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 The IκB kinase/NF-κB signaling pathway has been implicated in the pathogenesis of several inflammatory 
diseases. Increased activation of NF-κB is often detected in both immune and non-immune cells in tissues affected 
by chronic inflammation, where it is believed to exert detrimental functions by inducing the expression of 
proinflammatory mediators that orchestrate and sustain the inflammatory response and cause tissue damage. Thus, 
increased NF-κB activation is considered an important pathogenic factor in many acute and chronic inflammatory 
disorders, raising hopes that NF-κB inhibitors could be effective for the treatment of inflammatory diseases. However, 
ample evidence has accumulated that NF-κB inhibition can also be harmful for the organism, and in some cases 
trigger the development of inflammation and disease. These findings suggested that NF-κB signaling has important 
functions for the maintenance of physiological immune homeostasis and for the prevention of inflammatory diseases 
in many tissues. This beneficial function of NF-κB has been predominantly observed in epithelial cells, indicating that 
NF-κB signaling has a particularly important role for the maintenance of immune homeostasis in epithelial tissues. 
It seems therefore that NF-κB displays two faces in chronic inflammation: on the one hand increased and sustained 
NF-κB activation induces inflammation and tissue damage, but on the other hand inhibition of NF-κB signaling can 
also disturb immune homeostasis, triggering inflammation and disease. Here, we discuss the mechanisms that control 
these apparently opposing functions of NF-κB signaling, focusing particularly on the role of NF-κB in the regulation 
of immune homeostasis and inflammation in the intestine and the skin.
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Introduction

The NF-κB family of transcription factors consists 
of five members in mammals, namely p65/RelA, c-Rel 
and RelB and the p50 and p52 proteins that are pro-
duced by regulated proteolytic processing of the p105 
and p100 precursors, respectively [1]. NF-κB proteins 
form homo- or heterodimers that can bind to consensus 
DNA sequences on the regulatory regions of target genes 
and regulate their transcription. In resting cells, NF-
κB dimers are kept inactive by association with inhibi-
tory proteins of the IκB family, which includes IκBα, 

IκBβ, IκBε, the p100 and p105 precursor proteins and 
the atypical members Bcl-3, IκBζ and IκBNS [1]. Upon 
stimulation, the IκB kinase (IKK) phosphorylates IκB 
proteins on specific serine residues, triggering their ubiq-
uitination and proteasomal degradation, which allows 
NF-κB dimers to accumulate in the nucleus and activate 
gene transcription. The IKK consists of two catalytic 
subunits, named IKK1/IKKα and IKK2/IKKβ, and the 
NEMO/IKKγ regulatory protein. The activation of NF-
κB is tightly controlled by negative feedback inhibition 
through the NF-κB-dependent expression of IκBα and 
also of the deubiquitinating enzymes A20 and Cyld that 
negatively regulate IKK activation [2]. Two distinct NF-
κB activation pathways have been identified. The canoni-
cal NF-κB pathway is induced mainly by proinflamma-
tory cytokine receptors and pattern recognition receptors 
(PRRs), and mediates the degradation of predominantly 
IκBα and the nuclear translocation of p50, p65 and c-Rel 
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containing dimers that activate the transcription of proin-
flammatory and prosurvival genes. Activation of canoni-
cal NF-κB signaling requires NEMO and is mediated 
mainly by IKK2, although in IKK2-deficient cells IKK1 
can partly compensate for the loss of IKK2 by inducing 
IκBα phosphorylation and degradation. The alternative 
NF-κB signaling pathway is activated mainly by recep-
tors regulating lymphoid organogenesis and lymphocyte 
development and requires the IKK1-dependent, but 
NEMO- and IKK2-independent, processing of p100 to 
p52 and the nuclear accumulation of p52/RelB dimers [3]. 

The canonical NF-κB signaling pathway induces 
the expression of a large number of genes that have 
important functions in the regulation of immune and 
inflammatory responses, including cytokines, chemo-
kines, adhesion molecules and other immunoregulatory 
proteins. In addition, canonical NF-κB controls the ex-
pression of proteins with antiapoptotic, proproliferative 
and antioxidant activities. The dual capacity of canoni-
cal NF-κB signaling to induce inflammatory responses 
and at the same time to protect cells from the potentially 
damaging effects of inflammation is best exemplified in 
TNFR1 signaling. Binding of TNF to TNFR1 induces 
the activation of NF-κB and MAPK proinflammatory 
signaling, and also caspase-8 activation and apoptosis. 
NF-κB activation protects cells from TNFR1-induced 
apoptosis by inducing the expression of proteins with 
antiapoptotic and antioxidant functions [4-9]. Thus, NF-
κB activation determines the response of cells to TNF 
stimulation, which induces proinflammatory signaling in 
NF-κB-competent cells, but kills NF-κB-deficient cells. 
Due to its dual role as a potent inducer of inflammation 
and also a critical regulator of cell survival, canonical 
NF-κB signaling has been implicated in the pathogenesis 
of a number of inflammatory diseases. In this review, we 
focus on the function of canonical NF-κB signaling in 
the pathogenesis of inflammatory diseases in epithelial 
tissues such as the skin and the intestine.

The epithelial layers covering the skin, the gastroin-
testinal tract, the lungs and the urogenital tract together 
have the daunting task to protect our body over a surface 
of several hundreds of square meters against threats 
that constantly arise from the outside world. Potentially 
dangerous insults challenging the epithelial lining of the 
body include UV light, mechanical and chemical stresses 
and most importantly trillions of microbes, most of 
which are harmless and rather beneficial natural inhabit-
ants of epithelial surfaces and the intestinal lumen, but 
can cause disease under permissive conditions. Multiple 
mechanisms are in place to regulate immune homeostasis 
in epithelial tissues by integrating microbial and other 
stress inputs into immune regulatory circuits that ensure 

the maintenance of a healthy immune balance, facilitat-
ing effective host defense and at the same time prevent-
ing excessive and potentially dangerous inflammatory 
responses. While these regulatory mechanisms prevent 
disease pathogenesis in most healthy individuals, a large 
number of patients suffer from chronic inflammation in 
epithelial tissues, including inflammatory bowel diseases 
(IBD) and inflammatory skin diseases such as psoriasis. 
These diseases are believed to arise from the deregula-
tion of immune homeostasis in the respective tissue, 
often associated to an abnormal response to microbial 
components. 

