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Regulation of Immune Activation and Suppression: The Dual Role of NFκB Signalling
The immune system is constantly in contact with foreign microorganisms.
These are incorporated via food and respiration or live in the gut, the oral
cavity or on the skin. A commonly known example is the E. coli colonisation
of the gut. In fact, the intestinal microbiota is instrumental for proper digestion of our food. The immune system’s challenge is to tolerate these helpful
microorganisms, but to fight harmful pathogens. To achieve this goal, the
immune system is permanently exposed to inhibitory signals, thereby creating a threshold for its activation. Upon infection the number of pathogens
massively increases. As a consequence, the immune system produces a
multitude of signals forcing an immune response. The suppressive threshold
is overridden. Thus, immune homeostasis is regulated via a balance of so
called pro- and anti-inflammatory signals regulating activation and repression, respectively. Remarkably, both signals are regulated via the same
signalling network, known as Nuclear Factor κ B (NFκB). Understanding the
pivotal role of NFκB for the regulation of pro- and anti-inflammatory signals
could help to develop therapies for the manipulation of immune homeostasis
to treat diseases caused by a misbalance of suppressive to inductive signals.
Altering the balance of immune activation and suppression can cause
chronic inflammatory diseases, autoimmunity or cancer
A well-balanced ratio of pro- to anti-inflammatory signals is essential for immune homeostasis. Over-suppression or over-activation can cause various
terrible diseases. Pro-inflammatory signals are generated by a multitude of
different effector cells, belonging to the innate and adaptive immune system.
These comprise macrophages, dendritic cells and the T helper cell subsets TH1,
TH2 and TH17. Impaired development or compromised function of these effector
cells causes impaired clearance of infections with viruses, bacteria or parasites.
The key cell type for the maintenance of immune suppression represents the
regulatory T (Treg) cells (Sakaguchi et al., 2006). Loss of Treg cells causes the
immunodysregulation polyendocrinopathy enteropathy X-linked syndrome, or
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IPEX for short, a mortal systemic autoimmune disease (Bennett et al., 2001;
Bennett and Ochs, 2001). These children suffer from chronic inflammation of
the gut, skin and develop certain signs of arthritis and diabetes. In IPEX patients
the loss of Treg-mediated anti-inflammatory signals leads to the overwhelming
activation of the immune system. The loss of suppressive signals is either the
result of loss of Treg cells, or their impaired function. On the other hand, Treg
cells accumulate in a variety of cancers in the vicinity of the tumour mass. This
leads to a local increase of immune suppression. Thus, the tumour escapes
immune recognition and clearance. So far, it is controversially discussed
whether Treg cells are de novo induced at the tumour site or attracted to it. One
approach to clinically exploit the suppressive capacity of Treg cells is to use
them for increasing the acceptance of allo-transplants. Thus, pharmacologically
targeting of immune-suppressive Treg bears curative potential.
Suppression and activation are regulated via NFκB signalling
Remarkably, both pro- and anti-inflammatory signals are regulated via NFκB
signalling. Loss or impairment of NFκB activation dramatically decreases the
production of several of the pro-inflammatory cytokines. For example, IL6 and
IP10 are expressed upon IL1 or lipopolysaccharide treatment by innate immune
cells like dendritic cells and macrophages. In cells of the adaptive immune
system, expression of IL2, which drives the clonal expansion of activated T cells,
is dramatically impaired when NFκB signalling is compromised.
On the other hand, NFκB signalling is necessary for the development of Treg
cells via direct control of the transcription factor Forkhead box protein P3
(Foxp3) (Barnes et al., 2009; Ruan et al., 2009; Schuster et al., 2012). Its control
over Foxp3 expression is mediated via three conserved non-coding sequences
(CNS1-3) (Zheng et al., 2010). So far, NFκB binding was reported to CNS2
and CNS3 and, in addition, to the Foxp3 core promoter. Loss of NFκB-binding
causes reduced transcriptional activity of these sites as analysed by luciferasebased reporter gene assays. Mice that are compromised in NFκB signalling, like
CARMA1-, c-Rel- and, as we recently reported, IκBNS -deficient mice consequently display a dramatic reduction of Treg cells.
