numbers indicate that the strongest differential regulation is seen on day 3 and on day 4 post LM 

infection. When compared to the IκBNS
-/-

 mice (see Figure 29, right side), less regulated genes were 

detected on each point in time (up-regulated: d2:197, d3: 231, d4:253; down-regulated: d2:96, d3: 

116, d4: 88). In the IκBNS-deficient mice day 4 post infection is the day where most genes were up-

regulated and day 3 post infection the one with most down-regulated genes. Taken together, LM 

infection clearly induces differential gene expression in the liver with increasing extends over time. 

This induction of differential gene expression appears however to be impaired in IκBNS
-/-

 mice. 

In addition, Figure 29 shows the top 5 most up- and down-regulated genes in both genotypes on the 

different times post infection, respectively. In both genotypes Saa3 (serum amyloid A) is strongly up-

regulated during the course of infection. In IκBNS
-/-

 mice other members of this acute phase proteins 

are regulated too, e.g. Saa2 on day 3 post infection and Saa1 on day 4 post infection. All those 
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members of the SAA family are mainly produced in the liver and secreted from hepatocytes during 

tissue injury and inflammation (Zhang et al., 2005), which clearly is the case in acute LM infection. 

For further analysis the lists of differentially regulated genes were joined and filtered in a way that 

allows comparing the genotypes side-by-side throughout the course of infection. Thus, only transcripts 

having a fold change ˃±3 in at least one out of 6 binary microarray comparisons ((WT d2 vs. d0), (WT 

d3 vs. d0), (WT d4 vs. d0), (IκBNS
-/-

 d2 vs. d0), (IκBNS
-/-

 d3 vs. d0), (IκBNS
-/-

 d4 vs. d0)) were retained. 

This resulted in a set of in total 856 transcripts. 
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Figure 29: RA scatter plots of annotated genes assessed by microarray analysis from whole liver 
homogenates within the course of LM infection compared to uninfected controls. WT and IκBNS

-/-
 mice were 

infected with 10
5
 CFU LM i.v. or left uninfected (d0). Mice were sacrificed on day 2, 3 and 4 post infection and 

liver homogenates were prepared and sampled for total RNA isolation. Equal amounts of RNA from n= 3 -5 mice 
per genotype and analysis point in time were pooled per experimental group and applied to Affymetrix Gene 2.0 
ST microarray analysis. Shown data represent normalized log2-transformed signal intensities (SI). The x-axis 
indicates the mean log2 (SI) of each annotated transcript averaged over all 8 microarrays. The y-axis represents 
the log2-transformed fold change values from indicated comparisons (left: WT, right: IκBNS

-/-
). As threshold FC ˃ 3 

was applied, indicated by red and green lines. Numbers of up-and down-regulated transcripts based on FC 
threshold ± 3 are stated in each plot. Dashed red and green lines indicate a FC threshold of ± 2. The vertical blue 
lines represent the median of all signal intensities. The 5 top up-and down-regulated genes in each RA-plot are 

labeled according to their gene symbol.  
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To sum up the RA-plots and the 856 transcripts, Figure 30 gives a conclusive enumeration of the 

regulated genes and the conditions in which they were found to have a fold change above ± 3 in Venn 

diagrams. This diagram gives a final overview about the amount of overlapping genes which have 

been regulated more than once in the course of infection. In brief, in WT mice more genes are 

regulated during LM infection (743 regulated genes) compared to IκBNS
-/-

 mice (531 regulated genes) 

(see Figure 30). Moreover, the decisive time where most of genes are regulated due to the infection 

are day 3 and day 4 post infection. In case of the WT mice, 324 genes were found to be regulated on 

day 3 and 4 post infection. In contrast to this only 44 regulated genes were found in IκBNS
-/-

 mice on 

day 3 and 4. 

 

 

Figure 30: Venn diagrams comparing the identified regulated genes from Microarray analysis of whole 
liver homogenates from WT and IκBNS

-/- 
mice. Visualization of the number of identified genes with a FC ≥ ± 3 

which are regulated (A) in WT and (B) in IκBNS
-/-

 mice on each time post infection (d2, d3, d4). In addition, the 

amount of overlapping genes is also indicated. 

 

For a better overview of these 856 genes, their normalized log2 transformed signal intensities were z-

score transformed and clustered using k-means cluster algorithm (KMC, with k= 6). A meaningful 

order of the resulting KMC clusters was manually chosen such that their order reflects time-sequential 

expression of genes in the course of LM infection. This means e.g. cluster 1 contains genes with 

predominant gene expression already on day 2 (compared to the other points in time) and cluster 6 

contains genes whose expression is predominantly high on day 3 or 4 post infection. This approach 

resulted in 6 clusters containing 171 (cluster 1), 130 (cluster 2), 75 (cluster 3), 156 (cluster 4), 161 

(cluster 5) and 163 (cluster 6) genes (see Figure 31). In each cluster the left side describes the 

situation in WT mice at each sampling time post infection (d0, d2, d3 and d4) and the right side shows 

the same for the IκBNS
-/-

 mice. The color code for the z-score is also depicted in Figure 31 representing 

comparably high expression in red, whereas green represents comparably low expression of a gene 

and yellow is indicative for an averaged expression. Based on the expression pattern in the WT mouse 

group the clusters can be classified as follows: cluster 1 contains genes that are down-regulated on 

day 2, 3 and 4 post infection and cluster 2 summarizes genes which are down-regulated 

predominantly on day 3 and 4 post infection. Cluster 3 is the smallest and represents genes that are 

strongly up-regulated on day 2 post infection followed by a minor drop in expression on day 3 and 4.  In 

cluster 4 genes can be found that are moderately up-regulated from day 2 on and more or less keep 
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their expression level throughout day 3 and 4 post infection.  Cluster 5 contains genes that are 

moderately up-regulated on day 2, but become even stronger up-regulated on day 3 and keeping this 

level throughout day 4 post infection. Finally, cluster 6 shows genes which are strongly up-regulated 

only on day 3 and 4 after infection. Representative gene symbols of top-regulated genes in each 

cluster are stated in Figure 31 to give an impression on the type of genes belonging to an according 

KMC cluster. 

Many of the identified and top-regulated genes from cluster 1 belong to the cytochrome family, 

actually, 19 out of 171 genes (~11%). The cytochrome superfamily belongs to the hemoproteins and is  

involved in a variety of enzymatic processes such as metabolism of drugs, chemicals and endogenous 

substrates. Hepatic cytochromes are also described as being involved in the pathogenesis of liver 

diseases (Villeneuve and Pichette, 2004). Anyway, this cluster does not signify systemic expressional 

differences between the two genotypes. Also it is known that LM infection causes a down-regulation of 

the hepatic cytochrome P450 (Armstrong and Renton, 1994), which was confirmed by the microarray 

analysis where in both genotypes after LM infection the different cytochromes become down-regulated 

compared to the uninfected controls. 

 

Cluster 2 contains many genes coding for metabolic enzymes and clearly signifies differences 

between WT and IκBNS
-/- 

mice. Especially, on day 3 post infection a stronger down-regulation of 

identified genes could be observed in WT mice compared to their IκBNS
-/- 

counterparts. This is also 

detectable on day 4. Functionally, many genes in this cluster are related to the lipid and steroid 

metabolism (e.g. Scd1, Sult2a1, Acacb) which thus could be more active on day 3 and 4 after infection 

in IκBNS
-/-

 mice. 

 

Cluster 3 was classified through up-regulation of 75 genes on day 2 post infection in WT mice, which 

is however also the case in the IκBNS-deficient mice. Though most genes in this cluster slightly lose 

again expression on day 3 and 4 post infection, a portion remains stronger expressed after day 2, but 

only in IκBNS
-/-

 mice. Functionally, this cluster is enriched with genes involved in general cytokine 

responses (e.g. Isg15, Il17ra, Socs3, Tnfrsf23) and more specifically IFNß response (e.g. Xaf1, Ifit1, 

Ifitm2, Bst2), all of which make sense to be induced at onset of LM infection.  

The top expressed candidates of cluster 4 are members of the Saa-family (e.g. Saa1, Saa2 and Saa3) 

which are typical acute phase proteins with increasing levels during inflammation (Malle et al., 1993). 

Indeed, they were classified in cluster 4 which is defined by steady up-regulation on day 2, 3 and 4 

post infection with more or less similar extend of fold-induction (compared to d0) in both genotypes. 

Nevertheless, plenty of immunologically important transcripts are contained in this cluster (see 

appendix Table 1) having a function as chemokine (e.g. Cxcl10, Cxcl1, Cxcl9 and Ccl24) or 

cytokine/chemokine receptor (e.g. Ccr5, Ccrl2, Il22ra1, Il1r1, Osmr, Cd74) or in Toll-like receptor 

signaling (e.g. Tlr2, Tlr3, Tlr13, Rsad2, Irak3, Cd14, Cd180, Lbp). 

Furthermore, some genes of the guanylate-binding protein (Gbp)- family were identified (Gbp2, Gbp4, 

Gbp5, Gbp8) which belong to the family of guanosine triphosphates (GTPases) that are induced by 

IFNɣ and exhibit key functions in protective immunity against microbial and also viral pathogens (Tripal 

et al., 2007). 
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Cluster 5 is remarkable in as much as it is one of the biggest clusters with 161 genes and importantly it 

shows clear differential expression patterns when comparing WT to IκBNS
-/-

 mice. Genes in this cluster 

are strongly up-regulated in WT mice only by day 3 post infection and keep this elevated level unt il day 

4. This pattern is however clearly different in IκBNS
-/-

 mice, where many genes of the cluster are not as 

strongly induced by the LM infection as in WT mice. Larger groups of genes being enriched in cluster 

5 relate to chemokines (e.g. Ccl2, Ccl3, Ccl5, Ccl6), cell adhesion (e.g. Clec4a1, Clec4a3, Clec4d, 

Clec4e, Cd300e) and immune globulin binding (Fcgr1, Fcgr3, Fcgr4, Fcer1g, Lgals3).  

Chemoattractants such as Ccl3, which is important for the attraction of macrophages, monocytes and 

neutrophils (Weber, 2003), and Ccl5, which is chemotactic for T cells, eosinophils and basophils play a 

role in recruiting leukocytes into inflammatory sites (Soria and Ben-Baruch, 2008). In addition, strong 

induction of the pro-inflammatory Il1ß especially in WT mice (FC WT d3: 11.7, d4: 11.0; 

IκBNS
-/-

 d3: 7.8, d4: 3.6) was found, which was already confirmed in section 4.3.4 (see Figure 27B) by 

real-time PCR. Since many genes in this cluster show less pronounced gene expression in 

IκBNS
-/-

 mice on day 3 and 4 post infection compared to WT mice, this cluster reflects (next to cluster 2) 

IκBNS-dependent transcriptional alterations in the LM infected liver. 

 

Similarly, cluster 6 demonstrates clear genotype dependent expression patterns as well. Strikingly, it 

contains transcripts that are strongly induced in IκBNS
-/-

 mice only on day 4, but at the same time on 

day 3 and 4 in WT mice. This indicates almost complete absence of expressional induction of genes 

on day 3 in this cluster when IκBNS is missing, when otherwise WT mice already shown clear 

transcriptional induction. Cluster 6 is one of the largest cluster with 163 genes and contains lot of 

micro RNAs, small non-coding RNAs (about 7%) that functions in RNA silencing and post-

transcriptional regulation of gene expression (Ambros, 2004). Of note, the vast majority of genes in 

this cluster are not-annotated transcripts (about 62%). Due to the lack in canonical gene annotation it 

is hard to derive meaningful interpretation of the transcriptional profile in this cluster.  
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Figure 31: Transcriptional profile of whole liver tissue from WT and IκBNS

-/-
 mice in the course of LM 

infection. WT and IκBNS
-/-

 mice were infected with 10
5
 CFU LM i.v. or left untreated (d0). Mice were sacrificed on 

day 2, 3 and 4 post infection and liver homogenates were prepared and sampled for total RNA isolation. Equal 
amounts of RNA from n= 3-5 mice per genotype and sampling time were pooled per experimental group and 
applied to Affymetrix Gene 2.0 ST microarray analysis. Log2 (SI) data of conditionally filtered 856 regulated genes 
were z-score transformed and k-means clustered according to expression profile similarities. Resulting k-means 
clusters were additionally hierarchically clustered. For each cluster selected gene symbols with the highest FC 
within a given cluster are stated. Shown data represent color-coded z-scores. Top left subfigure: Summarized 
representation of k-means clusters in time-sequential order of overall gene induction showing z-scores averaged 

over all genes in a cluster. Numbers of genes per cluster are indicated.  

In order to elucidate functional meaning of the observed differences in gene expression within LM 

infected livers of WT and IκBNS
-/-

 mice in an unbiased way, Gene ontology (GO) enrichment analyses 

of the previously identified dataset of 856 transcripts were performed. Using GO-term-enrichment 

analysis over-represented GO terms were identified. In tables 18, 19 and 20 the top ten annotations 

for the GO categories “Biological process”, “Molecular function” and “Immune system process” are 

listed and ranked according to their -log10 transformed Bonferroni corrected p-value of one-sided 
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hypergeometric enrichment statistics. Moreover, the top ten annotations were grouped according to 

biologically similarity to get a better overview about the identified GO terms. 