Owing to its well-established proinflammatory func-
tions, NF-κB is regarded primarily as a potentially patho-
genic factor that is harmful to the host when excessively 
or improperly activated. However, a number of in vivo 
studies in genetic mouse models over the past years have 
revealed that NF-κB inhibition can also trigger chronic 
inflammatory conditions. This function of NF-κB ap-
pears to be particularly important at epithelial surfaces, 
where NF-κB activity in epithelial cells is required for 
the maintenance of immune homeostasis [10]. Therefore, 
proper regulation of NF-κB activation at epithelial inter-
faces is crucial for the maintenance of physiological tis-
sue homeostasis and for efficient host defense against en-
vironmental insults. In this review, we discuss the current 
knowledge on how NF-κB regulates immune homeosta-
sis at epithelial interfaces and how deregulated NF-κB 
activation triggers inflammation in the respective tissues, 
with particular focus on the intestine and the skin.

Role of NF-κB at the intestinal epithelial interface

Maintaining homeostasis within the intestinal mucosal 
immune system is particularly challenging, considering 
that trillions of bacteria live in the intestinal lumen. Most 
of these commensal bacteria are found in the large intes-
tine or colon, and are beneficial for the host by helping in 
food digestion; however, they can cause damage if they 
cross the epithelial barrier and enter the mucosa. Indeed, 
inappropriate immune responses to commensal bacteria 
are thought to contribute to the development of IBD [11-
13]. Therefore, both the intestinal epithelium and the 
underlying mucosal immune cells need to remain quies-
cent to the luminal flora while being able to effectively 
mount protective immune responses upon translocation 
of these bacteria into the mucosa, or upon colonization 
of the intestine by pathogenic bacteria. In addition to 
constituting a mere physical barrier separating the gut 
luminal contents from the mucosal immune system, the 
single-cell-layered intestinal epithelium is increasingly 
acknowledged for actively regulating gut immune re-
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sponses. Intestinal epithelial cells (IECs) express several 
PRRs, including TLRs, both at their basolateral and their 
apical cell membrane [14]. On encountering their micro-
bial ligands, these receptors initiate signaling cascades, 
leading to the activation of NF-κB and other proinflam-
matory pathways. Therefore, commensal bacteria are be-
lieved to regulate the level of NF-κB activity at the intes-
tinal epithelial interface and thereby affect the mucosal 
immune balance [14, 15]. Moreover, multiple cytokines 
also influence epithelial NF-κB activity, especially dur-
ing ongoing inflammatory responses. Therefore, proper 
regulation of NF-κB activity at the intestinal epithelial 
interface is important in steady-state conditions as well 
as during activation of mucosal immune responses.

Detrimental role for NF-κB activation in the intes-
tine

Multiple lines of evidence suggest that NF-κB activa-
tion actively contributes to the development and main-
tenance of intestinal inflammation. NF-κB was found to 
be activated in mucosal cells of IBD patients [16], while 
pharmacological inhibition of NF-κB activity amelio-
rated intestinal inflammation in mouse models of colitis. 
For instance, administration of antisense oligonucleotides 
to p65 or a peptide that binds to NEMO and inhibits 
IKK activation reduced the severity of colon inflamma-
tion in both chemical-induced models and in the Il-10–/– 
mouse model of colitis [17-19]. These studies suggested 
that excessive NF-κB activation contributes to intestinal 
inflammation and that NF-κB inhibition could have 
therapeutic effects in IBD. However, pharmacological 
inhibition could not address whether the pathogenic ef-
fect of NF-κB was due to NF-κB activation in epithelial 
or in mucosal immune cells. In the Il-10–/– model of coli-
tis, NF-κB activation is thought to contribute to intestinal 
inflammation by acting in mucosal immune cells rather 
than in epithelial cells. Using an elegant NF-κB-driven 
EGFP reporter gene transgenic mouse model, Karrasch et 
al. [20] showed that upregulation of NF-κB activity dur-
ing colitis onset in Il-10–/– mice follows distinct kinetics 
in IECs versus mucosal immune cells. Colonization of 
germ-free Il-10–/–mice, which do not develop colitis [21], 
with colitogenic bacteria induced colitis associated with 
rapid and transient activation of NF-κB in IECs, while 
lamina propria immune cells displayed delayed but more 
persistent NF-κB activation [20]. NF-κB inhibition by 
conditional ablation of IKK2 in IECs did not alter colitis 
incidence or severity, while IKK2 ablation in myeloid 
cells diminished colitis occurrence in Il-10–/– mice [22], 
demonstrating that NF-κB activation in myeloid cells has 
an important role for the induction of colon inflammation 

in this model. Taking into account the facts that germ-
free conditions as well as MyD88 deficiency prevent 
colitis development in Il-10–/– mice [21, 23], these stud-
ies collectively suggest that bacteria-induced MyD88-
mediated NF-κB activation in myeloid cells drives colitis 
development in Il-10–/– mice.

