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Nuclear factor (NF)-kB transcription factors are pivotal
regulators of innate and adaptive immune responses,
and perturbations of NF-kB signaling contribute to the
pathogenesis of immunological disorders. NF-kB is a
well-known proinflammatory mediator, and its deregulated activation is associated with the chronic inflammation of autoimmune diseases. Paradoxically, NF-kB plays
a crucial role in the establishment of immune tolerance,
including both central tolerance and the peripheral function of regulatory T (Treg) cells. Thus, defective or
deregulated activation of NF-kB may contribute to autoimmunity and inflammation, highlighting the importance of tightly controlled NF-kB signaling. This review
focuses on recent progress regarding NF-kB regulation
and its association with autoimmunity.
NF-kB signaling pathways
NF-kB represents a family of structurally related transcription factors, including reticuloendotheliosis viral oncogene homolog A (RelA, also called p65), RelB, c-Rel, NFkB1 (also called p50), and NF-kB2 (also called p52) [1]. The
NF-kB members function as various hetero- or homodimers that transactivate a large number of genes via binding to a kB enhancer. The NF-kB target genes are involved
in different aspects of immune functions, ranging from the
development, activation, and differentiation of lymphocytes to the maturation and inflammatory functions of
innate immune cells. The NF-kB factors are normally
sequestered in the cytoplasm via association with a family
of inhibitory proteins, including inhibitor of kappaB-alpha
(IkBa) and related ankyrin repeat-containing proteins. In
addition, the IkB family also includes the precursor proteins
of NF-kB1 and NF-kB2, p105 and p100, which contain a
C-terminal IkB-like structure and inhibit the nuclear translocation of specific NF-kB members. Proteasome-mediated
processing of p105 and p100 involves selective degradation
of their C-terminal IkB-like structure, leading to the generation of respective mature NF-kB subunits, p50 and p52,
and the nuclear translocation of sequestered NF-kB proteins. The latent NF-kB complexes can be activated by
various immune stimuli, which involves two major signaling
pathways: the canonical and noncanonical pathways [2]
(Box 1). Both the canonical and noncanonical NF-kB pathways play a critical role in regulating immune activation
and tolerance. Recent studies have emphasized diverse
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mechanisms that negatively regulate NF-kB activation in
immune cells. It is also increasingly clear that NF-kB has
paradoxical roles in the regulation of autoimmunity. Although deregulated NF-kB activation contributes to the
chronic inflammation and tissue damages of various autoimmune diseases, NF-kB is also important for preventing
the development of autoimmunity through regulation of
immune tolerance. In this review, we highlight the recent
progress regarding the molecular mechanisms underlying
NF-kB regulation and discuss how NF-kB exerts paradoxical roles in the regulation of autoimmunity.
NF-kB in autoimmune inflammation
Autoimmunity occurs as a result of immune reaction
against self-antigens, which leads to chronic inflammation
and tissue destructions [3]. NF-kB has been implicated in
the pathogenesis of a number of autoimmune diseases,
such as rheumatoid arthritis, systemic lupus erythematosus, type I diabetes, multiple sclerosis, and inflammatory
bowel disease [4]. Although NF-kB activation occurs transiently during a normal immune response, it is chronically
activated in the affected tissues of autoimmune diseases. A
well-recognized pathological action of NF-kB is induction
of proinflammatory cytokines and chemokines, which mediate the recruitment of immune cells and the establishment of inflammation. In addition, NF-kB promotes the
activation of autoimmune T cells directly or indirectly
through modulating the function of dendritic cells (DCs).
Regulation of T cell activation and homeostasis
The canonical NF-kB pathway has a central role in mediating T cell activation. Optimal NF-kB activation requires
both the T cell receptor (TCR) signal and the CD28 costimulatory signal [5]. The T cell co-stimulation serves as
a mechanism to prevent the induction of T cell anergy; a
major mechanism of peripheral T cell tolerance that occurs
when naı̈ve T cells are stimulated through the TCR without
adequate co-stimulation. Attenuated NF-kB activation is
associated with T cell anergy [5,6], and conversely, deregulated NF-kB signaling can cause aberrant T cell activation,
thus reducing the sensitivity of T cells to anergy induction
[7]. Emerging evidence suggests that properly regulated
NF-kB signaling is also important for T cell homeostasis.