 

When considering the enriched GO terms of the meta-category “Biological Process” (see table 18) in a 

global way, the identified GO terms can be divided into the following 4 main categories: “leukocyte 

chemotaxis”, “pattern recognition receptors and signaling”, “fatty acid metabolism” and “cytokine 

secretion and signaling”. 

As example for the defined category “leukocyte chemotaxis” the most enriched GO term was 

“granulocyte chemotaxis” with the lowest p-value and 23 genes prevalent in the experimentally derived 

dataset (e.g. Ccl2, Ccl3, Ccl5 and Cxcl1). Indeed, all of these mentioned genes are important 

regulators for monocyte and neutrophil chemotactic processes, which are all less induced in livers of 

IκBNS
-/-

 mice during LM infection with the exception of Cxcl1 which is up-regulated in IκBNS
-/- 

mice 

compared to WT mice.  

 

The sub-category “pattern recognition receptors and signaling” represents the second largest enriched 

group of genes found in the meta-category “Biological Process”. The most enriched GO-term with the 

lowest p-value is “toll-like receptor signaling pathway” including genes such as CD14, Irak3 and Tlr2 

which were found to be differentially regulated between both IκBNS genotypes. Interestingly, CD14 is 

strongly up-regulated in IκBNS
-/-

 mice on day 3 post infection and declines strongly on day 4 post 

infection, whereas it remains on a constant level in WT mice in the course of LM infection (d2, d3 and 

d4). Induction of Irak3 was induced to a lesser extend in IκBNS
-/-

 mice in the course of LM infection 

compared to their WT counterparts and Tlr2 is induced to a greater extend in IκBNS
-/-

 mice on day 2 

and 3 post infection which is remarkable in as much as TLR2 is known to be crucial for an optimal 

control of Listeria monocytogenes infection and TLR2-deficient mice were shown being more 

susceptible to the systemic LM infection (Torres et al., 2004). 

 

The most enriched GO term with the lowest p-value of the third defined sub-category “fatty acid 

metabolism” is “long-chain fatty acid metabolic process” with 20 genes prevalent in the obtained 

dataset (e.g. Ptgs2, Elovl6 and Cy2b9). Those genes were also found differentially regulated between 

WT and IκBNS
-/-

 mice during LM infection. The prostaglandin synthetase Ptgs2 for example was 

detected to be more induced in WT mice on day 3 and day 4 post infection. Regarding Cyp2b9, a 

strong down-regulation in WT mice in the course of LM infection was observed, whereas it is strongly 

up-regulated in IκBNS
-/-

 mice only on day 2 post infection. Of note, many of the enriched GO terms 

share similar genes which are cross-annotated in thematically different GO categories and even meta-

categories. In this respect the heme containing cytochrome P450 proteins (Cyp) are causative for the 

significant enrichment of GO categories like the already mentioned “fatty acid metabolism” in the GO 

family “Biological process”, but importantly also for basically all enriched GO-categories in the GO-

family “Molecular function” stated in table 20. In general, Cyps belong to the group of 

monooxygenases (Hannemann et al., 2007) which are found at highest concentrations in the liver 

(Nelson et al., 1993) and are involved in the metabolism of drugs, chemicals and endogenous 

substrates, but can also be involved in the pathogenesis of several liver diseases (Villeneuve and 
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Pichette, 2004). Most of the identified Cyps are down-regulated or even strongly down-regulated 

during LM infection, which was already described. In case of infections or inflammatory stimuli the 

expression of Cyps is normally suppressed (Morgan 1997). On the other hand, some forms can also 

be induced upon inflammation suggesting that those forms are involved in specific homeostatic roles 

and might be necessary for the catabolism of bio-reactive metabolites (Morgan 2001). Of note, most 

identified Cyps are enriched in nearly all GO terms of the meta-category “Molecular function”, whereas 

the regulation between both IκBNS genotypes is nearly comparable with the exception of Cyp2b13 and 

Cyp2b9. For both genes, a strongly down-regulation was found in WT mice during the course of LM 

infection compared to IκBNS
-/-

 mice with only marginal reduction in gene expression during the course 

of LM infection. 

 

Finally, the most enriched GO term of the last main group of GO meta category “Biological process” is 

represented by “cytokine secretion” with genes such as Ccl3, Il1a, Il1b, Nos2 and Gbp5. Most of the 

genes from this GO term can be found in the already mentioned cluster 4 and 5 (refer Figure 31). In 

general, most of the genes from this group are up-regulated during LM infection and with greater 

extend in WT mice compared to IκBNS
-/-

 mice, which strengthens the assumption of a blunted 

inflammatory immune response in IκBNS-deficient mice. 

 

Table 18: Gene ontology (GO) enrichment of regulated genes from WT and IκBNS
-/-

 mice during LM 
infection and compared to uninfected controls (FC ≥ ± 3). Top ten GO terms from the meta category 

“Biological process” according to the p-value. Annotation Database from Oct. 2017 

 

 

GO ID GOTerm (GO level > 8) Nr. Genes

% 

Associated 

Genes

-log10 

(Bonferroni 

corrected p-

value)

71621 granulocyte chemotaxis 23 21,1 11,0

2687 positive regulation of leukocyte migration 21 16,4 7,7

2224 toll-like receptor signaling pathway 20 22,5 9,9

2221 pattern recognition receptor signaling pathway 22 17,3 8,6

34121 regulation of toll-like receptor signaling pathway 14 25,5 7,0

1676 long-chain fatty acid metabolic process 20 22,0 9,7

33559 unsaturated fatty acid metabolic process 20 20,2 8,9

46459 short-chain fatty acid metabolic process 7 63,6 5,7

50663 cytokine secretion 22 11,1 4,8

1961 positive regulation of cytokine-mediated signaling pathway 10 26,3 4,6

GO Biological Process 
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Table 19: Gene ontology (GO) enrichment of regulated genes from WT and IκBNS
-/-

 mice during LM 
infection and compared to uninfected controls (FC ≥ ± 3). Top ten GO terms from the meta category 

“Molecular Function” according to the p-value. Annotation Database from Oct. 2017 

 

 

The third GO meta category “Immune System Process” can be classified into 3 major groups 

“Interferon-gamma responses and migration processes”, “pattern recognition receptors and innate 

immune response” and “Fc-gamma signaling and antigen processing”. The most enriched GO term 

out of the first major group is the term “response to interferon gamma” with 32 associated genes and 

the lowest p-value. Nearly 30% of the identified genes from this term are guanylate binding proteins 

(GBPs) belonging to a family of guanosine triphosphate (GTPase) induced by IFNɣ (Vestal and 

Jeyaratnam, 2011). Most of them are strongly induced in WT mice especially on day 3 post infection. 

For example, Gbp8 is induced to a great extend during LM infection in WT mice (FC: WT d2: 33, d3: 

32,6, d4: 31,3; IκBNS
-/-

 d2: 14.9, d3: 6.6, d4: 11).  

In the second defined group of this meta-category the GO term “toll-like receptor signaling pathway” is 

most enriched with 20 prevalent genes. Certainly a lot of TLR genes were identified (e.g. Tlr13, Tlr2, 

Tlr3, Tlr7, Tlr8), which were all induced in the course of LM infection. 

In addition, a lot of genes were found that were also enriched in the meta-category “Biological 

function” (see table 18) and were already described in detail such as the aforementioned Irak3 or 

Cd14. 

Finally, to conclude the GO enrichment analysis, the last GO term from the third group of the meta 

category “Immune System Process” is “Antigen processing and presentation of exogenous peptides”. 

In this term some Fc receptors are enriched (e.g. Fcgr1, Fcgr3, Fcer1g) and as the GO term already 

stated some histocompatibility class II molecules involved in antigen-presentation (e.g. H2-Aa, H2-

Ab1, H2-Eb1) which are induced upon LM infection, but without appreciable differences between both 

IκBNS genotypes.  

 

GO ID GOTerm (GO level > 8) Nr. Genes

% 

Associated 

Genes

-log10 

(Bonferroni 

corrected p-

value)

16705
oxidoreductase activity, acting on paired donors, with 

incorporation or reduction of molecular oxygen
37 18,0 17,5

4497 monooxygenase activity 30 20,7 15,6

5506 iron ion binding 36 16,3 15,4

20037 heme binding 32 18,3 15,1

8395 steroid hydroxylase activity 19 32,8 13,5

43168 anion binding 137 5,0 10,1

8392 arachidonic acid epoxygenase activity 13 37,1 9,6

16712

oxidoreductase activity, acting on paired donors, with 

incorporation or reduction of molecular oxygen, reduced 

flavin or flavoprotein as one donor, and incorporation of 

one atom of oxygen

15 27,8 9,2

46914 transition metal ion binding 65 6,1 7,2

70330 aromatase activity 11 31,4 7,0

GO Molecular Function



Results  83 

Table 20: Gene ontology (GO) enrichment of regulated genes from WT and IκBNS
-/-

 mice during LM 
infection and compared to uninfected controls (FC ≥ ± 3). Top ten GO terms from the meta category 

“Immune system process” according to the p-value. Annotation Database from Oct. 2017 

 

 

In summary, the comparative genome-wide transcriptome analysis revealed altered gene regulation in 

both IκBNS genotypes during LM infection. As reminder, the previous chapters 4.3.3 and 4.3.4 clearly 

indicate that IκBNS-deficient mice showed a blunted immunopathology on day 4 post LM infection 

compared to their WT counterparts. Thus, the transcriptome analysis ultimately confirmed those 

observations. Plenty of genes are differentially regulated in WT mice compared to IκBNS
-/-

 mice. In 

addition, on the critical points in time (d3 and d4), where the WT mice start to die, expression of 

especially a lot of pro-inflammatory mediators are strongly up-regulated. Moreover, the GO enrichment 

showed that the LM infection leads to severe inflammation with strong enrichment in interferon-

responses, chemotaxis and leukocytes migration. Since a lot of chemokines contributing to leukocyte 

migration were found to be differentially regulated between WT and IκBNS
-/-

 mice in the course of LM 

infection, the next step would be to have a closer look on the cellular distribution in the liver and also in 

the spleen, to identify possible differences in the migration behavior in the response to LM and to 

verify if a differentially regulated chemotaxis results in an altered cellular composition in the organs of 

WT and IκBNS
-/- 

mice. 

4.3.6 IκBNS expression in hematopoietic and non-hematopoietic liver cells during the 

course of LM infection 

Since the microarray analyses were performed from whole liver homogenates composed of 

hematopoietic (CD45
+
) and non-hematopoietic (CD45

-
) cells, it is reasonable to next identify how high-

dose LM infection would influence IκBNS expression in these two cellular subsets (CD45
+
/CD45

-
). 

Since IκBNS was described to be inducible in T cells and in in vitro stimulated macrophages (Schuster 

et al., 2012, Hirotani et al., 2005), it was expected that CD45
+
 hematopoietic cells underlie certain 

variations regarding IκBNS expression in response to LM infection. In case of non-hematopoietic cells 

in the liver, nothing is known so far regarding the IκBNS expression profile. 

To address this issue, enzymatically digested liver homogenates were prepared from WT mice 

infected with 10
5
 CFU/mouse LM on day 1, 2, 3 and 4 post infection (3-4 mice per point in time) as 

well as from uninfected control mice. As additional negative control, infected IκBNS
-/-

 mice were 

GO ID GOTerm (GO level > 8) Nr. Genes

% 

Associated 

Genes

-log10 

(Bonferroni 

corrected p-

value)

34341 response to interferon-gamma 32 29,4 10,6

71346 cellular response to interferon-gamma 26 29,9 8,4

97530 granulocyte migration 26 21,1 4,9

71621 granulocyte chemotaxis 23 21,1 4,1

2224 toll-like receptor signaling pathway 20 22,5 3,8

34121 regulation of toll-like receptor signaling pathway 14 25,5 2,8

2221 pattern recognition receptor signaling pathway 22 17,3 2,4

45088 regulation of innate immune response 34 13,7 2,2

2478 antigen processing and presentation of exogenous peptide antigen8 36,4 2,1

38094 Fc-gamma receptor signaling pathway 6 54,5 2,4

GO Immune System Process 
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included and analyzed for IκBNS expression at the different points in time post LM infection. CD45
+
 and 

CD45
-
 cells were separated using magnetic cell isolation. Purity of isolated CD45

+
 and CD45

-
 was 

checked by flow cytometry and was generally ˃ 95% for each cell fraction. Splenocytes, which are 

generally CD45
+
, were isolated from the same mice and used for comparison. 1 x 10

6
 cells were lysed 

in RLT buffer and after isolation of RNA and reverse transcription into cDNA, samples were used to 

determine mRNA expression of IκBNS. 

 

Figure 32 summarizes the IκBNS gene expression profile normalized to the house-keeping gene ß-

actin during the course of LM infection. For statistics IκBNS expression following LM infection was 

compared to initial expression in uninfected animals. 

In the hematopoietic CD45
+
 cell fraction from the liver relatively high and constant IκBNS expression 

could be observed in uninfected mice and on day 1 post infection (Figure 32A). Interestingly, IκBNS 

expression significantly drops down on day 2 post infection and only marginally recovers on day 3 and 

day 4. This clearly indicates that hematopoietic CD45
+
 cells from the liver exhibit a robust basal IκBNS 

expression which decreases upon infection. 

