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Summary 

The NF- B/Rel signalling pathway plays a crucial role in numerous biological processes, 

including innate and adaptive immunity. Although the cytoplasmic regulation of NF- B is 

well characterised, its nuclear regulation mechanisms is only recently started to become 

elucidated. The nuclear I Bs contribute significantly to the modulation of NF- B activity. 

I BNS, an atypical IB protein, regulates the proliferation of T and B cells. Furthermore, 

the expression of various cytokines is modulated via I BNS by its ability to specific 

activation or termination of NF- B function at certain cytokine promoters. The aim of this 

thesis was to obtain a better understanding of the role of IBNS during the regulation of 

NF- B activity in health and disease. 

The activation of the TCR rapidly induces I BNS expression. However, it is unknown if 

I BNS itself affects this activation cascade or if it modulates the expression of NF- B 

subunits. Analysis of CD4
+
 T cells ex vivo revealed that I BNS does neither affect the 

proximal TCR signalling nor the expression of NF- B subunits upon cell activation. The 

nuclear I B protein I B  regulates the proliferation of TH17 cells as well as the expression 

of IL17A. This thesis uncovered I BNS as a second I B protein intrinsically involved in the 

development of TH17 cells. In addition, in vitro experiments revealed that I BNS regulates 

the expression of IL10 in TH17 cells. In in vivo experiments, I BNS seems to be almost 

dispensable for the course of EAE. In contrast, in the colitis models I BNS-deficient mice 

suffered from more severe inflammation of the gut and were more susceptible to 

Citrobacter rodentium infections. Additionally, I BNS was crucial for the formation of TH1 

and TH7 cells in gut inflammation as well as infection. Furthermore, the induction of TH17 

cell was modulated by I BNS, while it was less important for TH1 cell development during 

inflammation and infection of the gut. 

In this thesis was demonstrated that I BNS does not only regulate the transition of 

immature Treg precursor into immuno-suppressive Treg cells, but is also necessary for the 

generation of pro-inflammatory TH17 cells in vitro and in vivo. Thus, I BNS exhibits 

diverse regulatory functions for T cell proliferation and cytokine secretion. Consequently, 

I BNS may represent a T cell specific pharmacological target in the future. 
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1 Introduction  

1.1 The key players of the immune system 

From birth, the immune system is constantly exposed to a rich diversity of 

microorganisms. For example 100 trillion microorganisms, composed of 500 to 5,000 

different species are present in the human intestine 
1ï3

. Nevertheless, most of the organisms 

within the intestinal tract are well-tolerated because of mutual benefits. The human 

intestine offers a relatively stable environment, well-tempered and nutrient-rich, to the 

commensal bacteria. In turn, human benefits from an increased digestive capacity and 

increased protection against pathogenic organisms 
1,3,4

 During the course of live, a 

disruption of this balance by changes of diet, antibiotic treatment or invasion of pathogens 

can result in immune-mediated diseases. For instance inflammatory bowel diseases (IBD), 

like Crohnôs disease and ulcerative colitis are linked to a dysregulated intestinal micro-

environment. Furthermore, experimental autoimmune encephalomyelitis (EAE) 
5,6

, 

rheumatoid arthritis 
7
 and diabetes 

8
 have also been suggested to be associated with a 

change of the commensal gut flora. Therefore, the immune system needs to tolerate 

commensal organisms as well as self-antigens, but has to defend the body from pathogenic 

microorganisms from outside and tumours from the inside. 

During evolution, vertebrates developed the adaptive immune system in addition to innate 

immune responses. This was an essential step, because both, the rapidity of the innate and 

the diversity of the adaptive immune response are crucial for effective protection of the 

human organism 
9
. The innate immune system of the vertebrates is able to recognise 

conserved pathogen-associated molecular pattern (PAMPs) of invading microorganisms. 

This is possible via the pattern recognition receptors (PRR) of cells of the innate immune 

system. Thereby, innate immune cells distinguish pathogenic components and harmless 

antigens 
2,4,10

. Thus, antigen-presenting cells (APCs) recognise and engulf pathogenic 

microorganisms. Afterwards, APCs degrade and process the microbial proteins 

intracellularly and subsequently the foreign antigens are presented via the major 

histocompatibility complex (MHC) class II 
10

. Additionally, the transcription factor nuclear 

factor-kappa B (NF- B) becomes activated by the recognition of pathogens followed by 

cytokine expression and up-regulation of co-stimulatory molecules on APCs in peripheral 

lymphoid organs. The produced cytokines attracts T and B cells, which are parts of the 

adaptive immune response, thereby creating a link between innate and adaptive 

immunity. 
4,10

 Naïve T cells recognise the APC-bound non-self antigen via their T cell 
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receptor (TCR). The recognition of the cognate antigen together with the binding of co-

stimulatory molecules of the APC activates the T cell and initiates a new gene expression 

program. This initiates an expansion phase of T cells. Within this phase T cells starts to 

proliferate and finally differentiate into effector T cells, which migrate to the infected areas 

of the body. When all pathogens/ antigens have been cleared, the immune system enters 

the contraction phase. Within this phase most of the effector cells die by apoptosis to return 

to homeostasis. The surviving cells differentiate into long-lasting memory cells, which are 

available for a faster and stronger response the next time the immune system is challenged 

with this specific pathogen. 
11,12

 

 

1.2 Thymic maturation of T cells 

The T cell life begins as a hematopoietic stem cell (HSC) in the bone marrow. The HSCs 

leave the bone marrow, circulate in the blood and enter the thymus as thymus-settling 

progenitors (TSPs) 
13ï15

. The development of CD4
+
 or CD8

+
 T cells depends on the 

microenvironment of the thymus, at which each of the four major thymic compartments 

(subcapsular zone, cortex, medulla, corticomedullary junction) is involved in a specific 

stage of the thymocyte development 
16ï21

. The T cell development in the thymus is a tightly 

controlled cascade of separate developmental steps 
14,20

. The most important cell-surface 

markers, which allow the identification of different developmental stages of thymocytes, 

are CD4, CD8, CD25, CD44 and CD117. The expression of these markers retains within 

the rearrangement steps of the T cell receptor (TCR) chains. 
14,19

 After tiny numbers of 

TSPs enters the thymus, they go through four CD4/CD8 double-negative (DN) stages 

(DN1-DN4) 
14,19,20,22

. The earliest DN cells, DN1 express high levels of CD117 as well as 

CD44 but are negative for CD25 
14

. The DN1 cells are fir st detectable in the 

corticomedullary junction (CMJ) of the thymus, where they undergo proliferation 
14,16ï19

. 