It is generally thought that the maintenance of T cell
homeostasis requires weak TCR signals elicited from contact with semi-self ligands [8]. Deregulated TCR signaling
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Box 1. Canonical and noncanonical NF-kB pathways
The canonical pathway of NF-kB activation centers on the activation
of an IKK complex, composed of two catalytic subunits, IKKa and
IKKb, and a regulatory subunit termed NEMO or IKKg [1]. Upon
activation, IKK phosphorylates IkBa and triggers ubiquitin-dependent degradation of this major inhibitor of NF-kB and the nuclear
translocation of canonical NF-kB members, predominantly the p50/
RelA and p50/c-Rel dimers. IKK activation by different stimuli may
involve different upstream factors, but a common signaling
mechanism is conjugation of lysine (K)63-linked and linear ubiquitin
chains that facilitate the assembly of signaling complexes and the
catalytic activation of IKK and its activating kinase, Tak1 [80]. The
noncanonical pathway of NF-kB activation is based on the inducible
processing of the NF-kB2 precursor protein p100 [2]. A central
signaling component of this pathway is NIK, which induces p100
phosphorylation via a downstream kinase, IKKa. The phosphorylation of p100 triggers its ubiquitin-dependent processing, leading to
the production of the mature NF-kB2 protein p52 and nuclear
translocation of p52/RelB heterodimer [2]. Of note, p100 also
functions as an inhibitor of RelA [81], and the inducible processing
or degradation of p100 contributes to the activation of RelAcontaining NF-kB complexes [2,82]. In contrast to the canonical
NF-kB pathway, which responds to diverse stimuli, the noncanonical NF-kB pathway selectively responds to signals elicited by a
subset of TNF receptors, including CD40, BAFFR, LTb receptor, and
receptor activator for NF-kB (RANK) [2].

may perturb the homeostatic signaling threshold, resulting
in the expansion of certain autoimmune T cell clones and the
development of systemic autoimmunity [8]. Consistent with
the critical role of NF-kB in mediating TCR signaling,
deregulated NF-kB activation is associated with impaired
T cell homeostasis and systemic autoimmunity in animal
models [7,9,10].
Regulation of inflammatory T cell differentiation
NF-kB also regulates the differentiation of CD4+ T cells,
particularly the T helper (Th)17 cells, which have a central
role in the pathogenesis of autoimmunity and inflammation
[11]. The differentiation of Th17 cells is induced by TCR
stimulation in the presence of specific cytokines, such as
interleukin (IL)-6, transforming growth factor (TGF)b, IL-1,
and IL-23, which promote the expression of lineage-specific
transcription factors, Retinoic acid receptor-related orphan
receptor (RORgt) and RORa, and epigenetic changes [11].
The role of the NF-kB pathway in Th17 responses was first
suggested by the finding that T cell-specific ablation of IkB
kinase (IKK)b renders mice highly resistant to the induction
of a T cell-dependent autoimmunity, experimental autoimmune encephalomyelitis (EAE), coupled with a reduction in
Th17 cells [12]. More recent work suggests that c-Rel and
RelA directly regulate Th17 cell differentiation by inducing
the expression of RORgt [13,14]. In addition to its T cellintrinsic function, NF-kB also regulates Th17 responses via
induction of proinflammatory cytokines, such as IL-6 and
IL-23, in DCs and macrophages.
The noncanonical NF-kB pathway also plays a role in
regulating T cell responses to self-antigens and the production of autoimmune inflammatory T cells. T cells
lacking the central signaling component of this pathway,
NF-kB-inducing kinase (NIK), are tolerant in a model of
graft-versus-host disease (GVHD), whereas NIK overexpression in T cells induces fatal autoimmunity [15]. Furthermore, genetic deficiency in a major negative regulator
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of NIK, TNF receptor-associated factor 2 (TRAF2), causes
aberrant T cell activation and elevated production of Th17
cells, coupled with fatal autoimmune inflammation [16].
Conversely, NIK deficiency attenuates the differentiation
of Th17 cells and renders animals refractory to the induction of the T cell-dependent EAE [17]. It is important to
note that NIK may regulate autoimmunity and inflammation via mechanisms that are dependent or independent of
the noncanonical NF-kB pathway [16–18]. The latter
mechanism appears to involve regulation of signal transducer and activator of transcription (STAT)3 activation
that is synergistically stimulated by the TCR and IL-6
receptor signals [17]. Moreover, the function of NIK and
noncanonical NF-kB in autoimmunity regulation may involve both T cell-intrinsic and indirect mechanisms. In
particular, NIK has a crucial role in regulating the maturation of DCs, which in turn contributes to T cell activation
and autoimmunity [19].
Regulation of DC function
DCs are the primary antigen-presenting cells (APCs) that
not only mediate T cell activation and initiate protective
immune responses but also play a critical role in the
induction of immune tolerance [20]. The activation versus
tolerogenic functions of DCs largely depends on their state
of maturation. During infection, microbial components
induce the maturation of DCs via stimulating patternrecognition receptors, such as the Toll-like receptors
(TLRs). The mature DCs express co-stimulatory molecules
and proinflammatory cytokines and are competent in the
activation of naı̈ve T cells. In the absence of a microbial
trigger, immature DCs induce T cell anergy or indirectly
induce immune tolerance via expanding Treg cells. The
NF-kB pathway has a pivotal role in mediating the maturation of DCs, and deregulated activation of NF-kB in DCs
is associated with development of autoimmunity [21,22].