The overall kinetic of IκBNS expression in non-hematopoietic CD45
-
 liver cells (Figure 32B) is similar to 

that of CD45
+
 liver cells. The initial expression on day 0 is however slightly lower than in CD45

+
 cells. 

In contrast, IκBNS expression in CD45
-
 liver cells already drops on day 1 post infection and decreases 

even further on day 2 post infection. Similar to the CD45
+
 cells IκBNS expression in CD45

-
 liver cells 

marginally raises again on day 3 and 4 post infection. Thus, IκBNS expression in both CD45
+
 and 

CD45
-
 liver cells reaches its minimum two days after LM infection. 

 

Interestingly, during the course of LM infection no significant changes in the expression of IκBNS were 

observed in splenocyte samples (see Figure 32C). Here, only a slight reduction in the IκBNS mRNA 

level was observed on day 2 post infection compared to day 0 and day 1. After this initial drop, a slight 

increase in IκBNS expression occurs on day 3 and day 4. Of note, IκBNS expression in CD45
+
 liver cells 

from uninfected mice is about twice as high than in CD45
+
 splenocytes from the same mice, 

suggesting an overall higher steady state abundance of IκBNS in resident immune cells of the liver 

compared to spleen. Moreover, in both CD45
+
 and CD45

-
 liver cells as well as in splenocytes of IκBNS-

deficient mice no IκBNS expression was detected, as expected (data not shown). 
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Figure 32: IκBNS mRNA expression in CD45
+
 and CD45

-
 liver cells as well as in splenocytes of WT mice 

during LM infection. WT mice (■, n= 3-4) were infected with 10
5
 CFU LM, liver and spleen were sampled at 

indicated times post infection. Liver samples were further processed by MACS to obtain CD45
+
 and CD45

- 
cell 

fractions. RNA was isolated from CD45
+
/CD45

-
 liver cells and splenocytes, reverse transcribed into cDNA and 

IκBNS expression was analyzed by real-time PCR normalized to ß-actin. (A) IκBNS expression in CD45
+
 liver cells 

(B) in CD45
-
 liver cells and (C) in splenocytes. Data are presented as mean ± SEM. Statistical analyses were 

performed by two-way ANOVA with Bonferroni post-test. * p < 0.05. 

In summary, the expression of IκBNS undergoes infection-associated dynamic alterations in an organ-

specific manner. In both the CD45
+
 and CD45

-
 cell fractions of liver samples the highest IκBNS 

expression was observed in the steady state (i.e. on day 0) indicating strong basal expression. Thus, it 

is likely that IκBNS expression and its down-regulation during LM infection is mechanistically linked to 

the regulation of acute phase or secondary response genes as suggested by the strong differences in 

microarray analyses between both genotypes especially on day 3 and day 4 post infection.  

4.3.7 Altered immune cell distribution in livers and spleens of IκBNS-deficient mice 

during the course of LM infection 

Due to the broad changes in gene expression in WT and IκBNS
-/- 

mice especially in functional gene 

categories such as chemotaxis and leukocyte migration observed by microarray analysis, next an 

important issue was to determine potential differences in the immune cell composition in spleens and 

livers during LM infection. For this, detailed flow cytometric analyses were performed to characterize 

distribution of most of lymphocytic and myeloid cell subsets and to get an overview of how IκBNS would 

influence the cellular distribution during high-dose LM infection in the main bacterial replication sites 

liver and spleen. For simultaneous identification and quantification of 13 different immune cell subsets 

(e.g. B cells, T cells, NK cells, neutrophils, eosinophils, monocytes, macrophages and dendritic cells)  

in non-infected and infected tissue a protocol developed by Yu and colleagues was used (Yu et al., 

2016). Detailed information about the antibodies and gating strategy used can be found in section 

3.16. 

 

A major drawback in the understanding of the function of IκBNS within individual immune cell subsets 

during LM infection is, that so far it is largely unknown to what extent they rely on the function of IκBNS. 

As described above (section 4.3.6) IκBNS expression is strongly down-regulated within 2 days after LM 

infection within the entire CD45
+
 leukocyte cell fraction in the liver suggesting that IκBNS is of 

importance for the activation and/ or function of immune cells early on during infection. Still it is unclear 

if this IκBNS expression pattern is valid for all immune cell subsets. Thus, to gather knowledge on cell-

specific IκBNS expression during LM infection and by this to more clearly correlate lack of IκBNS with 
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the improved pathological phenotype, altered cellular composition and differential gene expression, 

promoter activity of the Nfkbid gene encoding for IκBNS was studied in all 13 immune cell subsets 

included in this survey. To this end, the Nfkbid
LacZ

 reporter mouse line derived from the EUCOMM 

consortium and provided by Ingo Schmitz and colleagues from Helmholtz Centre for Infection 

Research Braunschweig was utilized. Of note, this reporter mouse has only one functional allele of 

Nfkbid, since the second one has been substituted by lacZ-reporter cassette, leading formally to a 

heterozygous Nfkbid knockout mouse. This genotype, based on previous results (section 4.3.1), 

should render the mice more susceptible to the high-dose LM infection. In order to gather information 

on Nfkbid promoter activity in all cell subsets and throughout the entire time frame of 4 days of LM 

infection, it had to be guaranteed that all mice would survive the infection. Thus, the reporter mice 

were infected with a non-lethal dose of LM (3x10
4
 CFU/mouse). The lacZ-reporter expression is linked 

to that of the Nfkbid gene. Thus, the Nfkbid expression can be indirectly quantified by assessing the 

lacZ enzymatic activity per cell using the conditional fluorescent surrogate substrate analogue 

fluorescein-di-ß-D-galactopyranosid (FDG). FDG is enzymatically cleaved by the lacZ enzyme 

resulting in intracellular accumulation of fluorescently active fluorescein. For a better visualization and 

comparison the fluorescein intensities were z-score normalized over all mice and all cell populations 

analyzed on a given day post infection.  

 

When applied to uninfected lacZ reporter mice, the immune cell identification panel in conjunction with 

the lacZ reporter assay gives conclusive impressions of the initial IκBNS promoter activity in 13 immune 

cell subsets based on the MFI of fluorescein per cell subset in spleen and liver (Table 21 and Table 

22). Interestingly, in lymphocytes, i.e. B cells, T cells and NK cells from spleen and liver the lacZ 

activity was comparatively low. In contrast, the myeloid cells and here especially monocytes and 

macrophages showed the strongest steady state lacZ activity indicative for the highest Nfkbid 

promoter activity. Neutrophils, DCs and eosinophils showed an intermediate Nfkbid promoter activity. 

Importantly, the overall strength of Nfkbid promoter activity in specific cellular subsets does not much 

differ between spleen and liver, indicating that the Nfkbid promoter activity is independent of the 

cellular microenvironment and thus is likely to be a cell intrinsic property.  
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Table 21: Nfkbid promoter activity in different immune cell subsets in spleens of uninfected mice. 
Uninfected Nfkbid

lacz
 reporter mice (n= 5) were sacrificed, spleens were sampled and the lacZ reporter activity 

was determined using an intracellular FDG assay and flow cytometry. Data represent the averaged median 

fluorescence intensity of fluorescein and the standard deviation. 

 

 

Table 22: Nfkbid promoter activity in different immune cell subsets in livers of uninfected mice. Uninfected 
Nfkbid

lacz
 reporter mice (n= 5) were sacrificed, livers were sampled and the lacZ reporter activity was determined 

using an intracellular FDG assay and flow cytometry. Data represent the averaged median fluorescence intensity 
of fluorescein and the standard deviation. 

 

 

To correlate immune cell prevalence with Nfkbid promoter activity in these particular cells throughout 

the course of LM infection, the next figures show on the one hand the cellular distribution of individual 

immune cell subsets in livers and spleens of high-dose infected (10
5
 CFU/mouse) WT and 

IκBNS
-/-

 mice (see Figure 33, 34, 35A) and on the other hand the lacZ enzymatic activity from non-

lethally infected (3x10
4
 CFU/mouse) Nfkbid

lacZ
 reporter mice (see Figure 33, 34, 35B). 

Due to an inflammation-associated damage of the organ structures, high auto-fluorescence and 

significant changes in the lineage marker expression especially in WT mice it was not possible to 

obtain reliable FACS data from all anticipated immune cell populations at the late stage of infection. 

Cell population Averaged median fluorescence intensity (MFI) ± standard deviation

Inflammatory Monocytes 61500 ± 6950

Resident Monocytes 37740 ± 6537

Interstitial Macrophages 34571 ± 6890

CD11b+ DC 34442 ± 8185

Neutrophils 29424 ± 2110

CD11b- DC 21520 ± 4312

NK cells 19385 ± 2540

Resident Macrophages 15200 ± 3132

Eosinophils 14543 ± 2200

CD4-CD8- lymphocytes 11510 ± 2121

B cells 7897 ± 1017

CD4+ T cells 5978 ± 1060

CD8+ T cells 5182 ± 935

Cell population Averaged median fluorescence intensity (MFI) ± standard deviation

Inflammatory Monocytes 64937 ± 4110

Resident Monocytes 54154 ± 1113

Interstitial Macrophages 43592 ± 5387

Neutrophils 30892 ± 3268

CD11b- DC 27281 ± 3810

Resident Macrophages 21705 ± 1695

NK cells 19476 ± 1504

CD11b+ DC 18659 ± 5048

CD4-CD8- lymphocytes 17423 ± 337

CD4+ T cells 14947 ± 582

Eosinophils 13132 ± 1074

B cells 9266 ± 334

CD8+ T cells 6089 ± 942
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For that reason, day 4 post infection was excluded from the analyses of high-dose LM infected mice 

WT and IκBNS
-/-

 mice. 

The prevalence of cells is represented as absolute cell numbers. In addition, the relative percentages 

of all cell subsets based on alive, single cells gated on CD45
+
 can be found in the appendix for 

comparison. 

 

Figure 33A summarizes the identified lymphocytic cell populations. In general, in uninfected WT mice 

(day 0) the proportionally largest cell population in the liver is represented by CD4
+
 T cells (~ 1.8 x 10

6 

cells) followed by B cells with about 1.2 x 10
6
 cells, CD8

+
 T cells (~ 5 x 10

5
 cells), CD4

-
CD8

-
 

lymphocytes (6 x 10
5
 cells) and NK cells (~3.2 x 10

5
 cells). The cellular composition in the spleen of 

uninfected WT mice is composed of a majority of B cells (~ 7 x 10
6
 cells) followed by CD4

+
 T cells 

(~2.5 x 10
6
 cells), CD8

+
 T cells (1.5 x 10

6
 cells), CD4

-
CD8

-
 lymphocytes (~3.5 x 10

6 
cells) and finally 

NK cells (~8 x 10
4 

cells). Taken together, the lymphocytic cell populations are the major immune cell 

subsets in liver (58%) and spleen (76%) during the steady state. Interestingly, when considering the 

lacZ enzyme activity (Figure 33B), the values of the normalized z-scores are below zero in the 

lymphocytic cell subsets, indicating a relatively weak Nfkbid promoter activity. 

 

Surprisingly, while no differences in the percentages between both genotypes were found (refer to 

appendix Figure 1) significantly higher numbers of B cells, CD4
+
 T cells and CD8

+
 T cells were found 

in the livers of uninfected IκBNS
-/-

 mice. Whereas on day 1 post infection the numbers of CD4
+
 and 

CD8
+
 T cells are still significantly higher in IκBNS

-/-
 mice than in their WT counterparts, both genotypes 

show a decrease in the absolute numbers of all lymphocytic cell subsets in the liver and especially on 

day 2 and day 3 post infection, no significant differences between both genotypes were observed.  

In contrast to the liver, the spleen of uninfected mice shows no genotype-dependent differences in 

regard to numbers of B cells, CD4
+
 T cells, CD8

+
 T cells and NK cells. However, cell numbers of all 4 

lymphocytic subsets slightly increase in the spleen on day 1 post infection. At that time, spleens of WT 

mice even contained significantly more B cells than IκBNS-deficient mice. By day 2 and day 3 post 

infection all major lymphocyte subsets show a strong drop in cell numbers below the level detected on 

day 0 with the exception of IκBNS
-/- 

mice were on day 3 post infection, NK cell numbers returned to their 

initial cell number measured before in the uninfected state. 

These results suggest that changes in the tissue distribution of the lymphocytic cells are primarily 

dependent on the LM infection itself and less dependent on the presence or absence of IκBNS. 

Interestingly, significant differences regarding lymphocyte numbers (but not relative frequencies) 

between WT and IκBNS
-/-

 mice are only evident in livers of uninfected animals. 

 

With regard to the lacZ activity, from all identified lymphocytic cell populations only NK cells showed z-

scores higher than zero (above the mean of all cell subsets). In all other lymphocytic cell subsets the 

values of the normalizes z-scores stay below zero during the course of LM infection indicating that in 

lymphocytic cells in general the Nkfbid promoter activity is not very pronounced. CD8
+
 T cells show the 

strongest induction of lacZ activity over time amongst all lymphocyte subsets  analyzed which might 

indicate that IκBNS is inducible in CD8
+
 T cells upon stimulation. 
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Another observation is the strong increase of Nfkbid promoter activity in NK cells on day 1 post 

infection in liver samples. After this strong increase on day 1 the z -score value drops down to base 

level and subsequently marginally rises again until day 4 post infection. 

