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Abstract
Regulatory T cells (Treg cells) act as a major rheostat regulating the strength of immune responses, enabling tolerance of 
harmless foreign antigens, and preventing the development of pathogenic immune responses in various disease settings 
such as cancer and autoimmunity. Treg cells are present in all lymphoid and non-lymphoid tissues, and the latter often fulfill 
important tasks required for the physiology of their host organ. The activation of NF-κB transcription factors is a central 
pathway for the reprogramming of gene expression in response to inflammatory but also homeostatic cues. Genetic mouse 
models have revealed essential functions for NF-κB transcription factors in modulating Treg development and function, with 
some of these mechanistic insights confirmed by recent studies analyzing Treg cells from patients harboring point mutations 
in the genes encoding NF-κB proteins. Molecular insights into the NF-κB pathway in Treg cells hold substantial promise 
for novel therapeutic strategies to manipulate dysfunctional or inadequate cell numbers of immunosuppressive Treg cells in 
autoimmunity or cancer. Here, we provide an overview of the manifold roles that NF-κB factors exert in Treg cells.
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Introduction

A fundamental characteristic of the mammalian immune 
system is the discrimination between self and non-self, pre-
venting autoimmunity while enabling protective immune 
responses. Regulatory T cells (Treg) characterized by 
expression of FOXP3 play a pivotal role in all aspects of the 
immune response and control immune homeostasis. Indeed, 
their capacity to suppress the activity of effector immune 
cells enables them to regulate the duration and intensity of 
the immune response and to prevent autoimmunity. This 
was first evidenced in mice lacking the Foxp3 gene, which 
resulted in massive systemic autoimmune inflammation [1] 
and has also been observed in humans with loss-of-function 
mutations in the FOXP3 gene, which causes immune dys-
regulation, polyendocrinopathy, enteropathy, and X-linked 
(IPEX) syndrome [2].

FOXP3-expressing Treg cells first arise during normal 
thymic T cell differentiation; these thymic Treg cells rep-
resent the majority of all Treg cells in most secondary 
lymphoid organs and also in the majority of peripheral 
organs. However, exposure to harmless foreign antigens 
from diet or commensal microorganisms, particularly at 
barrier sites such as the lung or gut, requires additional 
Treg cell differentiation capacity in the periphery to avoid 
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T cell activation. Naïve  CD4+  FOXP3− T cells that rec-
ognize cognate antigens derived from food or microbiota, 
presented by conventional dendritic cells in draining lym-
phoid tissues, are able to differentiate into mature and 
functional  CD4+FOXP3+ Treg cells. In contrast to thymic 
Treg cells, which typically arise from self-reactive thy-
mocytes, these extrathymically differentiated Treg cells 
(pTreg) lack expression of the Ikaros family member 
Helios (Ikzf2) and the cell-surface marker Neuropilin-1 
and instead express the transcription factor ROR(γt) [3, 4]. 
Mice lacking pTreg cells develop inflammation and dysbi-
osis in the lung and gut [5, 6], underlining the importance 
of this subset for maintaining tolerance at mucosal sites.

The two fundamentally different pathways of Treg 
development at two distinct locations, within and outside 
of the thymus, raise the possibility that the mechanisms 
ensuring their differentiation and lineage stability also 
differ. Genetic loss of function studies in the mouse dem-
onstrated that both differentiation and lineage stability of 
Treg cells strongly depended on signals leading to NF-κB 
activation as well as on individual NF-κB proteins [7–17] 
(see Box 1). In the following, we focus our discussion 
on core NF-κB transcription factors and signaling pro-
teins, whose main functions relate to NF-κB activation 
and omit dissecting the roles of further upstream located 
mediators with many prominent additional roles. NF-κB 
family members are able to bind to specific conserved 
non-coding sequence (CNS 1–3) elements within introns 
near the Foxp3 promoter and thereby regulate different 
aspects of Treg cell development, survival, and function. 
While the CNS1 region controls predominantly Treg cell 
differentiation in the periphery [5], CNS2 ensures lineage 
stability upon cell division, and CNS3 is critical for Treg 
development in the thymus [18]. Recently, loss-of-function 
and gain-of-function approaches targeting members of the 
NF-κB pathway are helping to identify specific roles for 
different components of this signaling pathway in each 
Treg subset. The identification of Treg cell–specific roles 
of NF-κB transcription factors holds substantial prom-
ise for selective targeting of Treg cells and their subsets 
for future cell-based therapies or for directly target Treg 
cells in clinical settings for the treatment of (auto)immune 
diseases.