Along the same line, a recent study has identified NF-kB1
as an essential factor for maintaining the resting state and
tolerogenic function of DCs [23]. Although NF-kB1 p50
dimerizes with RelA and RelB to form DC activators under
stimulated conditions [24], the p50 homodimer may be
formed predominantly in unstimulated DCs and serve as
a transcriptional repressor [23].
NF-kB as a mediator of immune tolerance
It is increasingly clear that NF-kB has paradoxical roles in
the regulation of autoimmunity and inflammation
(Figure 1). In addition to its well-known functions in
promoting inflammation and autoimmunity, NF-kB is crucial for the induction of immune tolerance.
NF-kB in central tolerance
Immune tolerance consists of central and peripheral mechanisms. Central tolerance involves deletion or functional
inactivation of self-reacting T cells during their development in the thymus; a process known as negative selection.
The negative selection of thymocytes occurs in the medulla
of the thymus and critically requires medullary thymic
epithelial cells (mTECs) and thymic DCs. Thymocytes that
recognize self-antigens displayed on the MHC molecules of
mTECs or DCs are deleted. A well-known function of the
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Figure 1. Paradoxical roles of nuclear factor (NF)-kB in the regulation of
autoimmunity and inflammation. NF-kB is involved in both the stimulation
(Yang) and repression (Yin) of autoimmunity and inflammation. NF-kB promotes
autoimmunity and inflammation by mediating the activation and differentiation of
autoimmune and inflammatory T cells, such as T helper (Th)17 cells. This is
achieved either directly through a T cell-intrinsic function or indirectly via
promoting the maturation and proinflammatory cytokine production of dendritic
cells (DCs). NF-kB suppresses autoimmunity and inflammation through mediating
the development and immunosuppressive function of Treg cells. Canonical NF-kB
pathway directly mediates this function, whereas noncanonical NF-kB pathway
functions indirectly through mediating medullary thymic epithelial cell (mTEC)
maturation, which is also crucial for central tolerance.

noncanonical NF-kB pathway is regulation of mTEC development [25]. Mutant mice lacking the noncanonical NFkB members (RelB or NF-kB2) or upstream signaling
molecules, such as NIK, IKKa, and lymphotoxin (LT)b
receptor, have impaired mTEC formation, coupled with
autoimmune symptoms [25].
NF-kB in Treg cell development
Despite the powerful role of central tolerance, some selfreactive T cells can escape the negative selection and provoke autoimmunity in the periphery unless tightly controlled by the peripheral mechanisms of tolerance. Treg
cells form a major family of immunosuppressive T cells that
is essential for the maintenance of peripheral immune
homeostasis and tolerance [26]. The immunosuppressive
function of Treg cells relies on a master transcription factor,
forkhead box (Fox)p3, which controls a Treg cell-specific
gene expression program. Foxp3+CD4+ Treg cells are mainly developed in the thymus and referred to natural Treg
(nTreg) cells. In addition, inducible Treg (iTreg) cells can be
generated in the periphery from the CD4+Foxp3– peripheral
T cells when activated in the presence of TGFb. Like thymocyte selection, the generation of nTreg cells requires
mTECs [27]. Given the crucial role of the noncanonical
NF-kB pathway in mTEC development [25], it is not surprising to see the requirement of this pathway for nTreg cell
development. Indeed, the alymphoplasia (aly) mice, which
carry a mutation in the NIK gene, have a reduced frequency
of Treg cells. Ablation of other noncanonical NF-kB signaling components also impairs Treg cell development [25].
The canonical NF-kB pathway has a cell-intrinsic role in
driving the development of Treg cells. Early studies have
detected reduced frequency of Treg cells in mutant mice
lacking IKKb or the NF-kB subunits p50 and c-Rel [25].
Genetic deficiencies in upstream signaling molecules of the
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canonical NF-kB pathway, including protein kinase C
(PKC)u, B-cell CLL/lymphoma 10 (Bcl-10), CARD-containing MAGUK protein 1 (CARMA1), and Transforming
growth factor beta activated kinase 1 (Tak1) also impair
Treg cell development [28–33]. The cell-intrinsic role of NFkB in Treg cell generation has recently been demonstrated
by several studies, which suggest the predominant involvement of c-Rel [34–36]. C-Rel mediates the TCR signal that
synergizes with the cytokine signals in the induction of
Foxp3 gene expression, a process that involves c-Rel-mediated formation of a Foxp3-specific enhanceosome [36].