A number of genetic mouse models support the notion 
that increased NF-κB activation contributes to intestinal 
inflammation. Mice lacking CYLD show increased sen-
sitivity to dextran sodium sulfate (DSS)-induced colitis, 
presumably due to an exacerbated response of CYLD-
deficient immune cells to the destruction of the epithe-
lial barrier by the DSS treatment [24]. Similarly, mice 
lacking single immunoglobulin IL-1R-related (SIGIRR) 
develop more severe colon inflammation after DSS treat-
ment [25-27]. Although both CYLD and SIGIRR are 
negative regulators of NF-κB activity, CYLD deubiquit-
inates essential NF-κB signaling proteins such as NEMO 
and thereby limits NF-κB activation upon various stimuli 
[28], whereas SIGIRR selectively inhibits NF-κB activa-
tion induced by members of the TLR/IL-1R family [29]. 
This suggests that TLR/IL-1R-induced hyperactivation 
of NF-κB could be sufficient for promoting intestinal 
inflammation and thus points to an important role for 
bacteria in this process. Moreover, complementation of 
Sigirr–/– mice with a transgene expressing SIGIRR spe-
cifically in IECs rescued their DSS-sensitive phenotype, 
showing that an epithelial-specific function of SIGIRR 
protects mice from DSS-induced colitis [27]. In line with 
this observation, IEC-specific deletion of the essential 
NF-κB negative feedback regulator A20 was recently 
shown to sensitize mice to DSS-induced intestinal in-
flammation [30]. Although abolishing the antiapoptotic 
effects of A20 may have contributed to the colitis-prone 
phenotype of these mice, the studies on A20 and SIGIRR 
deficiency together suggest that impaired negative regu-
lation of NF-κB activity in IECs leads to exacerbated 
epithelial cell responses and more severe inflammation in 
the DSS model of colitis. Thus, studies in several mouse 
models of colitis have shown that excessive NF-κB acti-
vation, regardless of whether it originates from mucosal 
immune cells or from IECs, can promote severe intesti-
nal inflammation.

Beneficial role for NF-κB activation in the intestine

While the results discussed above revealed the delete-
rious effect of increased NF-κB activation in intestinal 
inflammation, a number of studies showed that inhibition 
of NF-κB activation specifically in the intestinal epithe-
lium causes severe intestinal inflammation. Mice lacking 
NEMO specifically in IECs developed severe chronic 
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colitis characterized by epithelial ulceration, elevated ex-
pression of proinflammatory mediators and infiltration of 
immune cells [31]. While IEC-specific ablation of IKK1 
or IKK2 alone did not cause spontaneous intestinal pa-
thology, mice lacking both IKKs in the intestinal epithe-
lium developed severe colitis similar to the NEMOIEC-KO 
mice [31]. Therefore, complete abrogation of canonical 
NF-κB activity in the intestinal epithelium, achieved by 
ablation of NEMO or by combined deficiency of both 
IKK1 and IKK2, caused severe colon inflammation, 
demonstrating that IKK/NF-κB signaling performs es-
sential homeostasis-preserving functions in the colonic 
epithelium [31]. This notion is supported by subsequent 
studies in mice lacking TAK1 in IECs, which showed 
that TAK1IEC-KO mice also spontaneously developed intes-
tinal inflammation [32]. However, whereas NEMOIEC-KO 
mice develop inflammation only in the colon and most of 
them survive for several months, TAK1IEC-KO mice also 
suffer from small intestinal inflammation and die shortly 
after birth. Since TAK1 acts upstream of the IKK com-
plex, the additional lack of IKK-independent functions 
of TAK1, such as its involvement in MAPK activation, 
could explain the more severe phenotype of TAK1IEC-KO 
mice. Both NEMOIEC-KO and TAK1IEC-KO mice displayed 
increased levels of IEC apoptosis, suggesting that abla-
tion of NEMO or TAK1 sensitized IECs to apoptosis 
[31, 32], a notion consistent with the well-appreciated 
prosurvival function of NF-κB. Crossing into a TNFR1-
deficient genetic background inhibited colitis develop-
ment in the NEMOIEC-KO mice, while it only delayed the 
appearance of intestinal inflammation in TAK1IEC-KO 

mice, suggesting that TNFR1 signaling plays an impor-
tant, but not always indispensable, role in the pathogen-
esis of intestinal inflammation in these models [31, 32]. 
The mechanisms by which TNF induces disease in the 
NEMOIEC-KO and TAK1IEC-KO mice are unclear at present. 
Since NF-κB protects cells from TNF-induced apop-
tosis, it is possible that TNF induces the death of NF-
κB-deficient IECs, compromising the epithelial barrier 
and in this way triggering colitis. However, TNF is also 
likely to play a crucial role in coordinating the intestinal 
inflammatory response by acting in non-epithelial cells 
such as myeloid or endothelial cells. Moreover, NF-κB is 
known to protect cells from a wide variety of cell death 
triggers; therefore, the mechanisms by which TNF con-
tributes to intestinal inflammation in these models await 
further clarification. For instance, TNF-independent epi-
thelial cell death resulting from accumulation of reactive 
oxygen species was recently suggested to contribute to 
the development of intestinal inflammation in TAK1IEC-KO 
mice [33]. 

The crucial role of NEMO-dependent NF-κB signal-

ing in the maintenance of intestinal homeostasis is also 
supported by studies in patients carrying hypomorphic 
NEMO mutations. These patients usually suffer from se-
vere immunodeficiency and developmental skin defects, 
but some of these patients also develop colitis [34-37]. 
Interestingly, hematopoietic stem cell transplantation 
(HSCT) is effective in treating the immunodeficiency, but 
does not improve the colitis phenotype. On the contrary, 
HSCT often worsens pre-existing colitis or even triggers 
colon inflammation in patients who did not suffer from it 
before transplantation [36, 37], suggesting that impaired 
NF-κB signaling in non-hematopoietic cells is respon-
sible for colitis development. In light of the findings in 
NEMOIEC-KO mice, it is reasonable to assume that NF-κB 
deficiency in the intestinal epithelium is responsible for 
the pathogenesis of colitis in patients with NEMO muta-
tions. Therefore, NEMO-dependent IKK signaling in 
epithelial cells controls intestinal immune homeostasis in 
both mice and humans.