Furthermore, via Notch1 signalling the DN1 cells become a more T cell-restricted 

progenitor and less multipotent, a process called T cell lineage commitment 
14,19

. The DN1 

thymocytes migrate to the subcapsular zone (SCZ), deeper in the cortex 
14,16,17

. Stimulatory 

signals from cortical thymic epithelial cells (cTECs) and fibroblasts induce the 

differentiation into DN2 cells (CD25
+
CD44

+
CD117

int
) 

14,20
. The DN2 thymocytes further 

proceed in T cell lineage commitment 
14,20

. Furthermore, this step is characterised by the 

TCR -chain rearrangement 
14,20

. This process is also called -selection and is finished in 

the DN3 stage 
14,20

. The DN3 (CD25
+
CD44

lo
CD117

lo
) thymocytes are still present within 
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the SCZ and mature to DN4 cell (CD25
-
CD44

-
CD117

-
) 

14,16,17,20
. During the migration 

back to the thymic medulla, DN4 thymocytes up-regulate CD4 and CD8 after successful 

pre-TCR signalling within the outer cortex 
14,16,17,20

. In these double-positive (DP) 

thymocytes the rearrangement of the TCR -chain occurs 
14,23

. Furthermore, in the DP 

stage the developing T cells undergo a process called positive selection 
14,20,23

. During this 

process, DP thymocytes recognising self-peptides presented by MHC-complexes of 

cTECs, DCs and fibroblasts 
14,20,23

. Those DP cells which recognise self-peptides with low 

affinity survive and further differentiate into single-positive (SP) thymocytes, either 

expressing CD4 or CD8 
14,20,23ï25

. Additionally, those thymocytes with a low affinity to 

self-peptides are protected from neglect and switch off further TCR -chain gene 

rearrangement 
23

. The newly formed SP thymocytes migrate into the thymic medulla 
14,20

. 

The medulla is the place for negative selection, eliminating SP cells with a high affinity to 

self-peptides presented by medullary TECs (mTECs) 
14,20,22ï25

. Consequently, negative 

selection is an process to eliminate autoreactive T cells 
14,20,22ï25

. 
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Figure 1: Thymic migration of maturating  T cells: Hematopoietic stem cells (HSC) leave the 

bone marrow, circulate in blood and enter the thymus as thymus-settling progenitors (TSPs) at the 
corticomedullary junction (CMJ). TSPs run through four CD4/CD8 double-negative (DN) 

maturation stages. Via Notch-signalling DN1 cells (CD25
-
CD44

+
CD117

hi
) start to become more 

committed to the T cell linage. DN1 cells migrate to the subcapsular zone (SCZ) and mature to 

DN2 cells upon stimulation by thymic epithelial cells (cTECs). In DN2 cells 

(CD25
+
CD44

+
CD117

int
) the -selection starts and is completed in DN3 cells 

(CD25
+
CD44

lo
CD117

lo
). The DN3 cells mature to DN4 cells (CD25

-
CD44

-
CD117

-
), which start to 

migrate back to thymic medulla. Within the outer cortex DN4 cells become double-positive (DP) 

for CD4 and CD8. Within DP cells the rearrangement of the TCR -chain occurs. Self-antigens 
presented by cTECs induce the positive selection of DN cells, which afterwards mature to single-

positive (SP) cells. The negative selection of SP cells takes place within the medulla and eliminates 
highly autoreactive cells. The newly formed CD4

+
 and CD8

+
 T cells exit the thymus. 

 

1.3 T helper cell differentiation  

The presence of two distinct CD4
+
 T cell subsets was first described by Mosmann et al. 

showing a unique cytokine expression by these T cells 
26

. Hence, Mosmann et al. named 

them T helper 1 and T helper 2 (TH1 and TH2) cells according to their cytokine 

production 
26

. A further peripheral TH cell subset was discovered recently and named TH17 
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cells 
27ï33

. These three major TH cell types are distinguishable by their unique cytokine 

production and their function 
28,30,31,34,35

. The TH1 cells, which predominantly express 

interferon-  (IFN ) are essential in protecting the host against intracellular viruses and 

bacteria 
28,30,31,34

. TH2 cells on the other hand, are important for the defence against 

extracellular pathogens (e.g. helminths) and produce interleukin 4 (IL4), IL5, IL9, IL13 

and IL25 
28,30,31,34

. TH17 cells are characterised by the production of IL17A, IL17F as well 

as IL22 and control extracellular bacteria and fungi 
27ï31,34

. Next to their immune- 

protective function, both TH1 and TH17 cells are implicated in autoimmune diseases and 

TH2 cells are involved in allergic responses 
35,36

. The fourth T cell subset, known as 

regulatory T (Treg) cells can either differentiate from peripheral naïve CD4
+
 T cells 

(induced Treg; iTreg), as the other TH cells or develop in the thymus (thymic derived 

Treg; tTreg) 
28,30,31,37ï39

. In contrast to other TH cells, which promote immune responses, 

Treg cells are immune suppressive 
28,30,31,37ï39

.  

After triggering of the TCR, the differentiation of TH cells is directed by several TH cell 

subset specific requirements. Firstly, the surrounding cytokine milieu at the time of TCR 

stimulation plays a critical role in determining the TH cell commitment 
28ï31

. A unique 

combination of cytokines is required for the differentiation of a specific TH cell lineage 

(Figure 2) 
28ï31

. Secondly, members of the signal transducer and activator of 

transcription (STAT) family and master transcription factors collaborate in T cell 

differentiation and expansion (Figure 2) 
29,31

. Thirdly, the TH cell commitment is 

additionally supported by one of the effector cytokines of the particular TH cell subset, 

thereby providing a powerful positive feedback loop (Figure 2) 
29,31

. Finally, cytokines of 

the IL1 family are suggested to induce the effector cytokine production together with 

STAT activators in a TCR-independent manner (IL18 for Th1, IL33 for Th2 and IL1 for 

Th17 cells) 
31

. Consequently, the commitment of T cell subsets takes place, they 

selectively maturate and the master regulator of the committed T cell actively suppress an 

alternative lineage fate 
29,31

. For instance, IFN  and IL27 activate STAT1, which initiates 

the development of TH1 cells 
29,31

. The master transcription factor of TH1 cells, Tbet is 

induced by STAT1 together with TCR-activated transcription factors and Tbet in turn 

initiates the production of IFN 
29,31

. Furthermore, IL12 secreted by APCs activates 

STAT4, which induce together with Tbet induces the expression of IFN within TH1 cells. 