NF-kB pathway in Treg cell stability and function
Treg cells are generally considered a stable lineage of
immunosuppressive T cells, although a small population
of Treg cells may display plasticity and lose Foxp3 expression under lymphopenic or inflammatory conditions [37].
The lineage stability of Treg cells appears to be regulated
by epigenetic events induced by the TCR signal during
Treg cell development [38]. However, the role of TCR signal
in committed Treg cells is still poorly understood. The
TCRs of Treg cells recognize self-antigens and are thought
to be constantly stimulated, thus, it is conceivable that
some of the TCR-stimulated signaling pathways may contribute to the stability and/or immunosuppressive functions of Treg cells. Recent evidence indicates a role for the
canonical NF-kB pathway in the regulation of Treg stability and in vivo function [39]. Treg-specific ablation of a K63specific ubiquitin-conjugating enzyme, Ubc13, compromises the in vivo function of Treg cells, leading to impaired
T cell homeostasis and development of autoimmunity. In
conventional T cells, Ubc13 is essential for TCR-stimulated
activation of IKK as well as mitogen-activated protein
kinases (MAPKs) [40]. The Treg-specific function of
Ubc13 is crucially dependent on the IKK pathway, because
the functional defect of the Ubc13-defective Treg cells can
be largely rescued by a transgene encoding a constitutively
active IKKb (IKK2ca) [39]. Moreover, Treg-specific ablation of IKKb also impairs the function of Treg cells and
causes autoimmunity. It remains to be examined which of
the NF-kB members are involved in Treg regulation.
Ubc13 and IKK are not required for the expression of
Foxp3 or the in vitro suppressing activity of Treg cells [39].
Instead, this signaling axis is crucial for maintaining the in
vivo stability and function of Treg cells under lymphopenic
conditions. When adoptively transferred into Rag1-KO
mice, a large proportion of the Ubc13-deficient Treg cells
acquire Th1- and Th17-like effector functions despite their
stable expression of Foxp3. The Ubc13–IKK signaling axis
is required for expression of specific genes, including those
encoding IL-10 and suppressor of cytokine signaling
(SOCS)1 [39]. IL-10 is important for Treg-mediated inhibition of Th17 cells, whereas SOCS1 regulates Treg cell
stability by repressing the signaling of proinflammatory
cytokine receptors [41]. The promoter region of SOCS1
contains an evolutionarily conserved sequence element
that covers binding sites for STAT and NF-kB, and this
composite sequence is crucial for the synergistic activation
of SOCS1 promoter by the TCR and cytokine signals [39].
The reduced SOCS1 expression in Ubc13-deficient Treg
cells contributes to their instability, because a SOCS1
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Figure 2. A model of T regulatory (Treg) cell regulation by the ubiquitin-conjugating
13 (Ubc13)–IkB kinase (IKK) signaling axis. Constant stimulation of the T cell receptor
(TCR) by self-antigens may lead to chronic nuclear factor (NF)-kB activation via the
Ubc13–IKK signaling axis, which in turn promotes the expression of suppressor of
cytokine signaling (SOCS)1, interleukin (IL)-10, and possibly additional factors
involved in the function and stability of Treg cells. NF-kB-mediated SOCS1 induction
also requires synergy from signal transducer and activator of transcription (STAT)
proteins, and the induced SOCS1 in turn restrains the signaling from receptors of IL-6
and interferon (IFN)g. Ablation of Ubc13, or IKKb, disrupts the activation of NF-kB and
attenuates the expression SOCS1 and IL-10. The reduced SOCS1 expression may
cause heightened IL-6 and IFNg signaling and induction of IFNg and IL-17, thereby
promoting autoimmunity and inflammation. The impaired expression of IL-10 and
possibly other factors may also compromise the in vivo suppressive function of Treg
cells. Teff, effecter T cell; WT, wild type.

mimetic peptide partially blocks the conversion of Ubc13deficient Treg cells to Th1- and Th17-like effector T cells
[39]. Based on these data, a model can be proposed to
address the potential mechanism by which the Ubc13–
IKK signaling axis regulates Treg cell stability and function (Figure 2). This model suggests a central role for the
NF-kB pathway in mediating TCR-stimulated expression
of specific genes involved in the maintenance of Treg cell
stability and function.
Mechanisms of NF-kB regulation
Given the important role of NF-kB in regulating immune
activation and tolerance, the NF-kB signaling must be
tightly controlled to prevent immunological disorders. Indeed, it is now clear that NF-kB is subject to regulation at
multiple levels.
Feedback regulation by IkBa
A fundamental mechanism of NF-kB negative regulation is
IkBa-mediated feedback inhibition, which was discovered
about two decades ago [1]. Following its depletion by
phosphorylation-dependent degradation, IkBa is rapidly
replenished via NF-kB-mediated IkBa gene induction.