In contrast to NEMO IEC-KO and TAK1IEC-KO mice, 
RelAIEC-KO as well as IKK2IEC-KO and IKK1IEC-KO mice did 
not develop spontaneous intestinal inflammation [31, 38, 
39]. Since lack of only one of the IKKs or the NF-κB 
subunits does not completely abrogate NF-κB activation 
due to compensatory effects of the remaining subunits, it 
appears that low thresholds of NF-κB activation in IECs 
are sufficient to maintain intestinal immune homeostasis 
under basal conditions. However, both IKK2IEC-KO and 
RelAIEC-KO mice are hypersensitive to colitis induced by 
DSS [22, 38, 39], suggesting that the intestinal epithe-
lium needs to be capable of raising NF-κB activity in 
order to cope with tissue damage. Interestingly, Zaph et 
al. [40] found that IKK2IEC-KO mice showed deregulated 
immune responses to infection with the intestinal para-
site Trichuris muris, and suggested that epithelial NF-κB 
orchestrates mucosal immune responses by regulating 
the production of essential immunomodulatory cytok-
ines such as TSLP by IECs. This suggests that epithelial 
NF-κB activation, in addition to its cell-intrinsic effects, 
also has crucial paracrine effects on cells of the mucosal 
immune system. Taken together, genetic mouse mod-
els completely or partially impairing NF-κB activation, 
specifically in IECs, have clearly demonstrated that epi-
thelial NF-κB activation has an essential function for the 
maintenance of physiological immune homeostasis and 
the elicitation of protective host defence responses in the 
intestinal mucosa. In fact, at least the latter part of this 
paradigm also holds true in the stomach, since mice lack-
ing IKK2 in gastric epithelial cells were recently shown 
to suffer from more severe Helicobacter-induced gastric 
inflammation than wild-type mice [41].
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Mechanisms underlying the dual role of intestinal 
NF-κB activation

The studies described above highlighted the dual 
role of NF-κB in the maintenance of intestinal immune 
homeostasis and the pathogenesis of intestinal inflam-
mation. Similarly, studies in mice revealed that signaling 
through MyD88 has a comparable dual role in the intes-
tine. MyD88 deficiency was shown to prevent colitis in 
Il-10–/– as well as NEMOIEC-KO mice [23, 31], demonstrat-
ing that MyD88 signaling exerts detrimental colitogenic 
effects in these models. In contrast, Myd88–/– mice are 
hypersensitive to DSS-induced colitis [42, 43], indicating 
that MyD88 also serves an essential protective role in the 
intestine. Being an essential adaptor protein for TLR-in-
duced NF-κB activation, it seems likely that the opposing 
effects of bacteria-induced MyD88 signaling reflect the 
colitogenic and protective functions of NF-κB activity in 
the intestine. This hypothesis also raises the possibility 
that the opposite functions of NF-κB activation in the gut 
might be mediated by differential signaling induced by 
bacteria in distinct cell types of the intestinal epithelial 
interface.

A recent study attempted to distinguish the intesti-
nal cell types responsible for the beneficial and detri-
mental effects of MyD88 signaling using Helicobacter 
hepaticus-induced colitis as a model [44]. Bone marrow 
transfer experiments showed that MyD88 signaling in 
hematopoietic cells mediated intestinal inflammation 
induced by H. hepaticus. Since both donor and accep-
tor mice in these experiments were RAG2-deficient, 
these results indicate that the proinflammatory effects 
of MyD88 in this colitis model reside in innate immune 
cells [44]. This is in accordance with the fact that colitis 
development in Il-10–/– mice relies on MyD88 signaling 
and NF-κB activation in myeloid cells [22, 23]. These 
studies together suggest that the detrimental effects of 
NF-κB activation in the gut are, at least in part, medi-
ated by MyD88-induced signaling in myeloid cells. In 
contrast, because irradiated Rag2–/–/Myd88+/+ mice re-
constituted with Rag2–/–/Myd88–/– bone marrow cells did 
not display the spontaneous lethality observed in Rag2–/–/
Myd88–/– mice [44], the authors concluded that MyD88 
signaling in epithelial cells is critical for host survival 
in the absence of adaptive immunity. Although recipro-
cal bone marrow transfer experiments could not be per-
formed in this study, and although necessary experiments 
with IEC-specific MyD88 deficiency are missing, several 
indications support the hypothesis that MyD88 signal-
ing in IECs indeed serves beneficial purposes in the gut 
immune system. For instance, increased susceptibility of 
mice lacking MyD88 or TLR4 to DSS-induced colitis is 