In this review, we summarize biological insights from 
Treg-specific loss-of-function and gain-of-function mouse 
models of specific members of the NF-κB pathway, which 
most insights into the role of NF-κB for Treg function have 
been gained from. We begin with a discussion of studies 
targeting canonical NF-κB transcription factors, before 
reviewing genetic mouse models of alternative NF-κB 
transcription factors as well as the role of the atypical 
NF-κB members. We conclude with insights into Treg cell 
differentiation from human patients.

Canonical NF‑κB transcription factors 
and Treg cell function

Canonical NF-κB signaling is necessary for proper Treg cell 
development in the thymus and for maintaining the Treg 
cell population in the periphery, as evidenced by studies 
disrupting the expression of IκB-kinase β (IKKβ), a cen-
tral element of the canonical NF-κB signaling pathway that 
mediates the development and activation of immune cells. 
IKKβ ablation in thymocytes prevented the development of 
Treg cells [19]. In line with this finding, expression of a IκB 
super-repressor inhibited thymic Treg cell development in 
mixed bone marrow chimeras, which demonstrated the cell-
intrinsic requirement for NF-κB activation [20]. Mice lack-
ing IKKβ specifically in Treg cells developed a spontaneous 
full-scurfy-like autoimmune syndrome due to the absence of 
peripheral Treg cells. In these mice, Treg cells matured in 
the thymus, because the IKKβ gene was excised late during 
their development, and IKKβ-deficient Treg cells died after 
release from the thymus. The few Treg cells present in the 
mice were functional, as they could suppress effector T cells, 
which they did somewhat more potently than wild-type Treg 
cells [21].

To date, most of the information about specific peripheral 
NF-κB protein function and Treg cells has emerged from the 
analysis of mice with conditional ablation of c-Rel and/or 
RelA either in T cells or specifically in  FOXP3+ Treg cells. 
The latter strategy is in general much more insightful to spe-
cifically study the consequences of NF-κB-related Treg cell 
defects because conventional T cell activity partially relies 
on the same pathways.

C‑Rel

C-Rel employs multiple mechanisms to promote the dif-
ferentiation as well as thymic and peripheral functions of 
Treg cells in mice [10, 22, 23]. Indeed, c-Rel can currently 
be considered as the NF-κB members with the most pro-
found effects on Treg cell biology (see Fig. 1). One reason 
for this observation is most likely the direct role of c-Rel 
in regulating FOXP3 expression during Treg cell differ-
entiation. Strong c-Rel expression is a direct consequence 
of TCR signaling because a comparison of transcriptomes 
from in vivo–activated T cells and thymocytes with anti-
CD3 in vitro–activated thymocytes identified c-Rel as one 
of the strongest TCR-induced immediate early genes [24]. 
In line with this observation, enhanced c-Rel expression 
in Treg cells is strongly dependent on continuous TCR 
signals [25]. Interestingly, c-Rel-deficient mice do not 
develop lymphoproliferative or autoimmune disease even 
though they have only 15% of normal Treg cell numbers, 
most likely due to general immune deficiency [23, 26]. The 
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deficit in c-Rel-deficient Treg cells manifests already in 
thymic Treg differentiation and is primarily of quantitative 
and not qualitative nature [22]. Thus, c-Rel may serve as a 
switch for developing Treg cells, and it will be interesting 
to study whether the few developing c-Rel-deficient Treg 
cells have a skewed TCR repertoire with a distinct affinity 
for MHC:peptide complexes. At the molecular level, c-Rel 
may synergize with p65, NFAT, Smad, and CREB, all of 
which have been show to contribute FOXP3 expression in 
developing thymic Tregs [10]. Ablation of c-Rel late dur-
ing Treg cell development does not affect peripheral Treg 
cell numbers, showing that c-Rel is dispensable for mature 
Treg cell maintenance.