Classical inhibitor proteins regulate NFκB activation
NFκB signalling is one of the most versatile of the known signalling networks
as it is induced by a multitude of different stimuli and regulates an impressive
variety of target genes (Hayden and Ghosh, 2012). The basic events of activation
in the signalling cascade are well understood. NFκB is kept inactive by the
inhibitors of NFκB signalling, the IκB proteins. The prototypical member of
this protein class, IκBα, masks the nuclear localisation signal (NLS) of NFκB,
thereby preventing its nuclear import and binding to the DNA. The common
signalling event of all NFκB inducing stimuli is the activation of the IκB kinase
complex (IKK-complex). This protein complex contains three subunits IKKα,
IKKβ and IKKγ/NEMO. In classical signalling, the β-subunit of the IKK complex,
once activated, phosphorylates IκBα. Phosphorylation of IκBα by the IKK com-
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plex leads to ubiquitination and degradation of IκBα and the
release of the NFκB transcription factor. Thus, the nuclear
localisation signal of NFκB is accessible; the transcription
factor translocates into the nucleus and binds to its respective target genes (Fig. 1).
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Fig. 1. NFκB signalling cascade.
NFκB transcription factors are kept inactive in the cytoplasm via binding of IκBα.
Upon activation of the IKK complex IκBα is
phosphorylated (left). The phosphorylation
causes its polyubiquitination, leading to its
recruitment to the proteasome. After IκBα
was degraded the free transcription factor
can translocate into the nucleus and affect
transcription (right). Figure: HZI

Fig. 2. NFκB transcription factor subunits:
REL proteins.
The common structural motif of all REL proteins is the REL-homology domain (green).
This domain contains the region for dimerisation and nuclear localisation. p65, c-Rel
and RelB contain transactivation domains
(TAD) to enhance gene transcription. p52
and p50 originate from the precursor
proteins p100 and p105 respectively. Both
do not contain a TAD and, thus, can act as
transcriptional repressors. Figure: HZI

NFκB type transcription factors are dimers consisting of
members of the REL protein family p65, RelB, c-Rel, p52 or
Nucleus
p50 (Fig. 2). Basically, all dimer combinations are possible,
although certain combinations are preferentially generated.
p65
p65, c-Rel and RelB contain transactivation domains and
thus, NFκB transcription factors containing at least one of
these subunits induce gene transcription. On the other hand,
p50 and p52 lack such domains, whereby homo- or heterodimers of these
proteins act as transcriptional repressors.
Atypical NFκB inhibitors modulate transcription in the nucleus
Next to classical IκB proteins, a subgroup of atypical IκB proteins exists. So far,
four members of this protein class were identified: BCL3, IκBς, IκBNS and IκBη
(Fig. 3) (Bours et al., 1993; Fiorini et al., 2002; Yamauchi et al., 2010; Yamazaki et
al., 2001). These proteins display remarkable functional differences to classical
IκB proteins. For instance, they function after NFκB was initiated and modulate
NFκB activity by binding to the transcription factor, which is already associated
to the DNA, i.e. in the cell nucleus. The most remarkable difference to classical
NFκB proteins is their capacity to enhance as well as repress gene transcription in a cell type and gene specific manner. For example, IκBNS represses IL6,
but activates IL2 (Kuwata et al., 2006; Touma et al., 2007). Thus, they are more
transcriptional modulators than pure inhibitors like their classical relatives.
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How these proteins can mediate these entirely opposing effects is not completely
understood and requires further investigation. It also needs to be determined
if any functional interactions between these proteins exist. So far, only single
knock out studies were performed. Thus, it is not known, whether these proteins
act cooperatively, sequentially or completely independently. It is part of the
future work at the HZI to determine functional redundancies and interactions.
IκBNS is necessary for the production of pro-inflammatory signals
Initially, our research within the HZI focused on the role of the atypical NFκB
inhibitor IκBNS. It was first identified as a protein highly expressed in autoreactive T cells in the thymus undergoing negative selection (Fiorini et al., 2002). In
this process, autoreactive T cells are deleted via apoptosis.