associated with increased levels of IEC apoptosis [45], 
suggesting the presence of cell-intrinsic cytoprotective 
effects of TLR-induced MyD88 signaling in IECs. In this 
respect, TLR4-induced expression of COX2 was pro-
posed to play an important role in protecting IECs from 
cell death during DSS colitis [45]. In addition, since both 
Myd88–/– and Tlr4–/– mice show increased bacterial trans-
location after DSS administration [45], MyD88-mediated 
expression of antimicrobial peptide genes could be a 
second possible IEC-intrinsic beneficial effect of MyD88 
signaling in the gut. Indeed, IEC-derived antimicrobial 
factors often are induced by MyD88 signaling and are 
important for protecting the host against bacteria threat-
ening to invade the mucosa [46, 47]. Furthermore, TLR2 
was shown to regulate the expression of tight junction 
and cell adherens proteins in IECs [48], suggesting that 
MyD88 signaling could prevent excessive intestinal 
inflammation by regulating the formation of a tight epi-
thelial barrier. In addition, apical TLR9 stimulation was 
proposed to prevent excessive NF-κB activation in epi-
thelial cells, and TLR9-deficient mice showed increased 
sensitivity to DSS-induced colitis, further supporting the 
existence of beneficial TLR functions in the intestinal 
epithelium [49]. Finally, although Myd88–/– mice showed 
impaired regenerative IEC proliferation after DSS-
induced epithelial injury [42, 45], it is not clear whether 
this effect is due to defective MyD88 signaling in epi-
thelial cells themselves or in other mucosal cells. Indeed, 
the proliferative IEC response after DSS injury is thought 
to rely on MyD88-dependent positioning of activated 
macrophages and COX2-producing stromal cells near 
the crypt base [50, 51]. However, IEC-intrinsic MyD88 
signaling could still play a role in these events, because 
bone marrow transfer experiments have suggested that 
recruitment and activation of macrophages depends on 
TLR4 signaling in IECs [52]. Taking the above obser-
vations together and bearing in mind the colitis-prone 
phenotypes of mice with IEC-specific defects in NF-κB 
activation, it is reasonable to hypothesize that MyD88-
dependent NF-κB activation in IECs has beneficial ef-
fects in the maintenance of intestinal immune homeosta-
sis. In fact, a recent study describing spontaneous small 
intestinal inflammation in mice expressing a dominant-
negative mutant MyD88 protein selectively in IECs fur-
ther supports this hypothesis [53].

Conversely, the above observations in Myd88–/– mice 
suggest that the beneficial effects of NF-κB activation 
in IECs are largely induced by bacterial triggering of 
TLRs. However, potentially differential signaling in-
duced by different TLRs complicates this hypothesis. For 
instance, Tlr5–/– mice spontaneously develop colitis that 
is crucially mediated by TLR4 signaling [54], pointing 
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to beneficial and detrimental effects of signaling induced 
by TLR5 and TLR4, respectively. Despite these overall 
beneficial effects of TLR5 signaling, administration of 
TLR5 agonists in DSS-injured colons aggravates colitis, 
indicating that TLR5 signaling can also be deleterious 
in the intestine [55, 56]. Cell type specificity of TLR5 
signaling likely plays a role in its differential outcomes 
for the host. Similarly, hypersensitivity of Tlr2–/– mice to 
Citrobacter rodentium-induced colitis is rescued by addi-
tional TLR4 deficiency [57]. Interestingly, bone marrow 
transfer experiments performed in this study showed that 
TLR4 signaling in hematopoietic cells causes lethality, 
while TLR2 signaling in tissue-resident cells mediates 
mucosal healing during infection. Since Myd88–/– mice 
are also hyper-susceptible to Citrobacter rodentium-
induced colitis [58], these experiments suggest that 
MyD88-dependent beneficial effects in this model might 
be mediated by epithelial TLR2 signaling toward NF-
κB activation. These observations indicate that the dif-
ferential effects of individual TLRs in distinct cell types 
confound our understanding of TLR signaling function 
in intestinal immune homeostasis. Moreover, the fact 
that certain TLRs completely or partially rely on TRIF 
for activating NF-κB further obscures our understand-
ing of TLR-induced NF-κB signaling in the intestine. 
In sharp contrast to Myd88–/– mice, mice lacking TRIF 
were recently found to be more resistant to DSS-induced 
colitis than wild-type mice [59]. Although abrogation 
of TRIF-dependent type I Interferon responses could be 
implicated in this phenotype, this observation suggests 
that TRIF-mediated NF-κB activation might have delete-
rious effects during intestinal inflammation. Delineating 
the contrasting effects of MyD88- and TRIF-dependent 
signaling during DSS-induced colitis would be required 
in order to fully comprehend the divergent roles of TLR-
induced NF-κB activation in the intestine.

One important aspect of MyD88 signaling that needs 
to be taken into account is that this adaptor is not only 
involved in TLR signaling but also in signaling induced 
by members of the IL-1 family of cytokines. These 
cytokines have been implicated in the regulation of in-
testinal inflammation, since mice that lack essential in-
flammasome components and therefore cannot produce 
biologically active IL-1β and IL-18 are hypersensitive 
to DSS-induced colitis [60-63] Although impaired re-
sponses to either IL-1β or IL-18 were shown to enhance 
susceptibility to DSS-induced colitis [64-66], IL-18 was 
identified as the crucial inflammasome-derived cytokine 
that protects mice from intestinal inflammation [61, 63]. 
Even though the cellular target of IL-18 is not clear, these 
observations raise the possibility that the increased sus-
ceptibility of Myd88–/– or IEC-specific NF-κB-deficient 

mice to DSS-induced colitis might, at least in part, be 
caused by impaired IL-18 signaling. 

Taken together, the observed parallels between the 
dual roles for intestinal NF-κB activation on the one hand 
and the opposing effects of MyD88-mediated signaling 
in the intestine on the other hand make it tempting to 
speculate that TLR signaling at least partially underlies 
both detrimental and beneficial effects of NF-κB activa-
tion in the intestine. However, given the multitude and 
the complexity of the cellular interactions that regulate 
intestinal homeostasis and inflammation, studies using 
mice that allow cell type-specific manipulation of TLR 
signaling will be needed in order to dissect the distinct 
effects of TLR-induced NF-κB activation in maintaining 
the mucosal immune balance at the intestinal epithelial 
interface.