Hence, via a positive-feedback loop IFN intensifies the TH1 cell commitment by further 

activation of STAT1 (Figure 2) 
29,31

.  
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Figure 2: T helper cell differentiation. Upon the TCR activation triggered by antigen-presenting 

cells (e.g. DCs) a naïve CD4
+
 T cell can differentiate into four subsets, namely, TH1, TH2, TH17 or 

Treg cell. Each T cell differentiation depends on a critical combination of cytokines: IL12 and 

IFN  for TH1, IL4 and IL2 for TH2, TGF  and IL6 (IL21/IL23) for TH17, and TGF  and IL2 for 
iTreg cells. The lineage commitment involves the up-regulation of lineage characteristic master 
transcription factors (highlighted in orange) and the activation of STAT proteins (highlighted in 

yellow). Each committed TH cell expresses a unique combination of effector cytokines (highlighted 

in blue), and one of these cytokines promotes further lineage commitment (written in blue). In 
addition, committed T cells express receptors directed to IL1 cytokine family members (red-

rimmed), which induce an effector cytokine expression in a TCR-independent way. 

 

1.4 The differentiation  of TH17 cells 

The differentiation of TH17 cells (Figure 2) is a subject of ongoing research and further 

investigations are necessary to decrypt the exact mechanism 
29ï31,34

. TH17 cell 

differentiation is independent of cytokines and transcription factors, which are important in 

TH1 and TH2 development 
33,40ï42

. IFN  and IL4 are essential cytokines in TH1 or TH2 

differentiation, but inhibit the development to IL17 producing T cells 
33,40,42

. Furthermore, 

the cytokine IL2, which is required for TH2 and Treg cell development and clonal 

expansion, blocks TH17 cells by the activation of STAT5 
41,43,44

. During TH17 cell 

differentiation the secretion of IL2 is suppressed by binding of Aiolos, a member of the 

Ikaros transcription factor family, to the Il2 locus 
41

. 



Introduction 

7 

The member of the STAT family STAT3 and the retinoic-acid-receptor-related orphan 

receptor-ɔt (RORt) are essential proteins in TH17 cell differentiation (Figure 2) 
45ï47

. 

ROR t is the master transcription factor of TH17 cells 
48ï51

. The necessity of ROR t in 

TH17 cell formation was detected by analysing mice deficient for RORt, which showed a 

reduced development of IL17 expressing cells 
46,49,52

. Furthermore, the disruption of 

STAT3 in mice resulted in the absence of TH17 cells 
46,52,53

. Fork-head box P3 (Foxp3), the 

master transcription factor of Treg cells, inhibits the master transcription factor of TH17 

cells, RORɔt, by direct binding and, thus, blocks the TH17 cell differentiation 
29

. Both the 

transforming growth factor  (TGF ) and IL6 are essential to promote the TH17 cell 

differentiation at the time of TCR activation 
40,54ï56

. While TGF  inhibits the 

differentiation of TH1 and TH2 cells, it promotes Treg and TH17 cell development by the 

induction of the transcription factors Foxp3 and RORɔt 
29,40,42,54,55,57,58

. The level of TGF 

is one pivotal factor of the TH17 or Treg fate decision 
59

. The induction of Foxp3 for Treg 

development requires high concentrations of TGF 
59

, while a low level of TGF  promote 

TH17 cell differentiation 
59

. In contrast to TGF , IL6 induces the development of TH17 

cells, while inhibiting Treg cell development 
46,52,55,59,60

. Thus, the presence of TGF 

together with IL6 induces TH17 cell development by the activation of STAT3 
46,52,61

. 

STAT3 itself leads to the induction of RORt expression 
45,46

. Subsequently, additionally 

to its ability to support RORt expression 
45,46

 STAT3 inhibits the expression of Foxp3 and 

its interaction with ROR t 
45,55,62

. The increased availability of RORt enhances the 

commitment of the TH17 lineage fate 
46,48,50,59

. Furthermore, upon the initiation of TH17 

differentiation STAT3 together with IL6 induce the expression of IL21 and the IL23 

receptor (IL23R) 
46,53,61,63

. The three cytokines IL6, IL21 and IL23 are activators of 

STAT3 
45,46,60,63

. Thus, a positive-feedback loop leads to exacerbated STAT3 expression 

via endogenous IL21 as well as APC-derived IL6 and IL23 
45,46,60,63

. Due to the lack of 

IL23R on naïve CD4
+
 T cells, IL23 is not essential for TH17 cell differentiation but for 

their survival and expansion 
30,45,56

. Furthermore, IL21 and IL23 promote the expansion of 

TH17 cells and finalize TH17 cell development 
55,56

. The expression of the effector cytokine 

of TH17 cells, IL17A is induced by ROR t and STAT3 
46,48,49,51

. Furthermore, RORt 

synergistically regulates the IL17A expression together with runt-related transcription 

factor 1 (Runx1) 
48

. The optimal expression of ROR t is induced by Runx1, both bind to 

the Il17 locus and induce the expression of IL17A and IL17F 
48

. 
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Recently the participation of IL1  to the TH17 differentiation was identified  
44,56,64ï67

. 

Mice deficient for IL1  or its receptor failed to generate a robust TH17 cell response in 

infections (e.g. Candida albicans) 
64,66

. Furthermore, IL1R-deficient mice are less 

susceptible to experimental autoimmune encephalomyelitis (EAE) induction, since TH17 

cells in contrast to TH1 and TH2 cells were defective to become autoreactive in these 

mice 
68

. Moreover, IL1  acts together with TNF and synergizes with IL6 and IL23 to 

promote the induction as well as the amplification of the TH17 cell commitment 
44,56,64ï67

. 

IL1  may support TH17 cell differentiation due to its ability to antagonise the effects of 

IL2 
44

 and IL12 
66

. In addition, IL1  contributes to TH17 cell differentiation by induction of 

the transcription factor IFN regulatory factor 4 (IRF4) 
67

, which is involved in IL21-

mediated TH17 cell development 
63,69

. 