It was previously reported that the protein drives the expression of a variety of
pro-inflammatory cytokines in adaptive immune cells. For example, full IL2 and
IFNγ expression requires IκBNS in T cells. In B cells, loss of IκBNS causes impaired cell maturation in the marginal centres and reduced antibody production
in plasma cells (Touma et al., 2011). Regarding innate immune cells it was
reported that macrophages and dendritic cells produce more pro-inflammatory
IL6 and IL12p40 when deficient for IκBNS (Hirotani et al., 2005; Kuwata et al.,
2006). We found that IκBNS is also strongly expressed in inflammatory T cells.
These cells might be critical for the development of experimental autoimmune
encephalomyelitis (EAE), a model system of multiple sclerosis disease. In a current project, we are addressing the role of IκBNS in TH17 cells and are going to
determine its curative potential.
IκBNS is also necessary for the development of anti-inflammatory Treg cells
We recently published in the high impact journal “Immunity” that IκBNS is also
necessary for the induction of Foxp3 and thereby for the development of Treg
cells (Schuster et al., 2012). This result was highly surprising as reports for
Foxp3-negative conventional T cells demonstrated that the protein is necessary
for the production of IL2, which mediates T cell survival and clonal expansion
during an immune response. Thus, on the one hand the protein is necessary for

Fig. 3. Novel regulators of NFκB signalling:
Atypical IκB proteins.
Atypical IκB proteins share the common
structural motif, the ankyrin domain, with
classical IκBs. BCL3 as well as IκBς
contains transactivation domains, which
can induce gene transcription. Figure: HZI
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animmune response via IL2 production, but on the other hand also for immune
suppression via Foxp3 induction.
Loss of IκBNS results in a dramatically impaired development of regulatory T
cells. In thymus, spleen, peripheral and mesenteric lymph nodes we could
detect barely half of the normal amount of Treg cells seen in wildtype mice.
Remarkably, IκBNS -deficiency does not affect the function of mature Treg cells.
Their immune-suppressive capacity remains unaltered. Thus, IκBNS function is
basically only important for cell development but not for their maintenance and
function.
NFκB is most commonly known for its anti-apoptotic and pro-proliferative role.
Thus, we analysed whether or not IκBNS -deficiency alters Treg proliferation
or apoptosis. However, no increase of apoptosis or reduction of proliferation
was detected, which could have explained the observed phenotype. We found
strong induction of the protein in developing thymic Treg cells, in the so-called
Treg precursor cells. In these cells the protein is necessary for the induction of
Foxp3 as the turnover into mature Treg cells is delayed in the absence of IκBNS.
Most interestingly, the protein is only transiently expressed during Treg development since it is repressed after Foxp3 induction. This suppression is mediated
directly via binding of Foxp3 to the IκBNS promoter.
The physiological relevance of IκBNS deficiency was demonstrated in a transfer
colitis experiment. We could demonstrate that without IκBNS less Treg cells
develop in a chronically infected gut. As a consequence, the disease course is
highly exacerbated as determined by weight loss, diarrhoea and histological
sections of the gut.
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The functional interaction of IκBNS with other NFκB components needs to
be determined
Remarkably, IκBNS -deficient mice display various similarities to other NFκBcompromised mice. First of all, loss of the NFκB subunit c-Rel causes a reduced
Treg compartment to a similar extent by about fifty percent. Second, IL2 production and B cell development is impaired in both IκBNS -deficient and c-Rel-deficient mice. We could also detect that both proteins interact with each other. In
another research project we are going to determine whether IκBNS and c-Rel act
cooperatively or independently of each other during Treg development. Preliminary data revealed that IκBNS and c-Rel double deficient mice barely develop any
Treg cells and show a reduction of Treg cells by 90 to 95 %. So, IκBNS and c-Rel
do act cooperatively during Treg development. The molecular explanation of this
effect will be determined in our future research at the HZI.
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