Role of NF-κB at the skin epithelial interface

The skin constitutes the primary interface between 
the body and its environment. In addition to providing a 
watertight epithelial barrier, it fulfills multiple complex 
functions ranging from temperature homeostasis to sen-
sory functions and immune surveillance against environ-
mental pathogens and stresses. The skin is formed by two 
main compartments, the epidermis and the dermis, which 
are separated by the basement membrane [67]. The epi-
dermis consists of keratinocytes, which proliferate in the 
basal layer and differentiate while moving towards the 
outer layers to form a stratified epithelium that provides 
the skin barrier. The dermis contains mainly fibroblasts 
and a large number of immune cells, and also struc-
tures important for skin function such as blood vessels, 
nerves, hair follicles and glands. An intense crosstalk 
between the different cell types of the skin is critical for 
the regulation of skin homeostasis. Of particular interest 
for this review, the skin contains numerous resident im-
mune cells, including macrophages, dendritic cells and T 
cells, most of which are found in the dermis. In contrast, 
the epidermis normally contains only Langerhans cells 
and the γδT-cell receptor-bearing dendritic epidermal T 
cells, which are present in mice but not in humans [68, 
69]. The skin immune cells are critical for host defense 
in response to pathogen invasion and for wound heal-
ing under physiological conditions, and are also critical 
mediators for the pathogenesis of inflammatory skin 
diseases. Numerous skin pathologies such as psoriasis, 
atopic dermatitis or contact dermatitis are associated with 
unbalanced skin immune responses leading to chronic 
inflammation. The role of immune cells in inflammatory 
skin diseases has been extensively studied both in mouse 
models and in humans [70]. In contrast, the role of epi-
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dermal keratinocytes as active players in the regulation 
of skin immune homeostasis and in the pathogenesis of 
inflammatory skin diseases is less well understood. Ini-
tially considered to be simply structural components of 
the skin, keratinocytes were recently proposed to have 
important functions in the regulation of skin homeostasis 
and in the pathogenesis of inflammatory skin diseases. 
Epidermal keratinocytes are constantly challenged by 
multiple environmental stimuli including UV radiation, 
chemical and mechanical factors capable of inflicting 
epidermal injuries, and also by potentially pathogenic 
microbes. Therefore, keratinocytes have the challenging 
task to integrate environmental stimuli into the network 
of cellular interactions that control skin homeostasis in 
order to maintain a healthy skin and elicit well-controlled 
antimicrobial and wound-healing responses. As a critical 
pathway for the regulation of cellular responses to mul-
tiple stress-inducing factors, NF-κB signaling is expected 
to play a major role in epidermal physiology. Indeed, a 
number of recent studies in genetic mouse models re-
vealed an important but complex function of NF-κB in 
epithelial cells in the regulation of skin immune homeo-
stasis.

Increased NF-κB activation induces skin inflamma-
tion

The first in vivo experimental evidence suggesting 
that increased NF-κB activation triggers skin inflam-
mation was obtained from mice lacking IκBα, the main 
member of the IκB family of inhibitory proteins that con-
trol NF-κB activation by binding and sequestering NF-
κB dimers in the cytoplasm. IκBα-deficient mice were 
born normally but shortly after birth developed severe 
multi-organ inflammation affecting the skin, resulting in 
the death of the animals within ~10 days [71, 72]. The 
inflammatory skin phenotype of these mice is character-
ized by increased keratinocyte proliferation, epidermal 
hyperplasia and immune cell infiltration in the dermis 
and in the epidermis. IκBα-deficient mice crossed into the 
Rag2–/– background did not develop skin inflammation, 
demonstrating that the presence of T- or B lymphocytes 
is essential for skin lesion pathogenesis. Genetic defi-
ciency in TNFR1, TNF or LTα alone reduced skin in-
flammation, while combined knockout of TNF, LTα and 
LTβ could completely prevent the onset of inflammatory 
skin lesions in IκBα knockout mice [73]. The develop-
ment of skin inflammation in IκBα–/– mice could be fully 
prevented by epidermis-specific ablation of p65, showing 
that unrestricted activation of NF-κB dimers containing 
p65 in keratinocytes mediates the pathogenic effects. 
Interestingly, epidermis-specific ablation of IκBα caused 

epidermal hyperplasia but did not induce skin inflamma-
tion. The inflammatory skin phenotype of IκBα–/– animals 
was fully recapitulated when IκBα was ablated simul-
taneously in both epidermal keratinocytes and T cells, 
suggesting that the development of inflammatory skin le-
sions is induced by impaired negative regulation of NF-
κB activation in both epithelial cells and T lymphocytes 
[73]. 

Mice overexpressing IKK2 in epidermal keratino-
cytes under the control of the keratin 5 promoter were 
recently reported to develop an inflammatory skin dis-
ease resembling interface dermatitis starting at around 2 
weeks of age [74]. K5-IKK2 mice displayed a thickened, 
hyperpigmented hairless skin, typical of lichenoid in-
flammation, accompanied by alterations of ectodermal 
appendages (hair follicles, exocrine glands, teeth). The 
inflammatory skin lesions in these mice were character-
ized by infiltration of macrophages and T cells in the 
dermis; however, the lesions also developed in K5-IKK2 
skin transplanted onto NOD/SCID mice, suggesting that 
adaptive immune cells were not required. These results 
further supported a proinflammatory function of elevated 
NF-κB activation in epidermal keratinocytes.

Keratinocyte-restricted inhibition of NF-κB induc-
es skin inflammation

The discovery that NEMO mutations cause Incon-
tinentia Pigmenti (IP) provided the first evidence that 
inhibition of IKK/NF-κB signaling induces skin inflam-
mation [75]. Incontinentia Pigmenti (IP) is an X-linked 
genetic disorder characterized by early male lethal-
ity and the development of multiple abnormalities in 
heterozygous females, which show mosaic presence of 
NEMO-deficient and wild-type cells due to random X 
chromosome inactivation. The most characteristic feature 
of IP is the development of skin lesions, which follow 
four distinct but often overlapping stages. At or shortly 
after birth the skin of IP patients displays erythematous 
and bullous skin lesions containing loose keratinocytes, 
eosinophilic granulocyte infiltrates and apoptotic cells. 
These lesions subsequently become hyperkeratotic fol-
lowed by the development of hyperpigmented patches, 
due to the accumulation of melanin in the dermis. In the 
last stage, phagocytes clear up the free melanin, leav-
ing areas of dermal scarring with atrophic skin that also 
displays lack of skin appendages such as hair follicles or 
sweat glands [76].