 

1.5 TH17 cells, a pro-inflammatory T cell subset in health and disease 

TH17 cells can be found throughout the body and most of them are present in the lung and 

intestinal tract 
44

. An incomplete matured immune response as well as the absence of TH17 

cells were found in adult mice that grow up in a germ-free environment as well as in 

neonates 
4,5,70

. It was shown, that gut dendritic cells from germ-free mice were reduced in 

their ability to induce proinflammatory T cells 
5
. Within days, a robust TH17 cell 

compartment is induced by the administration of commensal microorganisms to germ-free 

mice 
70

. Especially the gut colonising segmented filamentous bacteria (SFB) were able to 

promote the TH17 cell differentiation 
5,7,71,72

. The intestinal microorganisms induced the 

expression of IL1 by intestinal macrophages, which in turn initiated TH17 cell 

development 
65

. Hence, the composition of the gut microflora regulates the TH17 cell 

differentiation 
5,7,65,70ï72

. On the other hand, TH17-derived cytokines such as IL17 and IL22 

contribute to the regulation of the commensal gut microflora 
2
. Furthermore, host 

protection to extracellular pathogens could be linked to TH17 cells and their effector 

cytokines 
73

. For instance, IL17 activates epithelial cells to produce anti-microbial peptides 

and monocyte-recruiting chemokines 
73,74

. Parenchymal cells are initiated by IL17 to 

release inflammation mediators like cytokines and chemokines 
73,74

. In addition, IL17R-

signaling promotes the generation, attraction and activation of neutrophils and monocytes 

to clear infection by phagocytosis 
73,74

. Secreted IL22 induces the proliferation of epithelial 

cells for repairing invasion-induced damage and promotes the expression of anti-microbial 

peptides 
73

. TH17 cells are necessary to promote the defence against a immense diversity of 
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pathogens e.g. Candida albicans, Citrobacter rodentium, Klebsiella pneumoniae, 

Salmonella typhimurium and Staphylococcus aureus 
66,73,75ï78

. 

First TH1 cells were thought to be the inducers of autoimmunity, but since the discovery of 

IL17 secreting cells, numerous autoimmune diseases were shown to depend partially or 

mainly on a TH17 cell immune responses 
7,36,73,75,79ï84

. A crucial role of IL23 rather than 

the TH1 cytokine IL12 was suggested in EAE, arthritis, inflammatory bowel disease and 

psoriasis 
73ï75,85,86

. Furthermore, in vivo studies indicate that the protective immune 

response of TH17 cells as well as their autoimmunity depend on IL23 rather than IL6 and 

TGF  
40,85

. For instance, in Citrobacter rodentium infection the TH17 differentiation 

depend on TGF and IL6 but not IL23 
40

. However, IL23 is essential in host protection, 

since IL23-deficient mice are more susceptible to Citrobacter rodentium infection 

compared to wildtype mice 
40

. The disruption of the myelin in the central nervous system 

during multiple sclerosis and the corresponding mouse model, EAE depends on 

autoreactive TH1 and TH17 cells 
82ï84

. Similar to Citrobacter rodentium infection, studies of 

EAE suggest that the pathogenic function of TH17 cells depends on IL23 rather on IL6 and 

TGF  
85

. Myelin-autoreactive T cells, stimulated with IL6 and TGF, were present in the 

central nervous system of immunised mice, but were not able to induce demyelinisation 
85

. 

On the contrary, myelin-specific T cells stimulated with IL23 established inflammation of 

the central nervous system 
85

. IL6 and TGF  stimulated T cell produced anti-inflammatory 

IL10 in contrast to IL23 stimulated cells, which was suggested to reduce the anti-

inflammatory function of the myelin-specific TH17 cells 
85

. Additionally, mice deficient for 

IL23 are protected from EAE, supporting the essential role of IL23 in autoimmunity 
86

. A 

similar pattern of resistance to autoimmunity was identified in mice deficient for 

granulocyte-macrophage colony-stimulating factor (GM-CSF) 
87,88

. The studies on GM-

CSF showed that IL23 together with RORt direct the expression of GM-CSF in TH17 cells 

and by a positive feedback loop GM-CSF of TH17 cells activates APCs to produce 

IL23 
87,88

. TH17-secreated GM-CSF itself sustained the neuroinflammations in EAE, 

because it activate myeloid cells to infiltrate the central nervous system 
87,88

. Thus, the 

manipulation of the TH17 lineage commitment may provide new opportunities for the 

enhancement of mucosal immunity and the treatment of autoimmune diseases. 
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1.6 The transcription  factor nuclear factor (NF)- B 

In 1986 the nuclear factor- B (NF- B) was first described by Sen and Baltimore as a 

transcription factor interacting with the immunoglobulin  light chain enhancer in B 

cells 
89

. Since then it has been shown that NF- B is a key mediator of inducible gene 

expression in a wide range of cellular processes 
90ï94

. The NF- B network is a global 

mechanism regulating cell survival and differentiation as well as the interaction between 

cells 
90ï94

. NF- B is crucial in the immune system for both innate and adaptive immune 

responses 
93,95

. For instance, NF- B regulates lymphocyte survival, development and 

activation 
93,95ï97

. Moreover, it is essential in the formation of tissues important for 

lymphocyte development and activation 
93,95ï97

. 

The mammalian NF- B (also named Rel) protein family (Figure 3) includes the five 

members p50/p105 (NF- B1), p52/p100 (NF- B2), p65 (RelA), cRel and RelB 
92,96,98

. 

Both p105 and p100 are precursors and the two Rel proteins p50 and p52 are generated by 

post-translational cleavage for later dimerisation 
94,95,98

. All members exhibit an N-terminal 

Rel-homology domain (RHD) including a nuclear localisation signal (NLS), a DNA-

binding motif and a dimerisation domain 
92,96,98

. Via the latter domain, two NF- B proteins 

form a dimer and the DNA-binding motif allows the binding of the dimer to B sites on 

the DNA 
92,96,98

. Moreover, the Rel family members p65, cRel and RelB have a 

transcription activation domain (TAD), which is essential for the binding of co-

activators 
96,98

. NF- B dimers containing at least one TAD can induce the transcription of 

the target gene 
96,98

. The TAD is missing in p50 and p52, so that these two Rel proteins are 

only transcriptionally active when forming heterodimers with p65, cRel or RelB 
96,98

. 

When bound to B sites on the DNA, homodimers of p50 or p52 repress the transcription 

of the corresponding gene 
96,99

. 
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Figure 3: The members of the NF- B family:  The five members of the NF- B/ Rel protein 

family p50/p105 (NF- B1), p52/p100 (NF- B2), p65 (RelA), cRel and RelB are illustrated. The 
post-translational cleavage of the precursor proteins p105 and p100 leads to the generation of the 

two proteins p50 and p52 (cleavage sites are marked with an arrow). The N-terminal Rel-homology 

domain (RHD) includes a nuclear localisation signal (NLS), a DNA-binding motif and a 
dimerisation domain. The Rel family members p65, cRel and RelB have a transcription activation 

domain (TAD). 