The physiological significance of the IkBa feedback has
recently been demonstrated using an IkBa knock-in mouse
(IkBaM/M) harboring mutated kB enhancers in the promoter of the IkBa gene [9]. As expected, cells derived from
these mutant mice have impaired induction of IkBa gene
expression and perturbed NF-kB activation. Most prominent is the chronic activation of NF-kB in T cells, coupled

Ubiquitination is a central mechanism mediating NF-kB signaling.
Although the lysine (K)48-linked ubiquitin chains target proteins for
degradation in the proteasome, such as degradation of IkBa and p100
processing, the K63-linked and linear ubiquitin chains mediate
nondegradative processes, including the activation of IKK and its
activating kinase Tak1 [80]. Like phosphorylation, ubiquitination is a
reversible process with the reverse reaction being catalyzed by a
subfamily of cysteine proteases, termed DUBs [42]. Recent studies
have led to the identification of specific DUBs with pivotal roles in the
negative regulation of NF-kB signaling. CYLD is a K63-specific DUB
originally found to be mutated in familial cylindromatosis, a genetic
condition that predisposes patients to development of benign tumors
of skin appendages [44]. CYLD negatively regulates NF-kB activation
by deubiquitinating several NF-kB signaling factors, including NEMO,
TAK1, receptor interacting protein 1 (RIP1), TRAF2, TRAF6, and TRAF7
[44]. In particular, CYLD is crucial for preventing spontaneous
activation of NF-kB in T cells [10]. The CYLD deficiency causes
constitutive activation of NF-kB, as well as JNK, in both peripheral T
cells and thymocytes [10,83,84]. The deregulated NF-kB activation
may contribute to impaired development of T and natural killer T
(NKT) cells and aberrant activation of peripheral T cells; the latter of
which appears to contribute to colonic inflammation [10,83,84].
A20 is a ZnF protein originally identified as a TNFa-induced factor
and therefore also known as TNFa-induced protein (TNFAIP)3 [43].
A20 inhibits the activation of NF-kB by various innate immune
receptors as well as antigen receptors [43]. A unique feature of A20 is
its ability to mediate both deubiquitination and ubiquitination and,
thereby, function as a ubiquitin-editing enzyme [43]. In the TNFR
pathway, A20 negatively regulates NF-kB activation by removing K63linked ubiquitin chains from RIP1 and then mediates K48 ubiquitination of RIP1, thereby both inhibiting RIP1-mediated IKK activation and
triggering RIP1 degradation [43]. The E3 ligase function of A20 may
also involve its association with other proteins within a so-called A20
ubiquitin-editing complex that is composed of the adaptor protein
Tax1-binding protein (TAX1BP)1 and two E3 ubiquitin ligases, the ring
finger protein 11 (RNF11) and Itchy E3 ubiqutin protein ligases (ITCH)
[85]. The assembly of the A20 complex occurs in a signal-dependent
manner, which is triggered through IKKa-mediated phosphorylation
of TAX1BP1, a finding that assigns a negative role for IKKa in
regulating the canonical NF-kB pathway [43]. At least in the IL-1R and
TLR pathways, A20 suppresses the K63 ubiquitination of TRAF6 by
disrupting its association with Ubc13 and UbcH5c and by mediating
the degradation of these E2s [43].

with impaired T cell homeostasis and elevated frequency of
activated T cells [9]. These mutant animals spontaneously
develop autoimmunity with features of Sjögren’s syndrome
[9]. These findings suggest that the IkBa-mediated NF-kB
feedback mechanism is crucial for regulating the T cell
homeostasis and preventing autoimmunity.
Regulation by deubiquitinases
Ubiquitination is a crucial mechanism that mediates activation of NF-kB signaling (Box 2). The NF-kB pathway is
negatively regulated by several deubiquitinases (DUBs);
the best studied of which are CYLD and A20 [42,43]
(Box 2). Cylindromatosis (CYLD) negatively regulates
NF-kB signaling by cleaving the K63-linked, ubiquitin
chains from various NF-kB signaling components [44].
Animal studies suggest a role for CYLD in the regulation
of colonic inflammation [10,45]. Moreover, the CYLD gene
is located adjacent to a well-known IBD-susceptibility
gene, NOD2, in both the human and the mouse chromosomes [10], and genome-wide association studies have
identified CYLD as one of the IBD-susceptibility genes
[46]. The association of CYLD with inflammation has also
285
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been demonstrated using mice harboring liver-specific
CYLD inactivation [47]. As shown in T cells [10], the loss
of CYLD function in hepatocytes leads to activation of
TAK1 and c-Jun N-terminal kinase (JNK). Interestingly,
however, the consequence of TAK1/JNK activation in this
case is hepatocyte cell death, which triggers inflammation,
fibrosis, and late onset of carcinogenesis [47].