NEMO-deficient mice developed a phenotype closely 
resembling the features of IP [77, 78]. These mice dis-
played male embryonic lethality, while heterozygous 
females developed skin abnormalities recapitulating the 
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four-stage disease observed in IP patients. Histologi-
cally, the skin of heterozygous NEMO females exhibited 
epidermal hyperplasia accompanied by infiltration of 
granulocytes in the epidermis and massive apoptosis of 
keratinocytes. Remarkably, keratinocyte-restricted dele-
tion of NEMO (NEMOEKO) also resulted in the develop-
ment of inflammatory skin lesions, demonstrating that 
NEMO deficiency in keratinocytes triggered skin inflam-
mation [79]. NEMOEKO mice displayed a normal epider-
mis at birth; however, starting from postnatal day 2 the 
animals showed a characteristic lack of pigmentation and 
ultimately developed inflammatory skin lesions leading 
to death by postnatal day 6. NEMOEKO mice bred into the 
RAG1-deficient background developed skin lesions dem-
onstrating that the development of skin inflammation in 
this model does not require the presence of lymphocytes 
[79]. Crossing into the TNFR1-deficient genetic back-
ground prevented the development of inflammatory skin 
lesions early in life in NEMOEKO mice; however, most 
double NEMOEKO/Tnfr1–/– mice developed skin lesions 
later in life, usually between 4 and 6 months. Therefore 
TNFR1 signaling is essential for the early stages of the 
disease, but TNFR1-independent mechanisms induce 
skin inflammation in later stages [79].

Epidermal keratinocyte-specific ablation of IKK2 
caused the development of a strong inflammatory skin 
disease that shared some similarities with human psoria-
sis. IKK2EKO mice showed a normal epidermis at birth, 
but starting from postnatal day 4, they developed inflam-
matory skin lesions that led to death of the animals by 
postnatal days 7 to 9 [80]. Histologically, the disease 
presents features similar with the phenotype observed 
upon deletion of NEMO in the epidermis, such as epider-
mal hyperplasia, thickening of the epidermis and pres-
ence of granulocyte abscesses in the epidermis. However, 
in contrast to NEMOEKO mice, IKK2EKO animals do not 
display hyperpigmentation and increased keratinocyte 
apoptosis. The immune mechanisms involved in the 
inflammatory skin diseases triggered by epidermal de-
ficiency of NEMO or IKK2 appear to be similar but not 
identical. IKK2EKO mice crossed into a TNFR1-deficient 
genetic background do not develop skin lesions and 
maintain a healthy skin for the entire durations of their 
lives, demonstrating that TNFR1-mediated signaling is 
essential for triggering skin inflammation in this model 
[80]. In contrast, IKK2EKO mice crossed into an IFNγ-
deficient background or in a TCRα-deficient background, 
developed inflammatory skin lesions showing that neither 
IFNγ nor the presence of αβ T cells is required for skin 
inflammation in this model [80, 81]. Similarly, the pres-
ence of neutrophil infiltration of the skin was not neces-
sary for the development of skin lesions, as shown in 

IKK2EKO mice crossed into a CD18-deficient background 
[81]. In contrast, local elimination of macrophages using 
subcutaneous injection of clodronate liposomes dramati-
cally reduced inflammation in IKK2EKO mice, showing 
that the development of inflammatory skin lesions in this 
model is largely driven by macrophages [81].

Other models studying inhibition of the NF-κB path-
way in the epidermis took advantage of transgenic ex-
pression of a degradation-resistant IκBα ‘super-repressor’ 
(IκBαSR). The selective expression of IκBαSR under the 
control of the keratin 5 promoter induced skin inflam-
mation and epidermal hyperproliferation in mice [82]. 
However, in contrast to the IKK2EKO mice, these animals 
survived to adulthood, but developed subsequently spon-
taneous squamous cell carcinomas. Both inflammation 
and tumor development in K5IκBαSR mice were de-
pendent on TNFR1, but not on IL-1R signaling [83]. In 
contrast, mice with epidermis-specific ablation of p65/
RelA did not display spontaneous skin inflammation [73], 
presumably due to compensation of p65 function by oth-
er NF-κB subunits. Indeed, RelA/c-Rel double-deficient 
epidermis developed TNF-dependent skin inflammation 
and epidermal hyperplasia after grafting onto Rag1-
deficient animals, suggesting that RelA and c-Rel shared 
a redundant function in keratinocytes that is essential for 
the maintenance of skin immune homeostasis [84].

More recently, mice with epidermal-specific ablation 
of TAK1 (TAK1EKO), a kinase critical for both NF-κB 
and MAPK activation, were also shown to develop an 
inflammatory skin disease closely resembling the skin 
lesions observed in NEMOEKO mice. TAK1EKO epider-
mis is hyperkeratotic, hyperproliferative and displays 
a high level of apoptosis accompanied by the presence 
of intraepidermal granulocyte microabscesses [85, 86]. 
Similar to NEMOEKO and IKK2EKO mice, the phenotype 
of TAK1EKO mice was also rescued by crossing into a 
TNFR1-deficient background. The proposed mechanism 
for the development of skin inflammation in this model 
was a JNK-dependent increase in ROS production by ke-
ratinocytes [87]. 