 

1.7 The I B protein family - regulators of NF- B 

The activity of NF- B is regulated by the inhibitors of NF- B (I Bs) protein family. The 

classical function of the I B family members (Figure 4) is to retain NF- B dimers in the 

cytoplasm by masking their NLS and thereby inhibiting its transcriptional function 
95,99ï102

. 

Over the years of extensive research, it became apparent that the IB family is a 

functionally heterogeneous group of NF- B regulators, which can either inhibit or enhance 

its activity 
99,100,102

. 

The common structural motif of all I Bs is the ankyrin repeat domain (ARD) containing 

six to eight single ankyrin repeats 
92,93,96,100,102ï104

. Each ankyrin repeat comprises 33 amino 

acids folded into a helix-loop-helix conformation 
100,103

. The ARD is essential for the 

protein stability and the interaction with the RHDs of NF- B dimers 
100,101

. Furthermore, 

classical I Bs exhibit an unfolded structure N-terminal of the ARD with a signal response 

domain (also called degron motif), containing serine residues for stimulation-dependent 

phosphorylation by IKK 
100

. In addition, the polyubiquitination of typical IB proteins 

occurs at lysine residues, located upstream of the phosphorylation sites 
100

. Two of the 

typical I Bs have a region called PEST (rich in proline, glutamic acid, serine and 
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threonine), which is suggested to mediate fast protein turnover 
100

. The NF- B family 

members p100 and p105 contain C-terminal NF- B-inhibiting ankyrin repeats as well as 

an N-terminal Rel homology domain. Hence, they belong to both the Rel and the IB 

protein family 
91,100

. 

The I B protein family is divided into two groups the classical I Bs (I B , I B , I B ) 

and the atypical IBs (Bcl3, I B , I BNS, I B , I BL) (Figure 4) 
91,100ï102

. In contrast to 

the mainly cytoplasmic classical IBs, the atypical IBs are predominantly located in the 

nucleus 
91,100ï102

. The cytoplasmic IBs primarily inhibit basal NF- B activity in 

unstimulated cells and are degraded upon stimulation to release NF- B dimers for rapid 

transcriptional activity 
91,100

. Atypical I Bs on the other hand have a low expression level 

in resting cells, which drastically increase upon cell stimulation 
91,100,102

. Furthermore, 

nuclear I Bs can act as inhibitors or enhancers of NF- B and thereby provide a fine-tuning 

mechanism for transcriptional responses 
91,100,102

. The atypical IB protein Bcl3 was first 

identified as a protooncogene in chronic lymphatic leukaemia 
105

. Later it was reported that 

Bcl3 is important to promote B cell proliferation and development, germinal centre 

formation, humoral immune responses as well as formation of antigen-specific 

antibodies 
106,107

. In stimulated macrophages, Bcl3 is detectable in the nucleus and inhibits 

lipopolysaccharide-induced (LPS-induced) TNF  production, but not IL6 
108

. It is known 

that Bcl3 preferentially associates with p50 and p52 homodimers 
109ï112

 and thereby either 

activates or inhibits their function 
111ï114

. The activation of p50 homodimers is mediated by 

the transcription activation domain (TAD) of Bcl3 
113

. Next to Bcl3, the only IB protein 

with a TAD is the nuclear IB  (also called MAIL), which mediates a gene-specific 

recruitment of NF- B to its target promoter 
115,116

. Furthermore, IB  negatively regulates 

the activity of p65/p50 heterodimers and p50/p50 homodimers 
117,118

. I B  is induced by 

cell stimulation with LPS and IL1, but not TNF  
118,119

 and seems to be important for the 

regulation of apoptosis 
118,120

. Furthermore, IL6 and IL12p40 are regulated by IB  
119

. 

The development of TH17 cells depends on IB , shown in I B -deficient mice exhibiting 

a defect in TH17 proliferation and resistance to EAE induction 
121

. Additionally, I B  

cooperates with RORt and ROR  to bind to the IL17A gene and induces its 

expression 
121

. I B  
122

 and I BL 
123,124

 are two recently identified atypical IB proteins. 

The expression of IB  is stimulation-dependent (e.g. LPS), as it was shown for atypical 

I Bs 
122

. I B  associates with p50 NF- B subunits and regulates the expression of 
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proinflammatory cytokines such as IL6 and IL1 
122

. I BL prevents the development of 

experimental autoimmune arthritis and is suggested to suppress the LPS-induced NF- B 

activation and transcription of TNF and IL6, but not IL1 
123,124

. 

 

Figure 4: The pleiotropic I B protein family:  The I B family is divided into the cytoplasmic 

(I B , I B , I B , p100, p105) and the atypical nuclear IBs (Bcl3, I B , I BNS, I B , I BL). 

All members contain ankyrin repeats (ANK). Bcl3 and I B  exhibit a transcription activation 
domain (TAD). The proteins p100 and p105 have both ankyrin repeats as well as Rel-homology 

domain (RHD). Consequently, they are grouped into both Rel and I B protein families. 

 

1.8 The cytoplasmic regulation of NF- B by I Bs 

In unstimulated cells, NF- B dimers are inactivated via binding to cytoplasmic IBs, 

which mask the NLS of the Rel protein (Figure 5) 
93,99,125

. Several cell-activating signals 

can initiate the NF- B pathway. These signals range from pro-inflammatory cytokines 

(e.g. TNF, IL1, IL17), cell stress (e.g. reactive oxygen species, DNA double-strand breaks) 
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and PAMPs (e.g. nucleic acids, peptides, lipoprotein) to TCR or BCR engagement 
96

. Upon 

cell activation, the NF- B-bound I B  becomes phosphorylated at the two serine 

residues 32 and 36 
98,103,126

. This phosphorylation is conducted by the I B kinase (IKK) 

complex, which consists of the regulatory subunits IKK (NEMO) and two catalytic units 

IKK  and IKK  
95,99,101,126

. The phosphorylation of I B  induces polyubiquitination and 

its proteasomal degradation 
95,99,101,126

. This allows the translocation of the functionally 

active NF- B into the nucleus where it binds to its cognate B-binding motif on the DNA 

and induces gene expression 
93,99,103,104

. One target of NF- B is its own inhibitor I B , the 

prototypical member of the IB family, and the intracellular level of IB  is refilled upon 

gene induction by NF- B 
100,103

. Subsequently, I B  mediates, via its nucleocytoplasmic-

shuttling properties, the translocation of NF- B back to the cytoplasm and thereby 

contributes to the termination of the NF- B-induced gene transcription in a negative 

feedback loop 
99,100,103

. Beside the IB proteins, several mechanisms essential for the 

termination of transcription and the displacement of NF- B from the DNA have been 

described 
99

. This includes the altered binding of co-factors, the degradation of NF- B 

after ubiquitination, and the displacement of NF- B dimers from the DNA by small 

ubiquitin-like modifiers (SUMOylation) 
99

. 