In summary, obtained results revealed that among the lymphocytic cell subsets NK cells show the 

highest lacZ activity in the course of LM infection. In CD8
+
 T cells an induction in lacZ activity can be 

observed during LM infection. Thus, NK cells and CD8
+
 T cells show dynamic alterations in Nfkbid 

promoter activity during infection. Furthermore, the lack of IκBNS in lymphocytes might not be 

mechanistically linked to the observed ameliorated organ-pathology in response to LM infection in 

IκBNS
-/-

 mice, since not only the overall number of lymphocytes in spleens and livers during LM 

infection decreases over time but, at the same time, all lymphocyte subsets exhibit a relatively low 

Nfkbid promoter activity throughout the course of infection. 
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Figure 33: Lymphocyte composition of livers and spleens of WT and IκBNS
-/-

 mice during the course of LM 
infection and correlation with Nfkbid promoter activity. (A) WT (■, n=3-4) and IκBNS

-/-
 (■, n=3-4) mice were 

infected with high-dose (10
5 

CFU) of Listeria. At indicated times post infection, mice were sacrificed and the 
cellular composition was determined by flow cytometry. Data are represented as mean ± SEM of absolute cell 
numbers/organ. Statistical analyses were performed using two-way ANOVA with Bonferroni post-test. 
(B) Nfkbid

lacz
 reporter mice (n=5-6/point in time) were infected with 3x10

4
 CFU Listeria. At indicated times post 

infection spleens (●) and livers (●) were sampled and the lacZ reporter activity was determined using an 
intracellular FDG assay followed by flow cytometry. The median fluorescein intensities were z-score normalized 
over all mice and all cell populations on a given day post infection. Statistical analyses were performed in 
comparison to uninfected mice using unpaired, two-tailed student’s  t-test. **** p < 0.0001, *** p < 0,001, ** p < 

0.01, * p < 0.05. 
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Next, the distribution of different myeloid cell subsets was analyzed in spleens and livers from WT and 

IκBNS
-/-

 mice within the course of infection. In the absence of infection (day 0) only few (˂ 10
5
) 

inflammatory monocytes, resident monocytes, interstitial macrophages and resident macrophages 

were detected in liver and spleen of both genotypes (Figure 34A). 

On day 1 post infection the absolute number of inflammatory monocytes in both genotypes increases 

up to approximately 1 x 10
6
 in the liver. The number of inflammatory monocytes subsequently 

decreases on day 2 to values slightly above base level and finally increases again on day 3 to values 

comparable to day 1 post infection. This overall dynamics of inflammatory monocytes in the liver holds 

true for both IκBNS genotypes. Importantly, the secondary increase on day 3 post infection becomes 

even more meaningful in the light of the fact, that the leukocyte compartment in WT livers at this time 

constitutes about 36% inflammatory monocytes (see appendix Figure 2), making them the largest 

immune cell subset on day 3 post infection. Though the total number of inflammatory monocytes in 

WT mice on day 3 post infection is about the same as on day 1, their frequency in relation to all other 

immune cell subsets is drastically increased on day 3, due to decreased proportion of several 

previously more abundant immune cell subsets. This renders inflammatory monocytes the most 

abundant and thus in terms of disease course and immunopathology probably the most influential 

immune cell subset in livers of WT mice 3 days post infection.  

In this respect it appears even more important that inflammatory monocytes in the liver of IκBNS
-/- 

mice 

on day 3 post infection constitute only about 26% of all leukocytes, with their absolute number being 

slightly reduced compared to WT mice. Given their pro-inflammatory nature and their relative 

predominance on day 3 post infection, the difference in liver inflammatory monocytes frequencies 

between WT and IκBNS-deficient mice may provide an important clue in understanding immune-

pathological processes leading to death of WT but not IκBNS-deficient mice between day 4-6 post 

infection. 

Compared to the liver, numbers of inflammatory monocytes in the spleen between day 0 and day 2 are 

comparably low in both genotypes, but start to rise to 3 x 10
5
 cells especially in IκBNS

-/-
 mice on day 3 

post infection. Though the overall numbers of inflammatory monocytes in spleens are generally far 

lower than in the liver, the numerical difference seen in WT vs. IκBNS
-/-

 livers is apparently inverted in 

the spleen. Since the overall relative cellular composition of the spleen on day 3 post infection is not 

dominated by inflammatory monocytes (see appendix Figure 2) as it is the case for the liver, the 

meaning of the knock-out specific increase in inflammatory monocytes in the spleen is more difficult to 

interpret, but demonstrates organ-specific influx behavior of certain immune cell subsets in absence of 

IκBNS. In this respect, it is important to note that inflammatory monocytes show the highest Nfkbid 

promoter activity of all analyzed immune cell subsets throughout the course of LM infection, both in 

liver and spleen (Figure 34B). Thus, the relative cellular predominance of inflammatory monocytes 

observed on day 3 post infection in the liver raises the question of an altered cellular phenotype of 

IκBNS-deficient inflammatory monocytes, which apparently amongst all other immune cell subsets, 

depend on IκBNS expression the most or at least have the most active IκBNS promoter region. 

 

The absolute numbers of resident monocytes in livers of WT mice showed a constant increase until 

day 2 post infection where the highest number was detectable with approximately 2.4 x 10
5
 cells. On 



Results  92 

day 3 post infection the number of resident monocytes decreases again to about 1.2 x 10
5
 cells. In 

contrast to this, the absolute numbers of resident monocytes in livers of IκBNS
-/-

 mice reach their peak 

already on day 1 post infection. In contrast to their inflammatory counterparts, resident monocytes 

generally account for only minor fractions (1- 5%) of all leukocytes throughout the course of infection. 

In the spleen the only numerical peculiarity is the significant difference of resident monocytes in WT 

vs. IκBNS
-/- 

mice on day 3 post infection. Here, IκBNS-deficient mice exhibit about 5 x 10
4
 resident 

monocytes, whereas WT mice only contain about 10
4
 of these cells in the spleen. The most interesting 

feature about resident monocytes is however their dynamic change in Nfkbid promoter activity during 

the course of infection, being the only cell type in which the lacZ activity significantly declines during 

infection (Figure 34B), both in spleen and liver from a relatively high lacZ activity in the steady state 

(compare table 21 and 22) to an intermediate level by day 3 and 4 post infection. 

 

Hardly any interstitial and resident macrophages were detected in livers of WT and IκBNS
-/-

 mice before 

day 1 post infection. On day 2 post infection an increase of both cell types in livers of both genotypes 

was observed. Worth to mention is that on day 2 post infection both macrophage subsets together 

account for about 20% of all leukocytes in both genotypes. Both absolute and relative numbers 

decrease by day 3 post infection where macrophages account for only 13% of all leukocytes. Though 

the dynamic changes of both interstitial and resident macrophages frequencies are comparable 

between genotypes and organs, they differ in their course of Nfkbid promoter activity profile. Here, 

interstitial macrophages clearly show higher lacZ- and thus Nfkbid promoter activity, which throughout 

the course of infection continuously increases to levels close to that of inflammatory monocytes (i.e. on 

day 4 post infection). During LM infection interstitial macrophages thus show the highest dynamic 

increase in lacZ activity of all leukocyte subsets analyzed. The fact that they account for 13% of all 

leukocytes in the liver on day 3 post infection showing at the same time very high lacZ activity, renders 

interstitial macrophages next to inflammatory monocytes a second subset of innate immune cells that 

may potentially contribute to the dramatic differences in immunopathology in the liver of LM infected 

WT vs. IκBNS
-/-

 mice that eventually may account at least in part for the obvious differences in terms of 

survival of high-dose LM infection. 

 

In summary, all analyzed splenic monocyte and macrophage subsets demonstrate consistent 

differences in terms of absolute cell numbers when WT and IκBNS
-/-

 mice are compared. Here IκBNS-

deficient mice exhibit consistently higher cell numbers than their WT counterparts. Mechanistically this 

may suggest either a stronger recruitment of these cells or an improved survival of monocytes and 

macrophages in the spleens of mice lacking IκBNS. 
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Figure 34: Cellular composition of monocytes and macrophages in livers and spleens of WT and 
IκBNS

-/-
 mice during the course of LM infection and correlation with Nfkbid promoter activity. 

(A) WT (■, n=3-4) and IκBNS
-/-

 (■, n=3-4) mice were infected with a high-dose (10
5 
CFU) of Listeria. At indicated 

times post infection, mice were sacrificed and the cellular composi tion was determined by flow cytometry. Data 
are represented as mean ± SEM of absolute cell numbers/organ. Statistical analyses were performed using two -
way ANOVA with Bonferroni post-test. (B) Nfkbid

lacz
 reporter mice (n=5-6/point in time) were infected with 

3x10
4
 CFU Listeria. At indicated times post infection spleens (●) and livers (●) were sampled and the lacZ 

reporter activity was determined using an intracellular FDG assay followed by flow cytometry. The median 
fluorescein intensities were z-score normalized over all mice and all cell populations on a given day post infection. 
Statistical analyses were performed in comparison to uninfected mice (day 0) using unpaired, two-tailed student’s  

t-test. **** p < 0.0001, *** p < 0,001, ** p < 0.01, * p < 0.05. 
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Next, the distribution of neutrophils, eosinophils, CD11b
+
 DCs and CD11b

-
 DCs in livers and spleens 

of WT and IκBNS
-/-

 mice during the course of LM infection was analyzed (Figure 35A). In the absence 

of infection (day 0) only few (˂ 10
4
) neutrophils were detected in WT livers. Within the first two days of 

infection the number of neutrophils increases to approximately 5.2 x 10
5
 cells. Then on day 3 post 

infection, the number decreases again to values similar to day 0. In IκBNS
-/-

 mice, the highest number 

of neutrophils in livers was detected already on day 1 with more than 1 x 10
6
 cells. Subsequently, the 

numbers decreased within the next days of infection and reached the same values as in their WT 

counterparts. Thus, IκBNS
-/-

 mice show significantly elevated numbers of neutrophils in the liver on day 

1 post infection. Absolute numbers of neutrophils in spleens are similar between the genotypes in the 

absence of infection. Upon LM infection neutrophils showed the same influx behavior on day 1 and 

day 2 after infection in both mouse strains. Of note, neutrophils in WT spleen account for over 15% 

(IκBNS
-/-

: 10%) of all leukocytes on day 2 post infection. On day 3 post infection a strong decrease in 

the number of neutrophils was observed in WT mice, whereas their number in IκBNS
-/- 

mice remains 

comparably high. Relative frequencies of neutrophils on day 3 post infection range between 2.5% 

(WT) and 5% (IκBNS
-/-

). With regard to their Nfkbid promoter activity, neutrophils compared to other 

immune cells show an average activity which slightly declines over time in both organs.  

 

Strikingly, higher numbers of eosinophils were observed in the steady state and day 1 post infection in 

livers of IκBNS-deficient mice compared to WT mice. Especially in uninfected mice, eosinophils account 

for nearly 10% of all leukocytes in IκBNS
-/-

 livers. At later times post infection numbers of eosinophils 

decline and no differences between both genotypes are observed anymore.  

In spleens of IκBNS-deficient mice significantly more eosinophils were detected on day 1 post 

(IκBNS
-/-

: 1.5 x 10
6
, WT: 7.5 x 10

4
) and day 3 post infection (IκBNS

-/-
: 1.2 x 10

5
, WT: 2.5 x 10

4
). Nfkbid 

promoter activity was comparably low in eosinophils with little but significant variations throughout the 

course of LM infection. 

 

The absolute numbers of CD11b
+
 and CD11b

-
 DCs in the liver decrease during the course of LM 

infection in both genotypes, with the exception of day 1 post infection, on which IκBNS
-/-

 mice show a 

significant increase of hepatic CD11b
+
 DCs compared to WT mice. Both subsets are clearly reduced in 

numbers by day 2 and 3 post infection in livers with no differences between the genotypes. Liver DCs 

from both genotypes share overall a similar dynamic as their splenic counterparts. On day 0 and 1 

post infection both CD11b
+
 and CD11b

-
 DCs display stable absolute cell numbers (about 4 x 10

4
) 

which then significantly drop on day 2 and day 3 post infection. The only exception here is that 

CD11b
+
 DCs in IκBNS

-/-
 mice on day 3 are as high in numbers as on day 1 post infection, which is 

significantly different compared to WT mice. In both DC subsets Nfkbid promoter activity in spleens 

slightly decreases during the infection, whereas in liver samples the infection induces a slight increase 

of the promoter activity. 
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Figure 35: Cellular composition of myeloid cell subsets in livers and spleens of WT and IκBNS
-/-

 mice 
during the course of LM infection and correlation with Nfkbid promoter activity. (A) WT (■, n=3-4) and 
IκBNS

-/-
 (■, n=3-4) mice were infected with high-dose (10

5 
CFU) of Listeria. At indicated times post infection, mice 

were sacrificed and the cellular composition was determined by flow cytometry. Data are represented as 
mean ± SEM of absolute cell numbers/organ. Statistical analyses were performed using two -way ANOVA with 
Bonferroni post-test. (B) Nfkbid

lacz
 reporter mice (n=5-6/point in time) were infected with 3x10

4
 CFU Listeria. At 

indicated times post infection spleens (●) and livers (●) were sampled and the lacZ reporter activity was 
determined using an intracellular FDG assay followed by flow cytometry. The median fluorescein intensities were 
z-score normalized over all mice and all cell populations on a given day post infection. Statistical analyses were 
performed in comparison to uninfected mice using unpaired, two-tailed student’s  t-test. **** p < 0.0001, *** p < 

0,001, ** p < 0.01, * p < 0.05. 