The studies discussed above convincingly demonstrate 
that IKK/NF-κB signaling in epidermal keratinocytes has 
a critical function in the regulation of skin immune ho-
meostasis. However, the molecular mechanisms leading 
to skin inflammation upon NF-κB inhibition in keratino-
cytes remain incompletely understood. Given the well-
described antiapoptotic function of NF-κB, increased 
death of NF-κB-deficient epidermal keratinocytes could 
constitute a trigger for the development of skin inflam-
mation. This hypothesis is supported by the analysis 
of the skin of NEMOEKO and TAK1EKO animals, which 
display increased numbers of apoptotic keratinocytes 
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[79, 85]. However, neither the IKK2EKO nor K5-IκBα-SR 
mice showed increased keratinocyte apoptosis during the 
early stages of the disease, arguing against the hypothesis 
that increased sensitivity of NF-κB-deficient keratino-
cytes to death is the trigger for the development of skin 
inflammation. Interestingly, animals with impaired NF-
κB activation in epidermal keratinocytes appear normal 
at birth, and only start developing skin lesions 2-4 days 
after birth. The postnatal development of the disease sug-
gests that environmental factors could be implicated in 
triggering the lesions. Moreover, using inducible models, 
skin inflammation could also be induced after genetic 
ablation of NEMO or IKK2 in adult skin [79, 88], sug-
gesting that the development of skin lesions is not trig-
gered by developmental processes occurring in the early 
postnatal skin.

The important role of TNF in the pathogenesis of in-
flammatory skin lesions in mice with deregulated NF-
κB signaling in the skin is consistent with the well-

established role of TNF in human psoriatic skin inflam-
mation. Psoriasis is a chronic inflammatory skin disease 
characterized by a hyperproliferative, poorly differenti-
ated epidermis and infiltration of the skin by immune 
cells (T cells, macrophages, neutrophils). Recently, a 
genome-wide screening approach revealed association of 
psoriasis with genes encoding regulators of the NF-κB-
pathway [89]. Although the ultimate underlying cause 
of psoriasis remains unclear, both genetic and environ-
mental factors seem to be involved. TNF production was 
increased mostly in myeloid cells invading the dermis 
in psoriatic patients; therefore, TNF expression could be 
a secondary effect of perturbed epidermal homeostasis. 
Interestingly, reconstitution of lethally irradiated K5-
IκBαSR/Tnfr1–/– mice with Tnfr1+/– bone marrow failed 
to induce skin inflammation [83], suggesting that TNFR1 
signaling is required in non-hematopoietic, radiation-
resistant cells for triggering of skin inflammation in this 
model. The respective contribution of epithelial and 

Figure 1 NF-κB regulates immune homeostasis in epithelial tissues. NF-κB displays critical regulatory functions in epithelial 
cells, where it controls cellular responses to microbial and other environmental factors. NF-κB regulates the expression of cy-
tokines and chemokines by epithelial cells, which act on immune and other non-epithelial cells to modulate immune respons-
es. NF-κB inhibition sensitizes epithelial cells to stress-inducing stimuli coming either from the environment (e.g., microorgan-
isms) or from immune cells (e.g., cytokines) and compromises their viability resulting in the deregulation of tissue immune 
homeostasis and triggering inflammation. On the other hand, persistently elevated NF-κB activation induces the expression 
of proinflammatory chemokines and cytokines by epithelial cells that trigger immune cell activation and inflammation. NF-κB 
activation in immune cells lining epithelial tissues also plays an important role in the regulation of inflammation. NF-κB activa-
tion in response to PRR stimulation induces the expression of proinflammatory mediators by myeloid and other immune cells 
triggering inflammation. Therefore, finely balanced NF-κB activity in both epithelial and immune cells is critical for the mainte-
nance of immune homeostasis and the prevention of chronic inflammation in epithelial tissues.



www.cell-research.com | Cell Research

                                                                 Andy Wullaert et al.
155

npg

immune cell abnormalities as a primary cause in the de-
velopment of psoriatic lesions remains one of the most 
debated topics in dermatology. Although the initiating 
mechanisms remain, in most cases, to be poorly under-
stood, more and more evidence points to a potentially 
critical role for keratinocytes themselves as regulators of 
immune homeostasis in the skin [70]. Collectively, the 
different models presented here highlight the role of NF-
κB as a master regulator of skin immune homeostasis. 
Despite differences between mouse and human skin, the 
inflammatory lesions developing in these mouse models 
share many similarities with human inflammatory skin 
diseases. Therefore, understanding the mechanisms by 
which NF-κB controls skin immune homeostasis in the 
mouse models will help to understand the mechanisms 
controlling the pathogenesis of human inflammatory skin 
diseases, possibly opening the way to the development of 
new therapeutic approaches.

Concluding remarks

The studies discussed here have provided ample ex-
perimental evidence that NF-κB is a critical regulator of 
immune homeostasis and inflammation in epithelial tis-
sues (Figure 1). However, the mechanisms determining 
whether NF-κB activation will have beneficial or patho-
genic consequences remain largely elusive. Dissecting 
the molecular and cellular mechanisms by which NF-κB 
exerts its opposing functions will be necessary in order 
to understand the function of this pathway in health and 
disease. Studies addressing the cell-specific function of 
the different components of the NF-κB signaling path-
way and its upstream and downstream regulators in rel-
evant in vivo disease models will be indispensable in this 
effort. In particular, clarifying the interactions between 
microbe-sensing pathways, such as the TLR system, and 
NF-κB signaling in both immune and non-immune cells 
will be required in order to better understand the mecha-
nisms by which NF-κB regulates health and disease in 
epithelial tissues. The NF-κB signaling cascade remains 
a very attractive target for the therapy of inflammatory 
diseases, but only when the full complexity of its diverse 
and often opposing functions has been sufficiently un-
derstood at the cellular and molecular level will it be fea-
sible to design safe and effective therapeutic approaches 
using NF-κB inhibitors.
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