A20 functions as a ubiquitin-editing enzyme that is
essential for terminating NF-kB signaling [43] (Box 2). A
crucial role for A20 in suppressing autoimmunity and inflammation was first demonstrated using global A20-deficient mice [48]. Recent studies have further suggested that
A20 functions in multiple cell types to control NF-kB activation and, thereby, maintain tissue homeostasis and
restricts autoimmunity and inflammation [21,22,49–53].
Consistent with animal studies, A20 polymorphisms and
mutations have been linked to human autoimmune and
inflammatory diseases as well as lymphoid malignancies
[48]. In addition to its ubiquitin-editing function, A20 may
also inhibit IKK activation in a mechanism that does not
involve deubiquitination or modulation of ubiquitination
enzymes [54]. A20 binds to NF-kB-essential modulator
(NEMO) via its C-terminal zinc fingers (ZnFs), particularly
ZnF7, in a manner that is dependent on free K63 polyubiquitin chains. Several other studies have also demonstrated
the ZnF7-dependent ubiquitin-binding activity of A20 in the
negative regulation of NF-kB [23,55,56]. However, in the
latter case, A20 was found to bind preferentially to linear
ubiquitin chains and inhibit IKK activation by the linear
ubiquitin chain assembly complex (LUBAC). Further studies are warranted to assess the physiological significance of
these new findings using animal models. The function of A20
may also require the ABIN (A20-binding inhibitor of NF-kB)
family of proteins, which are characterized by the possession
of a ubiquitin-binding domain termed UBAN (ubiquitinbinding domain in ABIN and NEMO) [57]. It is thought
that ABINs inhibit NF-kB signaling by recruiting A20 to
K63-polyubiquitinated signaling proteins, such as NEMO,
thereby terminating the activation of IKK. It is also possible
that ABINs may act through interfering with the activation
of IKK by linear ubiquitin chains, which are bound by the
UBAN with high affinity [58–60]. A recent knock-in mouse
study has suggested that the ubiquitin-binding activity of
ABIN1 is crucial for negatively regulating TAK1 and its
downstream signaling factors, IKK, JNK, and p38, and for
suppressing the development of autoimmunity [61]. ABIN1
also possesses NF-kB-independent functions, including suppression of tumor necrosis factor (TNF)a-stimulated caspase 8 activation and apoptosis and negative regulation of
the transcription factor CCAAT/enhancer binding protein
beta (C/EBPb) [62,63].
Regulation by E3 ubiquitin ligases
Although ubiquitination is a well-recognized mechanism
mediating IKK activation, emerging evidence suggests
the involvement of specific ubiquitination events in the
termination or negative control of NF-kB signaling. In
particular, ubiquitination of nuclear NF-kB serves as a
mechanism to eliminate activated NF-kB members via
the proteasome degradation pathway [64]. Nuclear
RelA is ubiquitinated by a multisubunit ubiquitin ligase,
286
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Elongin-Cullin-SOCS-box protein (ECSSOCS1), which interacts with RelA via its substrate-binding subunit SOCS1. A
copper metabolism murr1 domain-containing (COMMD)
protein, COMMD1, physically interacts with ECSSOCS1
and RelA and promotes the ubiquitination and degradation
of RelA [64]. The in vivo role of COMMD1 and ECSSOCS1 in
RelA regulation remains unclear. SOCS1-deficient mice
have lethal inflammation and enhanced sensitivity to lipopolysaccharide (LPS)-induced septic shock [65]. However,
because the anti-inflammatory function of SOCS1 involves
targeting of proinflammatory receptors and the receptorassociated Janus kinase (JAK) [65], further studies are
required to determine the specific function of SOCS1 in
NF-kB regulation. Another possible RelA E3 ubiquitin
ligase is PDLIM2 (also called SLIM), a nuclear protein
containing both PDZ and LIM domains, and initially found
to mediate ubiquitination of STATs [64]. In response to LPS
stimulation, the PDLIM2-deficient DCs have impaired RelA
ubiquitination, coupled with accumulation of nuclear RelA
and hyperproduction of proinflammatory cytokines [64].
Consistently, the PDLIM2 KO mice display enhanced sensitivity to LPS-stimulated septic shock. PDLIM2 also inhibits CD4 T cell differentiation into Th1 and Th17 lineages
and, thereby, negatively regulates bacterium-induced granulomatous inflammation and the T cell-dependent EAE,
although this function of PDLIM2 appears primarily to
involve regulation of STAT3 ubiquitination [66,67].