Taken together, obtained results revealed that high-dose LM infection leads to brought alterations in 

the cellular composition in spleens and livers and that there are IκBNS-dependent alterations in cell 

migration and influx patterns. Importantly, the lack of IκBNS has a distinct impact on the cellular 

distribution and/or abundance of myeloid cells, and here especially on monocytes and macrophages in 

spleen and liver during LM infection. This may account for the fact that under normal conditions 
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monocytes and macrophages not only show the highest Nfkbid promoter activity among all immune 

cell subsets analyzed, but as well numerically dominate the leukocyte composition in livers and 

spleens at later stages of the infection (e.g. day 3 post infection). Thus, the lack of IκBNS protein 

expression is likely to affect monocytes and macrophages during LM infection the most. In order to 

further decipher whether IκBNS would affect the inflammatory program of monocytes during the course 

of LM infection and thus would contribute to the observed protection of IκBNS
-/-

 mice from an otherwise 

lethal infection, the inflammatory response of monocytes to LM infection was studied in more detail.  

 

4.3.8 IκBNS-dependent activation of an inflammatory program in monocytes as 

potential underlying mechanism for the detrimental course of high-dose LM infection 

The analysis of the Nfkbid promoter activity clearly indicates that especially in monocytes and 

macrophages IκBNS is constitutively expressed and its expression remains stable during the course of 

LM infection (refer to chapter 4.3.7). Together with the results obtained from the microarray analysis 

(refer to chapter 4.3.5) showing that a high number of pro-inflammatory mediators (e.g. Nos2, Il1ß, 

Ccl2, Ccl5) were differentially expressed in WT compared to IκBNS-deficient mice, this leads to the 

assumption that especially the inflammatory response of monocytes and macrophages is regulated by 

IκBNS and that IκBNS-dependent activation of certain genes encoding for pro-inflammatory mediators 

may be involved in the fatal outcome of the high-dose LM infection in WT mice. To prove this 

hypothesis more detailed analysis of inflammatory monocytes was performed. For this, WT and 

IκBNS
-/--

 mice were infected with 10
5
 CFU LM per mouse and on day 3 post infection, mice were 

sacrificed, spleen and liver were removed and single cell suspensions of both organs were prepared. 

In this experimental set-up day 3 post infection was chosen, because the microarray analysis (section 

4.3.5) revealed that at this point in time the most pronounced differential gene expression could be 

observed between both genotypes. Cells from 4-5 individual mice were pooled, stained for 

inflammatory monocytes according the staining panel listed in table 6 and sorted using FACS. RNA 

was isolated from sorted cells of both genotypes, reversely transcribed into cDNA and used for RT-

PCR to determine the gene expression of Nfkbid, Il6, Nos2 and Il1ß. These genes were selected since 

they were found previously to be far less induced in livers of LM infected IκBNS-deficient compared to 

WT mice in the microarray analysis performed on day 3 post infection and moreover, decreased Il6 

expression in mice lacking IκBNS was confirmed in liver homogenates in real-time PCR (refer to 

chapter 4.3.4). Additionally, IL6 and IL1ß are inflammation-associated cytokines with macrophages 

and monocytes being their most important cellular sources (Gabay, 2006). Furthermore, activated 

macrophages do express the inducible nitric oxide (NO) synthase encoded by the Nos2 gene (Myers 

et al., 2003) and are thus effective producers of NO, which promotes anti-listerial activities. For this 

reason, the expression of Nos2 was also determined in sorted inflammatory monocytes by RT-PCR.  

 

As depicted in Figure 36A and as included as internal control, inflammatory monocytes from spleens 

of IκBNS
-/-

 mice showed no IκBNS expression, which was expected and confirms the results from 

chapter 4.3.6. Remarkably, sorted inflammatory monocytes from WT spleens showed higher mRNA 

expression of IL6, Nos2 and IL1ß on day 3 post infection compared to the monocytes from IκBNS-
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deficient mice. Especially Nos2 and Il1ß expression was extremely strong as seen by relative 

expression values ˃˃1 compared to the house-keeping gene RPS9, which means about eight-times 

higher expression of Nos2 compared to house-keeping gene in WT mice. This suggests that 

especially the inflammatory monocytes may contribute to severe inflammation by secreting pro-

inflammatory mediators, which in turn may lead to the overwhelming immune response and thereby 

possibly promoting death of WT animals within few days of LM infection. This strong pro-inflammatory 

program is blunted in IκBNS-deficient monocytes, demonstrated by moderate expression levels of all 

above mentioned cytokines. The same observation holds true for the inflammatory monocytes sorted 

from liver samples of high-dose infected WT and IκBNS
-/-

 mice. Here, strongly increased levels of IL6, 

Nos2 and Il1ß were detected in monocytes from WT compared to monocytes from IκBNS
-/- 

livers.  

To confirm that those mediators are secreted predominantly by hematopoietic cells of which 

inflammatory monocytes constitute a major subset, RT-PCR analyses of the same genes were as well 

performed with the aforementioned CD45
-
 liver cell fraction (refer to section 4.3.6). Indeed, no mRNA 

expression of Il6, Nos2 and Il1ß could be observed in CD45
-
 liver cells (data not shown), suggesting 

that non-hematopoietic cells in the liver are not the main producers of the aforementioned pro-

inflammatory mediators during LM infection. 

 

 

Figure 36: Expression of inflammatory mediators by inflammatory monocytes sorted from spleen and 
livers of WT and IκBNS

-/-
 mice on day 3 post LM infection. WT (■, n=5) and IκBNS

-/-
 (■, n=5) mice were infected 

with 10
5
 CFU LM per mouse and were sampled on day 3 post infection. Cells from spleens and livers were 

isolated, pooled per mouse group to obtain two independent samples representing 2 and 3 mice, antibody stained 
and sorted by FACS to obtain inflammatory inflammatory monocytes. RNA was isolated, reversely transcribed 
into cDNA and used for RT-PCR for selected transcripts. Data represent relative mRNA expression level of 
Nfkbid, IL6, Nos2 and IL1ß normalized to Rps9 from (A) spleen samples and (B) liver samples. Data are 

presented as mean ± SEM. 
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In summary, these results confirm the hypothesis that especially inflammatory monocytes contribute to 

the excessive inflammation in response to high-dose LM infection in WT animals and that this 

inflammatory program is impaired in IκBNS-deficient mice. Ultimately, protection of IκBNS-deficient mice 

from overwhelming inflammation might result in protection against an otherwise lethal LM infection. 

To ultimately test this hypothesis, a conditional knock-out mouse line Nfkbid
f l/f l

xLysMCre
tg/wt

 harboring 

a specific knock-out of IκBNS in macrophages and granulocytes (refer to chapter 2.6) was utilized. If an 

IκBNS-driven inflammatory program in monocytes would indeed make significant contributions to 

lethality and liver pathology in high-dose LM infection, Nfkbid
f l/f l

xLysMCre
tg/wt

 mice should be less 

susceptible to LM compared to WT mice. 

 

Nfkbid
f l/f l

xLysMCre
tg/wt

 mice were infected with 10
5
 CFU LM per mouse and the survival was monitored 

over a period of 8 days post infection (Figure 37). As a WT control for normal IκBNS expression in 

macrophages and granulocytes, Nfkbid
f l/f l

xLysMCre
wt/wt

 mice with floxed Nfkbid but lacking Cre 

recombinase were used. 

As expected, the majority of Nfkbid
f l/f l

xLysMCre
wt/wt

 animals succumbed to the high-dose LM infection 

between 3-5 days post infection as already described for the IκBNS-sufficient wild type mice in chapter 

4.3.1.  

While the unequivocal resistance towards high-dose LM infection prior shown for the conventional 

IκBNS-deficient mice could not be confirmed (i.e. only 18% of high-dose LM infected conditional 

Nfkbid
f l/f l

xLysMCre
tg/wt

 survived the infection), the onset of death is markedly delayed in animals 

lacking IκBNS specifically in macrophages and granulocytes. On day 3 post LM infection, only 66% of 

Nfkbid
f l/f l

xLysMCre
wt/wt

 mice were still alive, compared to 91% of Nfkbid
f l/f l

xLysMCre
tg/wt

 mice that 

survived the infection until this point in time. The same holds true for day 4 post infection where 

already 50% of the Nfkbid
f l/f l

xLysMCre
wt/wt

 had succumbed from the infection whereas 82% of the 

Nfkbid
f l/f l

xLysMCre
tg/wt

 were still alive. Despite the obvious delay in lethality of mice lacking IκBNS in 

macrophages and granulocytes, both survival curves drop dramatically on day 5 post infection 

(Nfkbid
f l/f l

xLysMCre
wt/wt

: 16% alive, Nfkbid
f l/f l

xLysMCre
tg/wt

: 23% alive). Of note, remaining animals 

survived and regained body weight independent of the genotype. 
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Figure 37: Survival of conditional knock-out mice harboring a specific deletion of IκBNS in macrophages 
and granulocytes following high-dose Listeria infection. Nfkbid

fl/fl 
x Cre

wt/wt 
(▲, n= 6) and Nfkbid

fl/fl
 x Cre

tg/wt 

(■, n= 11) mice were infected i.v. with a high-dose (10
5
 CFU) of Listeria and daily monitored. Survival data are 

presented as Kaplan-Meier-Plot.  

 

Taken together, preliminary infection studies performed in mice lacking IκBNS in a subset of myeloid 

cells support the hypothesis that IκBNS-dependent induction of hyperinflammation in LM infected mice 

can, at least in part, be attributed to inflammatory monocytes. Moreover, whole genome transcriptional 

profiling revealed that IκBNS is especially important in the regulation of inflammation-associated genes 

upon LM infection. Overall, the second part of this thesis revealed that IκBNS plays a detrimental role in 

high-dose LM infection by supporting the induction of pro-inflammatory genes resulting in the 

exaggerated release of inflammatory mediators from innate immune cells, which promote 

hyperinflammation, severe immunopathology and eventually death of WT mice. Lack of IκBNS 

obviously results in curbing of the inflammatory signaling cascade which is beneficial to the host in as 

much as it prevents hyperinflammation and thus protects the mice from fatal course of high-dose LM 

infection. 
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5. Discussion 

The immune system is the host ’s defense system comprising cellular and molecular processes and a 

complex interplay between innate and adaptive immunity that protects against pathogens and 

diseases. Immune responses are subjected to strict regulation processes. The transcription factor 

NF-κB is involved in a variety of cellular immune regulation processes in innate as well as adaptive 

immunity. Therefore, a tight regulation of NF-κB is necessary. Regulation of NF-κB is governed by 

classical and atypical inhibitory proteins. The atypical inhibitory protein IκBNS can act as activator as 

well as suppressor of NF-κB mediated gene expression. In the present study the impact of IκBNS on the 

activation of effector CD4
+
 and CD8

+
 T cells in vitro and in vivo during systemic LM infection was 

addressed. Moreover, the general role of IκBNS in innate immunity during LM infection was 

characterized in more detail. 

 

The present study revealed that IκBNS indeed has an impact on the antigen-specific activation of 

T cells in LM infection. In the chosen experimental setting antigen-specific CD8
+
 T cells exhibit only a 

slight delay in their activation when IκBNS is missing. In contrast to this, IκBNS is indispensable for the 

activation and proliferation of antigen-specific CD4
+ 

T cells. 

Interestingly, the analysis of the overall immune response during high-dose LM infection of WT and 

conventional IκBNS
-/-

 mice revealed that the presence of IκBNS is detrimental for the course of the 

infection. Mice lacking IκBNS showed an overall blunted inflammatory immune response, which 

conferred resistance to and survival of the otherwise lethal LM infection. 

 

5.1 Impact of IκBNS on antigen-specific T cell activation  

Initially, the impact of IκBNS on antigen-specific T cell activation was analyzed in vitro using transgenic 

mouse lines as donors for T cells recognizing OVA model antigens.  

Though in the literature reports can be found that already described IκBNS function in T cells, attention 

has to be paid when these studies are compared to each other, since they differ in their experimental 

setups, readouts and biological background of the T cells.  