In addition to the canonical or classical pathway, which is outlined above, there exists a 

second NF- B pathway 
12,91,101,103,104,126

. This non-canonical or alternative Rel pathway is 

induced by the tumour necrosis factor (TNF) cytokine family including CD40 ligands, 

BAFF and lymphotoxin B 
91

. In contrast to the canonical pathway, the non-canonical 

NF- B pathway is independent of IKK, but depends on IKK  
91,103,104

. In canonical 

NF- B signalling, TRAF/RIP complexes process and transfer the activation signals to 

IKK  
91,103,104

. On the contrary, the non-canonical pathway depends on the NF- B inducing 

kinase (NIK), which phosphorylates and activates IKK 
91,101,103,104

. The activation of 

IKK  causes the phosphorylation of p100 followed by a proteasomal processing of p100 to 

p52 
91,101,103,104

. The p100 is processed until a glycine rich region (GRR), which serves as 

proteasomal termination signal 
101

. Subsequently, the generated p52/RelB heterodimers 

translocate into the nucleus, bind to B sites and initiate the expression of the 

corresponding gene 
91,101,103,104

. 
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Figure 5: The canonical NF- B pathway: Two NF- B subunit proteins form a dimer, which is 

sequestered into the cytoplasm by binding to inhibitors of NF- B proteins (I Bs). The I B kinase 

complex (IKK), consisting of IKK , IKK  and IKK  becomes activated upon cell stimulation. The 

IKK  phosphorylates the IB protein at the serine residues 32/36 and is followed by 

polyubiquitination and proteasomal degradation of I B. Then the released NF- B dimer translocate 

into the nucleus, binds to specific B-sites and induces gene expression. 

 

1.9 I BNS - the novel regulator of NF- B 

The product of the NFkB gene I BNS is also known as T cell activation NF- B-like protein 

(TA-NFKBH). It is the smallest member of the nuclear IB protein family and consists of 

327 amino acids 
127

. Fiorini et al. showed the TCR-induced expression of IBNS in 

thymocytes for the first time in 2002 
127

. Beside the TCR-triggered induction of 

I BNS 
127,128

, it is now known that the expression of IBNS as well as Bcl3 is also inducible 

by IL10 
108,129

. Furthermore, upon IL10 production an elevated expression of IBNS and 

Bcl3 was observed in LPS triggered regulatory DCs, which express less proinflammatory 

cytokines and instead preferentially IL10 compared to usual DCs 
130

. Fiorini and 

colleagues identified that I BNS transcription was activated by peptides triggering negative 

but not positive selection 
127

. Thus, it was first suggested that IBNS might play an 

important role in central tolerance. Interestingly, the transcription of NF- B reporter 

proteins was blocked by IBNS. In addition, the interaction of IBNS with NF- B was 

observed within the nucleus 
127

.  
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In contrast to the suggested central role of IBNS in negative selection in the thymus, 

I BNS-deficient mice did not develop autoimmune diseases and no changes in thymocytes 

or T cell subsets were detectable 
128,131

. However, B cells from I BNS-deficient animals 

were defective in their proliferation upon LPS stimulation 
132,133

. In addition to the 

proliferation defect of IBNS-deficient B cells, the serum IgM and IgG3 were drastically 

reduced upon the loss of IBNS 
132,133

. Furthermore, the defect of IBNS induced a 

reduction of antibody-producing cells and diminished levels of influenza-specific 

antibodies were detected upon infection 
132

. Additionally, I BNS-deficient T cells revealed 

a proliferation defect upon LPS stimulation 
128,132

 and are highly susceptible to LPS 

induced endotoxin shock as well as intestinal inflammation 
131

. Furthermore, the LPS-

triggered expression of IL6 and IL12p40, but not TNF is increased in macrophages 

lacking I BNS 
129,131

. The IL6 expression is regulated by IBNS by its association with p50. 

Both proteins are recruited to the IL6 promoter and inhibit as well as terminate the binding 

of p65 
129,131

. In contrast to the inhibitory effect of I BNS on the IL6 production, it is 

dispensable for the expression of TNF  
129,131

. It has been reported that cRel and I B  

regulate the activity of NF- B in an opposite manner compared to IBNS. For instance, in 

contrast to I BNS, Bcl3 inhibits the expression of TNF by its cooperative binding with 

p50 to the TNF  promoter 
108

. Furthermore, while I BNS inhibits the expression of IL6, 

Bcl3 is dispensable for the its expression 
108

 and I B  enhance the IL6 production  
119

. 

I B  regulates this induction by its association with p50 (presumably p50 of p50/RelA 

heterodimers). Both are recruited to the IL6 promoter and support the IL6 expression 
119

. In 

addition, I BNS is important for the expression of IL2 and IFN in thymocytes and T 

cells 
128

. I BNS enhances the expression of IL2 via the association to its promoter, 

presumably by the interaction to cRel or p50, but also other still unknown DNA-binding 

proteins are suggested 
128

. Since I BNS itself has no DNA binding domain, it needs to 

cooperate with DNA-binding proteins to bind to promoters 
128

. 

Interestingly, a recent report on IBNS revealed its function for Treg cell development 
134

. 

I BNS-deficient mice showed a significant reduction of mature Treg cells, although Treg 

precursor cells (GITR
+
CD25

+
Foxp3

-
) accumulated in the thymus. Furthermore, a transient 

expression of I BNS during thymic Treg development was observed. It was shown that 

I BNS is essential for the transition of immature thymic Treg precursor cells into mature 

Foxp3
+
 Treg cells, but does not modulate the suppressive capacity of Treg cells. I BNS 

associates with p50 and cRel on the Foxp3 promoter and the conserved non-coding 
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sequence 3 (CNS3) of the Foxp3 gene and, thereby, IBNS induces Foxp3 expression. It 

was further suggested that I BNS coordinates chromatin remodelling at the Foxp3 locus via 

recruitment of histone modifying enzymes. 
134

 Taken together, IBNS specifically regulates 

cytokine expression by modulating the NF- B activity at certain promoters. Furthermore, 

it is important for the transition of Treg cell precursors to mature Treg cells via the 

induction of Foxp3. 