A recent study has suggested a role for ubiquitin-dependent c-Rel degradation in the regulation of T cell tolerance
[7]. Among the NF-kB members, c-Rel is particularly important for T cell activation and differentiation and for
prevention of T cell tolerance. Compared to RelA, c-Rel is
relatively insensitive to IkBa-mediated feedback regulation, suggesting the involvement of additional mechanisms
in c-Rel negative regulation. Interestingly, activated c-Rel
undergoes ubiquitin-dependent degradation in T cells,
which requires a newly characterized E3 ubiquitin ligase,
pelle-interacting protein 1 (Peli1) (also called Pellino 1)
[7,68]. Consistent with the crucial role of c-Rel in T cell
activation, the Peli1-deficient T cells are hyper-responsive to
TCR/CD28 stimulation in vitro and display activated phenotypes in vivo [7]. Moreover, the loss of Peli1 also renders T
cells less sensitive to suppression by Treg cells and TGFb.
Consequently, the Peli1-KO mice develop autoimmune
symptoms, characterized by lymph node enlargement, multiorgan inflammation, and enhanced serum levels of autoantibodies [7]. In addition to RelA and c-Rel, p50 is regulated
by ubiquitin-dependent degradation. In LPS-stimulated
macrophages, p50 undergoes ubiquitin-dependent degradation; a process that is particularly disseminated in cells
lacking the p50 partner protein Bcl3 [64]. The p50 homodimer serves as a transcriptional repressor of NF-kB-target
genes, therefore, the uncontrolled degradation of p50 in
Bcl3-deficient cells is associated with aberrant production
of proinflammatory cytokines.
Regulation by miRNAs
miRNAs form a family of small noncoding RNAs that regulates gene expression by base-pairing with the 30 untranslated region of target mRNAs, which causes their
destabilization or attenuated translation. Early work has
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revealed that the TLR4 ligand LPS stimulates the expression of several miRNAs; two of which, miR-146a and miR155, are induced in a NF-kB-dependent manner [69]. More
recently, several other miRNAs have been implicated as
target genes of the NF-kB pathway [69]. Interestingly,
several of these NF-kB-induced miRNAs function as negative or positive regulators of the NF-kB signaling pathway,
suggesting feedback regulatory roles. miR-146a is one of the
miRNAs that negatively regulate NF-kB signaling. Upon
induction by innate immune receptors, miR-146a targets
the degradation of TRAF6 and Interleukin-1 receptor associated kinase 1 (IRAK1), central signaling components mediating activation of NF-kB and MAPKs by IL-1 receptor
and TLRs [69]. The miR-146a KO mice are hypersensitive to
LPS-induced septic shock, coupled with overproduction of
proinflammatory cytokines [70]. At older ages, the miR-146a
KO mice develop autoimmunity, characterized by splenomegaly and lymphadenopathy, multiorgan inflammation,
and accumulation of autoantibodies in the serum [70]. miR146a appears to regulate immune homeostasis in different
cell types, including myeloid cells and T cells. Compared to
naı̈ve T cells, Treg cells express much higher levels of miR146a, which is crucial for the function of Treg cells to
suppress Th1 responses [71]. A major target of miR-146a
in Treg cells is STAT1, although its role in NF-kB regulation
in this cell type is unclear. A more recent study has demonstrated a T cell-autonomous function of miR-146a in the
control of T cell homeostasis and tolerance [72]. Although
the expression level of miR-146a is normally low in naı̈ve T
cells, it is markedly upregulated following T cell activation.
The inducible expression of miR-146a is dependent on NFkB and serves as a feedback mechanism for negatively
regulating TCR/CD28-stimulated activation of canonical
NF-kB members [72]. As seen in macrophages, miR-146a
suppresses the expression of TRAF6 and IRAK1 in T cells.
However, it is possible that miR-146a also targets other NFkB signaling factors, because the in vivo role of TRAF6 and
IRAK1 in TCR-stimulated NF-kB activation is still obscure.
miRNAs, including miR-15a, miR-16, and miR-223, have
also been found to regulate the noncanonical NF-kB signaling component IKKa, although their connection with autoimmunity is unclear.
Regulation of the noncanonical NF-kB pathway
A central mechanism of noncanonical NF-kB activation is
stabilization of NIK, a kinase that induces phosphorylationdependent processing of p100 together with IKKa [2]. NIK is
a constitutively active kinase [73,74], but its signaling function is restricted through its degradation by a TRAF3-dependent mechanism [2]. TRAF3, together with TRAF2,
functions to recruit NIK to the E3 ubiquitin ligase cellular
inhibitor of apoptosis 1 (c-IAP1) (or c-IAP2) for ubiquitination [2]. Genetic deficiencies in TRAF2, TRAF3, or c-IAP1/2
lead to NIK accumulation and constitutive activation of
p100 processing [2]. NIK is also accumulated in cells lacking
its downstream kinase IKKa, which phosphorylates NIK
and promotes NIK degradation [75]. Thus, under steadystate conditions, NIK is controlled by both the TRAF3dependent and IKKa-dependent degradation mechanisms.