Touma and colleagues analyzed the proliferative capacity of polyclonal IκBNS-deficient thymocytes and 

lymph node (LN)-derived CD4
+
 and CD8

+
 T cells in response to stimuli such as plate-bound αCD3 and 

plate-bound αCD3+αCD28, respectively, which results in TCR crosslinking or in response to agents 

such as PMA/ionomycin that do not directly act through TCR ligation. In both settings IκBNS-deficient 

and WT T cells were stimulated in the presence of irradiated WT splenocytes and the proliferation was 

measured by [
3
H] thymidine incorporation. They observed significantly reduced proliferation of IκBNS-

deficient thymocytes, as well as LN-derived CD4
+
 and CD8

+
 T cells compared to their WT 

counterparts. IκBNS-deficient thymocytes and LN-derived CD8
+
 T cells showed also a reduced 

secretion of IL2 and IFNɣ in response to αCD3 and αCD3+αCD28. Reduced proliferation was less 

pronounced upon PMA/ionomycin stimulation or by addition of exogenous IL2 (Touma et al., 2007). In 

addition to antigen-unspecific T cell stimulation, they performed studies with cognate antigen 

stimulation. For this IκBNS
-/-

 mice were crossed to TCR-transgenic mice expressing a TCR specific for 

vesicular stomatitis virus nuclear octapeptide (N52-59, VSV8) presented on MHC class I molecule 
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H 2k
b
. Thymocytes and LN-derived CD8

+
 T cells were tested for proliferative response to peptide-

loaded, irradiated splenocytes by [
3
H] thymidine incorporation. Again, they observed a reduced 

proliferation of thymocytes and LN-derived CD8
+
 T cells in the absence of IκBNS (Touma et al., 2007).  

 

Surprisingly, the overall reduced proliferation of IκBNS-deficient T cells could not be completely 

confirmed in frame of this thesis. AutoMACS isolated OVA-specific CD4
+
 and CD8

+
 T cells were co-

cultured with irradiated syngeneic WT splenocytes and stimulated with OT-I/OT-II peptides, or as a 

control, were agonistically stimulated with αCD3+αCD28. Surprisingly, the results from the 

αCD3+αCD28 stimulation differed from those stated in the publication by Touma. In the current study, 

no differences between both IκBNS genotypes regarding proliferation, CD44, CD25 and IFNɣ 

expression in case of CD4
+
 T cells were detected. In contrast, IκBNS-deficient CD8

+
 T cells did show 

significantly reduced proliferation towards αCD3+αCD28 treatment as well as reduced CD44 and 

CD25 expression compared to WT CD8
+
 T cells, whereas IFNɣ secretion was not affected (refer to 

section 4.1). Thus, especially IκBNS
-/-

 CD4
+
 T cells clearly responded different to in vitro mitogenic 

stimulation, while mitogen stimulated IκBNS
-/-

 CD8
+
 T cells differed in IFNɣ production when compared 

to Touma and colleagues. To better integrate in vitro T cell results from this study into knowledge from 

published data, a closer comparison of the underlying experimental conditions and readouts is 

needed. 

One major difference to the data published by Touma et al. is the concentration of αCD3+αCD28 used 

in the present thesis. In case of αCD3 a 20-fold and in case of αCD28 a 10-fold lower concentration 

was used compared to Touma and colleagues. The fact that the strength of TCR ligation and co-

stimulation in general has major impact on the extent and quality of the subsequent proliferation of 

effector T cell responses is very well known. Strong stimulation prolongs the TCR signaling, whereas 

weak stimulation results in delayed T cell responses (Corse et al., 2011). 

However, since with the relatively low αCD3+αCD28 concentrations used in this thesis WT and 

IκBNS
-/-

 CD4
+
 T cells showed more than 80% proliferation, the chosen stimulus is obviously sufficient to 

activate them and higher concentrations are not necessarily needed. The question if and how IκBNS 

influences the cellular response to mitogenic TCR-ligation in CD4
+
 and CD8

+
 T cells cannot be 

answered in general, but rather may depend on the strength of the applied TCR trigger. 

With this notion in mind, the results from the peptide-specific in vitro stimulations can be interpreted in 

a broader sense. In the present thesis, no differences between both IκBNS genotypes neither in OT-II-

derived CD4
+
 T cells nor in OT-I-derived CD8

+
 T cells were observed, when stimulated with the 

cognate OVA peptides. This is again in direct contrast to the results from Touma and colleagues. 

Since Touma and colleagues used a completely different model-antigen in conjunction with a different 

transgenic mouse model as source for peptide-specific T cells, it is difficult to compare their results to 

the ones in section 4.1. Touma’s use of peptide-pulsed irradiated APCs makes it even more difficult to 

say how high the effective peptide dose the T cells were actually confronted with really was. At least, it 

makes it difficult to compare with the peptide concentrations provided to the T cells in this study. This 

is even more the case, as it has been already described that the capacity of APCs to induce TCR 

signaling can be modulated by the affinity of the peptide:MHC II/ MHC I (pMHC) complex for a specific 

TCR and also by the quantity of pMHC present on the surface of APCs (van Panhuys, 2016). Thus, it 
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is reasonable that the effective TCR signal strength in both OVA-specific and VSV8-specific transgenic 

T cells is causative for different downstream responses of TCR signaling leading to altered NF-κB 

activation and ultimately to altered impact of IκBNS this process. Given the notion of IκBNS-dependent 

differences in CD4
+
/CD8

+
 T cell activation became visible only using higher αCD3+αCD28 

concentrations than necessary, as stated by Touma et al., it may be interesting to check escalating 

OVA-peptide concentrations in conjunction with OVA-specific OT-I/OT-II T cells, even though the 

actually chosen peptide concentrations in principle were clearly sufficient to induce fulminant T cell 

proliferation (refer to Figure 9 and Figure 11), which in fact does not necessarily imply a need for 

higher peptide amounts. Anyway, it might also be possible that proliferation measurement with [
3
H] 

thymidine incorporation as used in the Touma paper is more sensitive to detect differences between 

both genotypes, due to direct measurement of the extent of newly synthesized DNA compared to 

analysis of CFSE dilution. Nevertheless, the used OT-I/OT-II transgenic mouse model is a well-

established antigen-specific T cell model and due to the fact, that CD4
+
 and CD8

+
 T cells derived from 

OT-II and OT-I transgenic mice are generally able to respond to the cognate antigen in the present 

thesis, understanding of the exact reasons for the conflicting observations between the work of Touma 

and this study require more complex but defined in vitro stimulation assays e.g. using a broader range 

of peptide-concentrations. On the other hand the relevance of observable IκBNS-dependent differences 

within T cells under non-physiological peptide-specific TCR-stimulation conditions in vitro is 

questionable. 

 

To circumvent many of the known and unknown experimental factors influencing in vitro T cell 

activation and proliferation, the present thesis focused mainly on the impact of IκBNS on in vivo CD4
+
 

and CD8
+
 T cell activation with recombinant LM-OVA as physiological stimulus. Surprisingly and in 

contrast to the expectations raised by the in vitro data, the adoptive transfer of IκBNS-deficient OT-II 

CD4
+
 T cells into LM-OVA infected C57BL/6 mice revealed a significantly reduced proliferation and 

significantly impaired expression of CD44, CD25 as well as IFNɣ and IL2 on day 5 post infection 

compared to adoptively transferred WT OT-II CD4
+
 T cells. This is interesting in as much as in vitro 

stimulation of OT-II-derived CD4
+
 T cells revealed no genotype-dependent differences upon antigen-

specific stimulation. This highlights the overall importance of the experimental setting. In general, 

several aspects in the adoptive transfer model may influence the experimental outcome such as 

adoptive transfer of donor cells into recipient mice prior or after LM-OVA infection. However, 

transferring the cells before LM-OVA infection of recipient mice has the advantage that the transferred 

cells find a natural “steady state” environment. In case of infection prior T cell transfer, it cannot be 

excluded that the transferred cells get already primed through an inflammatory environment of the 

host’s immune system before they had the chance to naturally spread throughout the entire hos t. 

Given this notion, this may otherwise mask possible effects of IκBNS on the antigen-specific T cell 

activation. A second important factor is the sampling time. In the present thesis, day 3, 5 and 7 were 

selected for re-analysis of the transferred OVA-specific WT or IκBNS
-/-

 CD4
+ 

T cells to ensure antigen 

encountering in infected organs and draining lymph nodes and sufficient priming of the transferred 

T cells. Obviously, day 3 post infection was too early for the re-analysis. Here, only transferred 

CFSE
high

 WT and IκBNS
-/-

 OT-II CD4
+
 T cells were detected in spleen and liver which did not underwent 
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proliferation yet. Moreover, only very few cells were recovered from livers, whereas on day 5 post 

infection huge numbers of proliferated OVA-specific T cells were recovered from livers and spleens, 

which might also be indicative for an infection-related re-migration of the transferred cells to the main 

replication sites of LM. Interestingly, on day 7 post infection fewer cells than on any other day post 

infection were re-covered from spleens and livers of recipient mice. Thus, it might be possible that on 

this particular point in time the transferred cells were already in the contraction phase or migrated out 

from spleen and liver into the periphery.  

The obvious difference between in vitro and in vivo analysis of OVA-specific CD4
+
 T cell responses in 

dependency of IκBNS may be explained by the fact that in an in vivo situation more complex variables 

influence the strength of TCR stimulation such as TCR-pMHC binding partners, rare encounter of 

T cells and antigen-bearing APCs which affects the stability of pMHC complexes, as well as antigen-

persistence within lymphoid organs. All of those parameters are less decisive for optimal TCR 

stimulation in in vitro systems (Corse et al., 2011).  

 

One of the most important observations of the present thesis is that the Th1 CD4
+
 effector T cell 

differentiation is significantly impaired in the absence of IκBNS as indicated by reduced proliferation and 

reduced expression of CD44, IL2 and IFNɣ of IκBNS
-/-

 OT-II CD4
+
 T cells in response to LM-OVA.  

Prior studies already described an impact of IκBNS on differentiation into certain CD4
+
 T cell subsets. 

For instance, Annemann and colleagues performed adoptive transfers in a DSS-induced colitis model 

with injection of CD4
+
CD25

- 
T cells from WT and IκBNS

-/-
 mice i.p. into RAG1

-/-
 recipient mice. They 

observed significantly increased colon damage in RAG1
-/-

 mice that received IκBNS
-/-

 CD4
+
CD25

- 

T cells compared to mice that received WT cells. Moreover, they demonstrated a blunted formation of 

Th17 differentiation indicated by a significantly reduced induction of IL17A
+
IFNɣ

-
 and IL17A

-
IFNɣ

+ 

T cells resulting in enhanced susceptibility to colitis . To further confirm these observations, they 

analyzed T cell proliferation under specific Th-polarizing conditions in vitro. Indeed, IκBNS
-/-

 Th17 cells 

showed reduced proliferation compared to their WT counterparts leading to the conclusion that IκBNS 

appears to be involved in the regulation of Th17 differentiation (Annemann et al., 2015).  

Moreover, Schuster and colleagues described IκBNS as a regulator of Treg cell development by 

regulation of Foxp3, the master transcription factor for Treg development. By performing native 

chromatin immunoprecipitation (ChIP) of stimulated WT and IκBNS
-/-

 CD4
+
CD25

-
 T cells, they observed 

binding of IκBNS to the Foxp3 promoter and more specifically to the conserved non-coding sequence 3 

(CNS3). Additional pull-down experiments revealed binding of IκBNS, cRel and p50 to the single κB site 

of CNS3. Moreover, they showed that IκBNS-deficient mice exhibit a 50% reduction of mature Tregs, 

thus, they concluded from their results that binding of IκBNS to the Foxp3 promoter is necessary for full 

transcriptional activation of the Foxp3 locus (Schuster et al., 2012). 

A similar set-up would also be useful, to identify the possible mechanism resulting in the impaired Th1 

CD4
+
 effector T cell differentiation observed in the present thesis. One option would be to directly 

analyze the induction of Tbet, the master transcription factor for Th1 cell differentiation, in stimulated 

OT-II-derived WT and IκBNS
-/-

 CD4
+
 T cells. One could perform ChIP analyzes to evaluate if IκBNS 

together with NF-κB subunits binds to κB sites in the promoter of the Tbet gene locus. This would 

provide insights into how IκBNS is involved in Th1 CD4
+
 T effector cell differentiation, which was clearly 
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shown to be impaired in adoptively transferred OT-II-derived IκBNS
-/-

 CD4
+
 T cells in LM-OVA infected 

C57BL/6 mice. 

 

In case of in vivo stimulation of OT-I-derived WT and IκBNS
-/-

 CD8
+
 T cells a different outcome than 

with OT-II-derived CD4
+
 T cells was observed. Surprisingly, the results suggest that IκBNS is 

dispensable for the proliferation of adoptively transferred CD8
+
 T cells in LM-OVA infected recipients. 

No genotype-dependent differences were detected regarding proliferation on day 3 and day 5 post 

infection in spleens and livers (see Figure 19). Moreover, the expression of CD44, IFNɣ and IL2 in 

OVA-specific CD8
+
 T cells was not affected by the absence of IκBNS. This was quite unexpected, since 

Touma and colleagues described reduced proliferation, IL2 and IFNɣ expression of IκBNS
-/-

 CD8
+
 

T cells upon in vitro stimulation (Touma et al., 2007). Additionally, the results from the present thesis 

revealed that the antigen-specific in vitro stimulation of OT-I IκBNS
-/-

 CD8
+
 T cells led to reduced IFNɣ 

secretion compared to OT-I WT CD8
+
 T cells, leading to the expectation that this would also hold true 

for the in vivo setting. However, it is important to note that even in OT-I WT CD8
+
 T cells the 

frequencies of IFNɣ
+
 cells were rather low in vitro (~20%) compared to the frequencies obtained in the 

in vivo setting (˃90%). It has been already described that naïve CD8
+
 T cells failed to synthesize 

sufficient amounts of IFNɣ in vitro upon exposure to the cognate antigen, but when challenged in vivo 

in a natural microenvironment with physiological costimulatory signals, IFNɣ can be rapidly induced 

(Hosking et al., 2014). Thus, it might be possible that IκBNS has a minor impact on the IFNɣ production 

of CD8
+
 T cells, which becomes only detectable under certain conditions such as weak TCR signaling 

strength, but upon in vivo antigen encounter with costimulatory signals and strong TCR signaling 

strength this impact becomes negligible and can be rescued. 