 

1.10 Aims of the thesis 

The transcription factor NF- B is essential in cell survival and development. Furthermore, 

NF- B induces host defence during pathogenic invasion by activating the transcription of a 

broad range of proteins. 
93,95ï97

 Diverse cancers, inflammatory and autoimmune diseases 

are initiated by a dysfunction of lymphocytes induced by a hampered NF- B 

signalling 
95,135

. For this reason NF- B became an important target for pharmaceutical 

treatment 
95

. Most promising are the members of the IB protein family, due to their ability 

to modulate the function of a specific NF- B subunit or specific NF- B 

pathways 
100,102,126,136

. The aim of this thesis was to obtain a better understanding of the 

role of I BNS in the regulation of NF- B activity in health and disease. 

Since I B proteins regulate the development and functionality of B and T cells, as well as 

the expression of cytokines, in this thesis it was analysed if IBNS has an effect on the 

composition of the B cell subsets in vivo. Furthermore, it was investigated if I BNS is 

involved in the TCR-triggered cell activation or the expression of NF- B subunits. It is 

known that the nuclear IB  is important in TH17 cell development and the expression of 

IL17A, therefore the involvement of I BNS in TH17 cell differentiation was analysed 

in vitro. Furthermore, the effect of the IBNS deficiency on the cytokine expression of 

TH17 cells was examined. The function of I BNS within the progression of disease as well 

as TH17 cell formation was analysed/ examined by induction of EAE, DSS and transfer 

colitis in mice defective for IBNS or by infecting these mice with Citrobacter rodentium. 
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2 Material and methods 

2.1 Molecular biological methods 

2.1.1 Eukaryotic RNA or DNA extraction 

Eukaryotic primary cells were isolated and purified. RNA was isolated via the Qiagen 

RNeasyÈ Mini Kit and QIA shredderÊ according to the supplierËs manual. Afterward the 

RNA concentration was determined by absorption measurement at 260 nm with the 

spectrophotometer Nanodrop 1000 (peqlab). 

Tail biopsies from mice were used for the isolation of PCR-ready DNA. The mouse tissue 

was lysed using the KAPA mouse genotyping hot start kit from peqlab as described in 

instruction manual. 1µl of the DNA-containing supernatant was used directly in 

polymerase chain reaction to determine the genotype of the particular mice. 

2.1.2 cDNA synthesis by reverse transcription 

For PCR analysis 100ng of the previously purified RNA (2.1.1) was transcribed into 

complementary DNA (cDNA) according to the protocol of the RevertAid
TM

 Premium First 

Strand cDNA Synthesis Kit (Thermo Scientific). For RNA transcription oligo-dT primers 

were used. The cDNA-synthesis mix was incubated in the peqSTAR 96 Universal 

thermocycler (peqlab).  

2.1.3 Polymerase chain reaction 

After the reverse transcription step of mRNA into cDNA (2.1.2) or the isolation of DNA 

(2.1.1), the cDNA was amplified using the ready-to-use 2x KAPA2G Fast ReadyMix 

(peqlab). Like a normal wild-type Taq polymerase the KAPA2G Fast DNA polymerase 

has no proofreading activity and the specificity with 1 error per 1.7 x 10
5
 incorporated 

nucleotides is similar too. For one polymerase chain reaction (PCR) the components shown 

in Table 1 were mixed in the indicated order. 

The PCR was performed in the peqSTAR 96 Universal thermocycler (peqlab) and various 

salt free primer (Eurofins MWG Operon, Table 2) were used to identify the expression of 

different genes. The chosen annealing temperature was 3 °C below the melting temperature 

(TM) of the particular primer pair. Below in Table 3 a usual PCR program is shown. 
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Table 1: Components for polymerase chain reaction. 

Component Amount Final concentration 

cDNA template 1-2 µl 50-100 ng 

2x Kapa2G Fast ReadyMix 12.5 µl 1x 

Forward primer 100 µM  1 µl 0.4 µM 

Reverse primer 100 µM 1 µl 0.4 µM 

Dest. water Add to 25 µl  

 

 

Table 2: Oligonucleotides used in PCR. 

Primer name Sequence (5Ą́3´) TM  Application  

-actin fwd TGT TAC CAA CTG GGA CGA CA 60.4 RT PCR 

-actin rev TCT CAG CTG TGG TGG TGA AG 62.4 RT PCR 

I BNS fwd GCT GTA TCC TGA GCC TTC CCT GTC 66.1 RT PCR 

I BNS rev GCT CAG CAG GTC TTC CAC AAT CAG 64.4 RT PCR 

I BNS fwd CTC CTC CCA GGC TGT GTT TA 59.4 genotyping 

I BNS rev CAT TTA GTG CCC CTG GAC AT 57.3 genotyping 

I BNS Neo AAG CGC ATG CTC CAG ACT GCC TT 64.2 genotyping 

IFN  fwd TT GAG GTC AAC AAC CCA CA 58.3 RT PCR 

IFN  rev CGC AAT CAC CGT CTT GGC TA 60.4 RT PCR 

GATA3 fwd  CTT ATC AAG CCC AAG CGA AG 60.4 RT PCR 

GATA3 rev AGA GAT GTG GCT CAG GGA TG 62.4 RT PCR 

Tbet fwd GGT GTC TGG GAA GCT GAG AG 64.5 RT PCR 

Tbet rev TCT GGG TCA CAT TGT TGG AA 58.3 RT PCR 

ROR fwd TTT TGA GGA AAC CAG GCA TC 58.3 RT PCR 

ROR rev TTG GCA AAC TCC ACC ACA TA 58.3 RT PCR 

IL17 fwd  GCC CTC CAC AAT GAA AAG AA 58.3 RT PCR 

IL17 rev TTT CAC CCC ATT CAG AGG AG 60.4 RT PCR 
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Table 3: Program flow of PCR. 