The signal-stimulated noncanonical NF-kB activation
involves degradation of TRAF3 and TRAF2 and the
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Figure 3. Negative regulation of B cell activating factor of the TNF family (BAFF)stimulated noncanonical nuclear factor (NF)-kB signaling by TANK-binding kinase
1 (TBK1). BAFF stimulates both transmembrane activator and calcium modulator
and cyclophilin ligand interactor (TACI) and BAFF receptor (BAFFR), which mediate
the canonical and noncanonical NF-kB pathways, respectively. TACI, and to a
lesser extent BAFFR, activates TBK1, which in turn negatively regulates
noncanonical NF-kB signaling by promoting NF-kB-inducing kinase (NIK)
degradation.

concomitant accumulation of NIK. Recent work has shed
light onto the negative regulation of signal-induced noncanonical NF-kB signaling and has identified the IKKrelated kinase TANK-binding kinase 1 (TBK1) as a pivotal
player in this function [76]. TBK1, as well as its homolog
IKKe, are known as kinases that mediate induction of type
I interferons in response to viral infection or TLR stimulation [77]. However, the in vivo function of TBK1 has been
poorly studied due to the embryonic lethality of the global
TBK1 KO mice [78]. Interestingly, B cell-specific TBK1
ablation greatly promotes the activation of noncanonical
NF-kB activation in B cells stimulated by an agonistic antiCD40 antibody or B cell activating factor of the TNF family
(BAFF) [76]. TBK1 is activated by both anti-CD40 and
BAFF, and the activated TBK1 mediates phosphorylationdependent NIK degradation. It appears that BAFF stimulates TBK1 activation predominantly via Transmembrane
activator and calcium modulator and cyclophilin ligand
interactor (TACI), whereas another BAFF receptor
(BAFFR) mediates the induction of noncanonical NF-kB
signaling (Figure 3). This finding provides an explanation
for the negative role of TACI in BAFFR-mediated noncanonical NF-kB activation [79]. The deregulated activation
of noncanonical NF-kB signaling in TBK1 B cell-conditional KO mice is associated with aberrant production of
systemic IgA and autoantibodies and development of nephropathy-like symptoms [76].
Concluding remarks
It is now clear that NF-kB has a crucial and paradoxical role
in the regulation of autoimmunity. On the one hand,
it promotes inflammation associated with autoimmune
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diseases, and on the other hand, it mediates immune tolerance through promoting the development and stability of
Treg cells and the deletion of self-reacting T cells in the
thymus. Thus, efficient and properly controlled NF-kB signaling is important for mediating normal immune homeostasis and function and for preventing autoimmunity. Not
surprisingly, the NF-kB signaling pathways are subject to
negative regulation by multiple mechanisms. E3 ubiquitin
ligases and DUBs form a major class of NF-kB regulators,
which function to control the upstream signaling events or
the fate of nuclear NF-kB. KO mouse models have proved to
be valuable tools in assessing the physiological roles of E3s
and DUBs in the regulation of NF-kB signaling and immune
homeostasis. Equally important is the genome-wide association studies using human autoimmune patients. However,
although future studies should strengthen these lines of
physiological studies, in vitro work is also warranted for
dissecting the biochemical mechanism by which specific E3s
and DUBs regulate NF-kB signaling.
miRNAs are emerging as another major class of NF-kB
regulators. A hallmark of these miRNAs is that they are
often induced by NF-kB or related signaling factors and,
thus, involved in NF-kB feedback regulation or the crosstalk between NF-kB and related pathways. A major challenge in this area of research is to determine the target
specificity and in vivo function of individual miRNAs. Each
miRNA usually has multiple targets, therefore, it is often
hard to dissect clearly the relative contributions of NF-kB
and other targets to the pathological phenotypes associated with ablation of a specific miRNA. Conditional miRNA
KO mouse models, combined with genetic rescuing
approaches, are useful tools for addressing this problem.
Compared to the canonical NF-kB pathway, relatively
little is known regarding the regulation of the noncanonical NF-kB pathway. To date, much of our knowledge is
about the steady-state regulation of NIK. Nevertheless,
recent work has shed light on the regulation of signalinduced noncanonical NF-kB activation. It is clear that
NIK is a major target of regulation under both steady-state
and signal-induced conditions. Activation of noncanonical
NF-kB critically involves ubiquitin-dependent degradation
of TRAF3, and regulation of TRAF3 ubiquitination may
serve as another major mechanism that controls noncanonical NF-kB signaling. Better understanding of the
mechanisms that underlie NF-kB regulation and the paradoxical roles of NF-kB in mediating immune activation
and tolerance will be very important for developing therapeutic strategies.
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