 

Another surprising aspect of the present work was the rather low expression of IL2 on day 3 and day 5 

post infection of both OT-I WT and IκBNS
-/-

 CD8
+
 T cells recovered from spleens and livers of LM-OVA 

infected recipients. Normally, IL2 is synthesized by T cells and promotes further T cell expansion and 

effector T cell differentiation after initial activation through TCR signaling (Cho et al., 2013). Due to 

high genotype-independent frequencies of both CD44
high

 and IFNɣ
+
 CD8

+
 T cells on day 3 and day 5 

post infection, it can be assumed that CD8
+
 T cells were, despite the reduced IL2 secretion, able to 

develop effector functions. It might be possible that in vivo endogenous IL2 produced by other immune 

cell types of the infected host is consumed out of the cellular microenvironment by the CD8
+
 T cells 

resulting in their effector differentiation without further need to synthesize it on their own.  

 

However, the most obvious in vivo differences between both genotypes of OVA-specific CD8
+
 T cells 

were observed regarding the expression of CD25, PD1 and TNFα. On day 3 post infection significantly 

more CD25
+ 

and TNFα
+
 as well as significantly fewer PD1

+
 OVA-specific IκBNS

-/-
 CD8

+ 
T cells were 

detected compared to WT CD8
+
 T cells. On day 5 post infection the frequencies of CD25

+
 and PD1

+
 

OVA-specific CD8
+
 T cells were comparable between both genotypes and were in general rather low, 

whereas TNFα was still more prominent on OVA-specific IκBNS
-/-

 CD8
+ 

T cells compared to WT 

counterparts. When considering the CD25 activation marker, Mannering and colleagues showed that 

upon polyclonal T cell activation during LM infection increased numbers of CD25
+
 CD4

+
 and CD8

+
 T 
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cells are detectable, which peak on day 4 post infection and returned to normal levels by day 7 post 

infection. Though early expression of CD25 was matched with strong proliferation of T cells, the 

proliferation also continued after the loss of CD25 expression (Mannering et al ., 2002).  

Due to the fact that in this study OVA-specific CD8
+
 T cells of both genotypes showed extensive 

proliferation on day 3 and day 5 post infection and alongside reduced frequencies of CD25
+
 cells on 

day 5 post infection, it might be reasonable that OT-I-derived WT CD8
+
 T cells are activated faster and 

already reach their peak in CD25 expression earlier. Thus on day 3 post infection, they might have 

already down-regulated CD25 expression to normal levels, whereas in OT-I-derived IκBNS
-/-

 CD8
+ 

T 

cells CD25 is still highly expressed. Another result which is well in line with this notion is the transient 

expression of PD1 on OT-I WT CD8
+
 T cells. A transient expression of PD1 was shown to be initiated 

upon T cell activation, whereas sustained expression is a classical marker of T cell exhaustion 

(Catakovic et al., 2017). The transient PD1 expression on WT CD8
+
 T cells compared to only marginal 

frequencies of PD1
+
 IκBNS

-/-
 CD8

+ 
T cells on both days (3 and 5) post infection might indicate that the 

activation is not as efficient as in WT CD8
+
 T cells.  

The hypothesis of a marginally delayed activation program of CD8
+
 T cells in absence of IκBNS is also 

supported by the result that in spleens of LM-OVA infected recipients that received OVA-specific 

IκBNS
-/-

 CD8
+ 

T cells significantly more bacteria were found on day 3 post infection compared to mice 

having received OVA-specific WT CD8
+
 T cells. However, this difference in pathogen control was gone 

on day 5 post infection as the main differences regarding the expression of activation markers were 

gone as well at this point in time. 

In case of the elevated frequencies of TNFα
+
 OT-I IκBNS

-/-
 CD8

+ 
T cells on day 3 and 5 post infection 

compared to OT-I WT CD8
+ 

T cells (see Figure 20C and Figure 21C) one might speculate that IκBNS 

acts as suppressor of this pro-inflammatory cytokine. Sierra-Mondragón and colleagues analyzed the 

dynamic regulation of NF-κB in the uterus of mice throughout the estrous cycle and found TNFα 

expression to be regulated by IκBNS. More specifically, they found an inverse relationship between 

TNFα expression and presence of IκBNS and Bcl-3 (Sierra-Mondragón et al., 2015). 

In summary, the obtained results revealed that IκBNS has a differential impact on antigen-specific 

activation and proliferation of CD4
+
 and CD8

+
 T cells, which is highly dependent on the experimental 

set-up (in vitro vs. in vivo stimulation). Whereas IκBNS is dispensable for activation and proliferation of 

in vitro stimulated CD4
+
 T cells, it is strongly involved in the CD4

+
 Th1 effector cell differentiation in an 

in vivo infection setting. As future prospects one could choose different in vivo infection models, which 

mainly triggers Th2-mediated CD4
+
 T cell responses (e.g. Toxoplasma gondii, Leishmania) to 

elucidate if IκBNS-deficiency as well affects Th2 differentiation. Moreover, one could address the 

impact of IκBNS on pathogen-specific T cell responses to a pathogen that induces organ-specific local 

infections and does not cause systemic infections. 

 

 

 



5. Discussion  106 

5.2 The role of IκBNS in the immune response against Listeria monocytogenes 

The second part of the present thesis describes the impact of IκBNS on innate immune responses 

towards systemic bacterial LM infection. WT and conventional IκBNS
-/-

 mice were infected with LM 

(10
5
 CFU/mouse) and detailed analyses regarding the early immune response were performed and 

compared between both genotypes.  

Strikingly, a strong resistance of IκBNS-deficient mice against the otherwise lethal LM infection was 

observed while the WT animals succumbed to the infection within 4- 6 days post infection, indicating 

that especially an altered innate immune response contributes to the observed phenotype. 

In a first step, the bacterial burden was determined in the main replication sites, liver and spleen to 

evaluate if IκBNS in immune cells has an impact on pathogen clearance. Interestingly, excessive 

bacterial load is not the decisive factor for the early death of WT mice. Both genotypes showed equally 

high bacterial burden in the respective organs, indicating that the improved survival is not due to a 

better pathogen control early on during infection (Figure 25).  

This suggests that the resistance of IκBNS
-/-

 mice is dependent on major differences in the nature of 

immune cell responses and/or immunopathology caused by them. Genotype-dependent 

histopathological differences in the liver 4 days post LM infection (section 4.3.3) even more underline 

this notion. Histological examination revealed significant lymphocyte depletion in both genotypes, 

which matched with the FACS-based analysis of the cellular composition in the infected tissues 

(section 4.3.7). Here, a clear reduction of T cells, B cells and NK cells became obvious during the 

course of infection in both livers and spleens. This observation is confirmed by Merrick and colleagues 

who also found massive lymphocyte apoptosis at sites where macrophages and neutrophils infiltrate 

and coincide with the presence of LM. Alongside, they also histologically described necrotic foci and a 

massive infection of lymphoid organs that is accompanied by a massive apoptosis-induced death of 

lymphocytes (Merrick et al., 1997). 

A definite hint towards an altered cellular immune response between WT and IκBNS
-/-

 mice in this 

study, is the huge number of cellular infiltrates histopathologically observed in liver samples of WT 

mice on day 4 post infection, which was far less pronounced in IκBNS
-/-

 mice. These results are 

indicative for pronounced immune-cell-mediated immunopathology in WT mice in response to LM 

infection which is blunted when IκBNS is missing. As the FACS-based cell influx analysis clearly shows 

that by day 3 post infection the myeloid compartment dominates the immune cell composition and 

IκBNS is relatively high expressed in myeloid cells, it is tempting to attribute an altered cellular immune 

response in IκBNS
-/-

 mice to myeloid cells and to speculate that presence of IκBNS in WT myeloid cells 

has a detrimental impact on their capacity to promote immunopathology in liver and spleen.  

 

Secretion of pro-inflammatory mediators by immune cell subsets can significantly contribute to the 

development of severe immunopathology. To gain deeper insights in the gene regulation of response 

genes to the LM infection and to identify these mediators, which are regulated most prominently during 

infection, microarray analyses are useful. 

To address, which host immune factors are mainly contributing to the severe outcome of LM infection, 

Ng and colleagues in 2005 performed gene expression profiles from liver and blood samples of 

BALB/c mice infected with graded doses of LM to evaluate genes that are contributing to the severity 
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of infection and thereby to provide information regarding the molecular mechanisms and to identify 

early biomarker (Ng et al., 2005). For example, they described 4 regulated genes, which were found in 

a class prediction model (Saa3, Tgtp, Ifi47 and Cxcl9). Indeed, those mentioned genes were also 

found to be regulated in the present thesis, whereas especially Saa3 is highly up-regulated in WT mice 

on day 4 post infection compared to IκBNS
-/-

 mice (FC WT: 64, FC IκBNS
-/-

: 47). Saa3 belongs to the 

family of acute phase proteins that are released during liver injury and inflammation (Zhang et al., 

2005). Moreover, Hatanaka and colleagues described that serum amyloid A (SAA) stimulates the 

expression and release of TNFα from cultured human blood neutrophils and monocytes  (Hatanaka et 

al., 2004). This also matches the elevated levels of TNFα mRNA expression found in livers of WT 

mice on day 4 post infection (ref. Figure 27B) compared to IκBNS
-/- 

mice. This might be a direct 

consequence of the elevated levels of serum amyloid A in WT mice which in turn triggers the 

expression of TNFα from recruited immune cell subsets. 

Especially TNFα is known to be a major mediator of acute inflammatory responses and is induced by 

inflammatory cytokines and bacterial products (Streetz et al., 2001). It is also known that an 

uncontrolled release of TNFα is associated with severity of infections and inflammatory processes and 

with systemic septic complications (Hatanaka et al., 2004). Indeed, the high expression levels of TNFα 

in liver samples of WT mice could be a hint that WT mice succumb from septic shock due to the hyper-

inflammation in response to high-dose LM infection.  

 

Another candidate, which was found to be differentially regulated in the microarray analysis of both 

IκBNS genotypes is Irak3 (also known as Irak-M) belonging to the interleukin-1 receptor-associated 

kinases (IRAK). This specific class of kinases is involved in the negative regulation of TLR signaling 

that occupies a crucial role in the activation of macrophages upon first encounter of the immune 

system with pathogens (Kobayashi et al., 2002). 

Hoogerwerf and colleagues described that IRAK-M-deficient mice demonstrate an improved host 

defense during pneumonia caused by the gram-negative bacterium Klebsiella pneumonia that 

commonly causes sepsis (Hoogerwerf et al., 2012). They showed an up-regulation of IRAK-M mRNA 

in lungs of WT mice and that the absence of IRAK-M resulted in a strongly improved host defense 

reflected by a reduced bacterial growth in lungs, diminished dissemination to distant body sites and 

with less peripheral tissue injury and better survival rates in response to Klebsiella pneumonia 

infection (Hoogerwerf et al., 2012). 

The array analysis of the present thesis revealed that Irak3 is induced to a lesser extent on day 4 post 

infection in livers of IκBNS
-/-

 mice compared to WT mice (FC WT: 6.4, FC IκBNS
-/-

: 3.0). Since it has 

been described that Irak3 expression is regulated by NF-κB (Janssens et al., 2003), it might be 

possible that the NF-κB-induced expression of Irak3 additionally relies on IκBNS as a co-factor. In the 

liver of IκBNS-deficient mice it is expressed to a lesser extent in all analyzed points in time compared to 

WT mice. In conjunction with the study of Hoogerwerf and colleagues, where the absence of IRAK-M 

leads to an improved host defense and less peripheral tissue injury in response to Klebsiella 

pneumonia infection, one can speculate that dampened levels of Irak3 in IκBNS-deficient mice 

contributes to a blunted inflammatory response and also to less severe immunopathology in liver and 

spleen (refer to Figure 26). 
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Moreover, the transcriptome analyses revealed that most of the known guanylate binding proteins 

(Gbp) were induced in response to LM infection in both IκBNS genotypes, though nearly all identified 

members of this protein family (Gbp2, Gbp4, Gbp5, Gbp8, Gbp9 and Gbp11) were up-regulated to a 

greater extent in WT mice. In general, the IFNγ-inducible Gbps are beneficial for the host’s defense 

against invading pathogens by orchestrating oxidative and vesicular trafficking processes and by 

delivering antimicrobial peptides to autophagolysosomes (Kim et al., 2011). Gbp1, Gbp6, Gbp7 and 

Gbp10 were shown to confer cell-autonomous immunity to listerial or mycobacterial infection within 

macrophages (Kim et al., 2011). Since Gbps are inducible by IFNγ-signaling, it is important to note 

that WT mice indeed exhibited elevated levels of IFNɣ in the liver on day 4 post infection (refer to 

Figure 27B). Since IFNɣ levels in the liver were reduced in IκBNS
-/-

 animals at the same time, this might 

explain the overall reduced expression of Gbp proteins in these mice.  