Cycle step Temperature Time Number of cycles 

Inital denaturation  94 °C 5 min  

Denaturation 94 °C 30 sec 

25-32 Annealing   x °C 30 sec 

Elongation 72 °C 30 sec 

Terminal elongation 72 °C 10 min  

 

2.1.4 Agarose gel electrophoresis 

PCR products were separated by size by gel electrophoreses. Therefore a 1- 2 % agarose 

gel containing 0.5 µg/ml ethidium bromide in 1x TAE buffer (40 mM Tris Base, 20 mM 

acetic acid, 1 mM EDTA, pH 8.5) was prepared. For separation the gel electrophoresis 

system perfectBlue
TM

 (peqlab) and the power supply EPS 301 (Amersham Bioscience) was 

used at 12V for 45- 60 min. The gel was documented in a gel documentation system from 

Intas via ultraviolet light ( =254 nM). The GeneRuler
TM

 Low-Rage DNA ladder from 

Thermo Scientific was used to determine the DNA fragment size. 

2.1.5 Quantitative real-time detection PCR 

For quantitative real-time detection PCR (qPCR) 1x10
6
 in vitro differentiated T cells (see 

2.3.5 ) were harvested and washed. The RNA was isolated as described in 2.1.1 and used 

for cDNA syntheses (see 2.1.2 ). The cDNA was used as template in qPCR using the 

cyanine- dye SYBER Green (Roche). During the qPCR progression the SYBER Green 

intercalates into double-stranded DNA. The resulting DNA- fluorescent dye- complex is 

absorbing blue light (494 nm) and the emitted light was measured after each qPCR cycle. 

Ubiquitin C (UBC) was used as housekeeping gene for later normalisation. Measurements 

were run in duplicates using the LightCycler® 480 (Roche) system and the primers shown 

in Table 4. The qPCR was performed together with PhD student Carlos Plaza-Sirvent from 

the department Systems-oriented Immunology and Inflammation Research at the HZI 

(Braunschweig). 
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Table 4: Quantitative r eal-time detection PCR primer. 

Primer name Sequence (5Ą́3´) 

GM-CSF fwd and 

rev 

QuantiTect primer assay Mm_Csf2_1_SG, Cat.Nr. QT00251286, 

(NM_009969), Qiagen 

IFN  fwd ATC TGG AGG AAC TGG CAA AA 

IFN  rev TTC AAG ACT TCA AAG AGT CTG AGG TA 

IL10 fwd  TGC CAA GCC TTA TCG GAA ATG 

IL10 rev CCC AGG GAA TTC AAA TGC TCC 

IL17A fwd  CAG GGA GAG CTT CAT CTG TGT 

IL17A rev  GCT GAG CTT TGA GGG ATG AT 

IL17F fwd  CTG TTG ATG TTG GGA CTT GCC 

IL17F rev TCA CAG TGT TAT CCT CCA GG 

IL2 fwd  CCT GAG CAG GAT GGA GAA TTA CA 

IL2 rev  TCC AGA ACA TGC CGC AGA G 

IL6 fwd  GGT ACA TCC TCG ACG GCA TCT 

IL6 rev  GTG CCT CTT TGC TGC TTT CAC 

I BNS fwd GGG CTC TTTT CCC ATT CTC T 

I BNS rev GGA CAC AAT CCA GCC TGT CT 

MIP1  fwd ATG AAG GTC TCC ACC ACT G 

MIP1  rev GCA TTC AGT TCC AGG TCA 

ROR t fwd TGC AAG ACT CAT CGA CAA GG 

ROR t rev AGG GGA TTC AAC ATC AGT GC 

Tbet fwd CAA CCA GCA CCA GAC AGA GA 

Tbet rev ACA AAC ATC CTG TAA TGG CTT G 

UBC fwd AAG AGA ATC CAC AAG GAA TTG AAT G 

UBC rev CAA CAG GAC CTG CTG AAC ACT G 

 



Material and methods 

22 

2.1.6 Transformation  

For the transformation of plasmids into competent E. coli Top10 bacteria (Life 

technologies) the bacteria were thawed on ice. 100 to 200 ng plasmid DNA was added to 

the E. coli. The bacteria were incubated with the plasmid DNA at 42 °C for 30 sec 

followed by incubation on ice for 20 min. For heat shock the bacteria were incubated in a 

water bath at 42 °C for 30 sec followed by relaxing an ice for 2 min. After the addition of 

500µl LB-medium (1% w/v tryptone, 0.5% w/v yeast extract, 85.6 mM NaCl, 1 mM 

NaOH) the bacteria were incubated at 37 °C, 800rpm in the Thermomixer comfort 

(Eppendorf) for 45 min. The bacteria were plated to LB-agar plates containing the suitable 

antibiotics (100 µg/ml ampicillin or 50 µg/ml kanamycin). The plates were incubated at 

37 °C over night. The next day, colonies were picked into 5 ml LB medium and incubated 

at 37 °C, 280 rpm over night. 500 µl of the previous culture was inoculated into 200 µl LB-

medium containing flasks and incubated at 37 °C, 180 rpm over night. The plasmid DNA 

was isolated using the QIAfilterÊ Plasmid Maxi kit (Qiagen) following the suppliers 

manual. After isolation the DNA concentration was determined by absorption 

measurement at 260 and 280 nm using the Nanodrop 1000 spectrophotometer from peqlab. 

2.1.7 Cell transfection and lentiviral transduction  

A20 cells were stably transduced by lentiviral infection of shRNA (Table 5) which targets 

I BNS. The I BNS shRNA was generated and purchased by Addgene using the pLKO.1 

(puro) cloning vector. The shRNA was cloned into the lentiviral vector pLKO.1 which 

were transfected together with the lentiviral envelop vector pMD2.G (Addgene) and the 

lentiviral gag-pol expression plasmide pCMV-dR8.2dvpr (Addgene) into HEK293T cells 

using JetPEI (polyplus transfection) according to the manufacturer´s manual. After 24 h 

the medium (DMEM containing 10% fetal calf serum and 50 µg/ml penicillin/ 

streptomycin) was exchanged. 48 h after transfection, the lentiviral particle were collected, 

filtered (0.45µm PVDF-Filter, Merck Millipore) and frozen. A20 cells were infected by 

adding 1ml lentiviral particle plus 8 µg/ml polybrene (Sigma Aldrich) to 2*10
6
 cells 

followed by centrifugation at 2,000 rpm at 25 °C for 2 h. After the incubation over night at 

37 °C, stably transfected cells were selected by adding RPMI1640 (10% fetal calf serum, 

50 µg/ml penicillin/ streptomycin, 0.05 mM -mercaptoethanol) containing 5 µg/ml 

puromycin (Sigma Aldrich) for 2 weeks. The specific knockdown of IBNS was verified by 

Western blotting. 














































































































































