 

In summary, the comparative genome-wide transcriptome analysis indicates that in livers of the LM 

infected WT mice a hyperinflammation occurs, which is likely to be the principle reason for the severe 

outcome of LM infection. Interestingly, IκBNS-deficient mice show a dampened form of the 

inflammation, which is in turn beneficial for infection outcome. 

Important to note, all identified differentially regulated genes in both genotypes are not necessarily a 

direct consequence of IκBNS interaction with NF-κB complexes on κB sites in the promoter regions of 

the found genes. This is because gene regulation observed by microarray analysis may be also the 

result of secondary or tertiary signaling circuits in which NF-κB might not necessarily be involved. 

Instead it is more likely that observed transcriptional alterations are the result of a mixture of direct 

IκBNS-influences in conjunction with NF-κB complexes and more indirect influences in which lack of 

IκBNS leads to altered transcription of for example signaling components. In consequence, certain 

signaling cascades may work less efficient than they should, though the target genes of such a 

signaling cascade might not be influenced by IκBNS interference with their promoter regions at all. On 

the other hand, if a target gene has dedicated κB-sites, responsible for its regulation by NF-κB 

transcription factors, does not automatically mean that indeed IκBNS is involved in modification of this 

gene regulatory feature. Thus, the exact mechanistical contributions of IκBNS to the observed 

genotype-dependent transcriptional alterations in the liver remain difficult to dissect.  

 

To overall conclude the impact of IκBNS on the observed phenotype the mRNA expression of IκBNS 

itself was determined in hematopoietic (CD45
+
) and non-hematopoietic (CD45

-
) liver cell fractions of 

LM infected WT mice (refer to section 4.3.6). Of note, it has been described in a comprehensive RNA-

seq of mouse tissues that IκBNS is comparatively  low expressed in liver compared to spleen or thymus 

(Yue et al., 2014). Despite this fact, it is even more interesting, that in both liver cell fractions a robust 

IκBNS expression was detected in the steady state and still on day 1 post infection. Strikingly, IκBNS 

expression significantly drops down on day 2 post infection. This observation has a special meaning in 

the context of the observed transcriptional differences seen in the microarray analysis and shows in 

the course of LM infection a time-sequential expression of IκBNS in liver and spleen. As already 

described, most differences between WT and IκBNS
-/-

 mice were observed on day 3 and day 4 post 

infection, suggesting that especially the drop-down of IκBNS on day 2 post infection in WT mice may 
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lay the ground for the subsequent transcriptional alterations on the consecutive days. Since it can be 

excluded that transcriptional alterations between both genotypes are present in the steady state (see 

Figure 28B), all observed alterations result from the LM infection. Thus, transcriptional differences 

between both genotypes throughout the infection are not the result of divergent initial configurations. 

This highlights the idea that IκBNS only takes effect after signaling cascades and NF-κB activation in 

response to the LM infection have been triggered. This mechanism might be dysregulated resulting to 

the observed milder hyperinflammation in IκBNS
-/-

 mice, and the other way round, leading to death of 

WT mice if IκBNS is present. 

Regarding IκBNS expression, Schuster and colleagues showed the induction of IκBNS in the nucleus of 

T cells within 4 h after in vitro PMA/ionomycin stimulation and its disappearance after 16 h (Schuster 

et al., 2012). 

The same was observed in in vitro LPS stimulated macrophages, in which IκBNS mRNA expression 

was strongly induced 1 h post stimulation with declining expression to low levels 5 h post stimulation 

(Kuwata et al., 2006). Those studies showed induction of IκBNS within short periods of time in 

dedicated and isolated immune cell subsets. In contrast to that, the present study shows for the first 

time IκBNS expression in an organ-wide manner and that it is important to follow IκBNS expression 

during a longer period of time especially in the context of infections to gather detailed insights about 

the functionality of IκBNS. 

 

Since IκBNS expression was determined in whole organs or the entire hematopoietic cell lineage, it 

was reasonable to determine its expression in defined lymphoid and myeloid immune subsets in liver 

and spleen. For this purpose, Nfkbid
lacz

 reporter mice were used (refer to section 4.3.7). Of note, it is 

important to know that promoter activity of the Nfkbid gene cannot automatically be linked to either 

high protein expression of IκBNS nor to actual IκBNS functionality, but gives an overall impression which 

cells rely on IκBNS gene expression in general. Thus, the promoter activity of the reporter construct is 

not directly comparable with IκBNS gene transcript expression of whole organ from WT mice (refer to 

section 4.3.6). The significant drop-down in IκBNS mRNA expression seen on day 2 post infection in 

WT mice was not observed in the reporter assay. But the most obvious results were that lymphocytes 

(e.g. CD4
+
 T cells, CD8

+
 T cells, B cells) showed a comparably low Nfkbid promoter activity. However, 

a slight increase of the Nfkbid promoter activity was detectable in CD8
+
 T cells during the course of LM 

infection, which matches the observation from Schuster and colleagues that especially in T cells IκBNS 

is inducible upon stimulation.  

The most interesting finding is that especially cells of the myeloid cell lineage such as inflammatory 

and resident monocytes and also interstitial macrophages have the highest basal Nfkbid promoter 

activity in spleen and liver (d0). During LM infection the Nfkbid promotor activity of inflammatory 

monocytes remained at constantly high levels suggesting that IκBNS plays important roles in the 

biology of this subset.  

Indeed, transcriptome analyses confirmed that in WT mice typical inflammatory mediators (e.g. IL6, 

Nos2, Tnfrsf23 and IL1ß) are produced by inflammatory monocytes, but are down-regulated in the 

same subset from IκBNS
-/-

 mice, both in liver and spleen. Especially in inflammatory monocytes from 

WT mice enormous expression levels were detected for Nos2 and Il1β by real-time PCR on day 3 post 
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infection. On the one hand, inflammatory monocytes are necessary for the resolution of bacterial 

infection, but on the other hand inflammatory monocytes can be detrimental in the course of LM 

infection by inducing hyperinflammation (Shi and Pamer, 2011). Moreover, it has been described that 

during systemic LM infection Ly6C
+
 monocytes can be parasitized by LM leading to bacterial invasion 

into the brain. Additionally, the monocyte influx was shown to coincide with upregulation of Ccl2 gene 

expression (Drevets et al., 2004). This would fit to the results of the present thesis, where especially 

on day 3 and day 4 bacteria were found in the brains of LM infected WT and IκBNS
-/-

 mice. IκBNS
-/-

 mice 

were however able to control the pathogen load in brains compared to the WT animals. Furthermore, 

microarray analyses of liver samples showed that Ccl2 was highly upregulated in WT mice compared 

to IκBNS
-/-

 mice (FC WT d3 vs. d0: 8.6, WT d4 vs. d0: 8.9; FC IκBNS
-/- 

d3 vs. d0: 5.2, IκBNS
-/- 

d4 vs. d0: 

2.1). Moreover, Ly6C
+
 monocytes represented the dominant cellular immune subset in livers of WT 

mice on day 3 post infection, whereas some seems to act as Trojan horse leading to the brain invasion 

of LM. 

 

Data obtained within this present thesis clearly demonstrate the IκBNS-dependent induction of an 

inflammatory program in inflammatory monocytes that most probably make a major contribution to the 

observed fatal outcome to high-dose LM infection in WT but not IκBNS
-/-

 mice. To further verify this 

hypothesis conditional KO mice (Nfkbid
f l/f l

xLysMCre
tg/wt

) harboring a specific deletion of IκBNS in 

myeloid cells (i.e. monocytes, macrophages and neutrophils) were infected with a high-dose of LM. 

Though lethality was markedly delayed in Nfkbid
f l/f l

xLysMCre
tg/wt

 pointing at a partial protection from 

fatal hyperinflammation in these mice, the complete protection from LM infection as seen in 

IκBNS
-/-

 mice could not be confirmed and in the end only 23% of the infected Nfkbid
f l/f l

xLysMCre
tg/wt

 

animals survived the infection. It is important to note that these infection studies are considered as 

preliminary data as only a limited number of experimental animals were included in the survey, which 

moreover were neither age- nor sex-matched. It has already been described that sex-dependent 

factors influence the susceptibility to LM infection (Pasche et al., 2005), a fact that was taken into 

account for all other experiments performed in frame of this thesis where otherwise only female mice 

were used for the in vivo infections. Therefore, it might be possible that the inclusion of male mice 

masks the effects of IκBNS deletion specifically in monocytes, macrophages and neutrophils. 

Moreover, it has been shown that in case of monocytes, macrophages and neutrophils the Nfkbid 

promoter activity differs during the course of LM infection (refer to Figure 34 and 35) suggesting that a 

direct impact of IκBNS on inflammatory monocyte function might be hidden by the concomitant deletion 

of IκBNS in macrophages and neutrophils. One major drawback of the used conditional knockout 

mouse line is that IκBNS is not only deleted in monocytes and macrophages, but as well in neutrophils. 

Thus, it would be more appropriate to combine the results with a conditional KO mouse strain with a 

specific deletion of IκBNS exclusively in neutrophils and exclusively in monocytes and macrophages to 

verify that there is no overlay of the impact of IκBNS on these different myeloid cell subsets. However, 

the next step in this experimental setup would be the increase of the numbers of infected 

Nfkbid
f l/f l

xLysMCre
tg/wt

 animals and to use age- and sex-matched animals to obtain a final conclusion 

about the impact of a specific deletion of IκBNS in monocytes, macrophages and neutrophils. 
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Taken together, the results clearly indicate that IκBNS seems to be responsible for dysregulated and 

unbalanced immune responses especially in inflammatory monocytes leading to the observed 

hyperinflammation. This hyperinflammation caused by dysregulated signaling cascades and target 

gene regulation might be the principal reason for why WT mice succumb to the infection, whereas 

mice lacking IκBNS show blunted inflammatory signature leading to survival of the otherwise lethal LM 

infection. 

As future prospects the exact molecular mechanism has to be elucidated to identify at which certain 

stage IκBNS leads to the dysregulation of proper signaling cascades and to identify molecular targets 

that are specifically influenced by IκBNS and decisive for the severe outcome of inflammation. This 

would render IκBNS as a potential therapeutic target for the treatment of diseases driven by 

hyperinflammation to prevent fatal outcomes including septic shock.  
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Appendix Table 1: List of regulated genes in course of LM infection identified by microarray analyses of 
livers from IκBNS

-/- 
vs. WT mice. Differentially regulated genes were identified as follows. Per genotype the 

comparisons: d2 vs. d0, d3 vs. d0 and d4 vs. d0 were considered, resulting in together 6 different conditions. 
Next, a list of genes was compiled only containing entries with a fold change of differential gene expression of 
˃ ± 3 in at least one out of the 6 previous conditions . Stated for each gene are the log2 normalized signal intensity, 
the fold change of the according microarray condition and the k-means cluster correlation according to Figure 31. 
Gene identifier together with the microarray transcript ID is indicated as well. Genes are sorted according to their 
k-means cluster number and within the clusters decendingly sorted by the average log2 signal intensity. Genes 

above the applied fold change threshold (˃ ± 3) are color-coded (green: down-regulated, red: up-regulated).  

 

See table on the next page. 
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Appendix Figure 1: Lymphocyte composition of livers and spleens of WT and IκBNS
-/--

 mice during the 
course of LM infection. WT (■, n=3-4) and IκBNS

-/-
 (■, n=3-4) mice were infected with high-dose (10

5 
CFU) of 

Listeria. At indicated times post infection, mice were sacrificed and the cellular composition was determined by 
flow cytometry. Data are represented as mean ± SEM of % alive, single and CD45

+
 cells. Statistical analyses 

were performed using two-way ANOVA with Bonferroni post-test. **** p < 0.0001, *** p < 0,001, ** p < 0.01, * p < 

0.05. 
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Appendix Figure 2: Cellular composition of monocytes and macrophages in livers and spleens of WT and 
IκBNS

-/--
 mice during the course of LM infection. WT (■, n=3-4) and IκBNS

-/-
 (■, n=3-4) mice were infected with 

high-dose (10
5 

CFU) of Listeria. At indicated times post infection, mice were sacrificed and the cellular 
composition was determined by flow cytometry. Data are represented as mean ± SEM of % alive, single and 
CD45

+
 cells. Statistical analyses were performed using two-way ANOVA with Bonferroni post-test. **** p < 

0.0001, *** p < 0,001, ** p < 0.01, * p < 0.05. 
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Appendix Figure 3: Cellular composition of myeloid cell subsets in livers and spleens of WT and 
IκBNS

-/-
 mice during the course of LM infection. WT (■, n=3-4) and IκBNS

-/-
 (■, n=3-4) mice were infected with 

high-dose (10
5 

CFU) of Listeria. At indicated times post infection, mice were sacrificed and the cellular 
composition was determined by flow cytometry. Data are represented as mean  ± SEM of % alive, single and 
CD45

+
 cells. Statistical analyses were performed using two-way ANOVA with Bonferroni post-test. **** p < 

0.0001, *** p < 0,001, ** p < 0.01, * p < 0.05. 
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