In contrast to animals with systemic c-Rel deficiency, 
mice with conditional deletion of c-Rel in Treg cells develop 
signs of inflammation with age, and c-Rel-deficient Treg 
cells are unable to control pathogenic T cells in a T cell 
transfer colitis model [26], demonstrating a role for c-Rel in 
Treg cell–mediated immune control. This was also observed 
in cell transfer experiments which showed that c-Rel knock-
out Treg cells are deficient in controlling the expansion of 
wild-type T cells in lymphopenic hosts [22]. Along the same 
line, conditional ablation of c-Rel in Treg cells affects a dis-
tinct set of genes (around 300 are up- and 350 downregu-
lated) [26]. When focusing on  CD44hiCD62Llo effector-like 
or activated Treg cells, c-Rel ablation caused a pronounced 

Fig. 1  Simplified overview of NF-κB signaling in Treg cells. For the 
canonical NF-κB pathway (left), T cell receptor (TCR) signaling or 
signaling via TNF receptor family members (TNF, OX40, GITR) via 
IκB-kinase β (IKKβ) results in the nuclear translocation of c-Rel and 
RelA whereby both Foxp3 expression, regulatory elements next to the 
Foxp3 promotor (CNS0-3) and Foxp3 target gene expression, can be 
regulated depending on context and Treg cell status/subset. The non-

canonical NF-κB pathway (right) equally activated by TNF recep-
tor family members signal via NIK and IKKα has a less pronounced 
effect on Treg cells but crosstalk with the canonical NF-κB pathway. 
Atypical IκB members such as Bcl-3 or IκBNS regulate specific Treg 
cell subsets or certain Treg cell features either directly or via interfer-
ing with canonical NF-κB family members
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loss of gene expression typical for in vivo activated Treg 
cells. Intriguingly, mice lacking c-Rel specifically in Treg 
cells display strongly enhanced anti-melanoma T cell 
responses, and this phenotype is dominant when c-Rel is 
globally inhibited by pentoxifylline [27]. Whether the selec-
tive effect of c-Rel deficiency on Treg cells with an activated 
phenotype (and not on Treg cells with a resting phenotype) 
indicates a preferential role of c-Rel for Treg cell function or 
for a specific Treg cell subset remains to be explored.

RelA (p65)

Mice with a systemic knockout of RelA show embryonic 
lethality which can be rescued by the additional knockout 
of TNF [28]. Despite the only slightly reduced numbers of 
Treg cells in the thymus, the combined absence of RelA and 
TNF prevents the egress of Treg cells from the thymus to 
the periphery. Using fetal liver chimeras, the authors provide 
evidence that Treg cell-extrinsic functions of RelA/TNF in 
the radio-resistant thymic microenvironment are required 
for thymic egress [29]. Further studies revealed that the 
NF-κB subunit RelA has a central role in the maintenance 
of mature Treg cell identity and in the prevention of autoim-
munity [26, 30]. Mice with specific deficiency for RelA in 
Treg cells develop a severe and early spontaneous systemic 
autoimmune syndrome that is associated with a defect of 
Treg cells [26, 30, 31]. These RelA-deficient Treg cells were 
shown to be unstable, lost FOXP3 expression, and produced 
inflammatory cytokines [30]. Chromatin immunoprecipita-
tion followed by sequencing (ChIP–seq) revealed that RelA 
controls expression of genes linked to Treg cell identity as 
well as FOXP3-bound genes. Of note, RelA-controlled genes 
differ considerably between TCR-activated Treg and effector 
T cells, further strengthening the view that RelA dictates a 
Treg cell–specific gene signature [26]. Additionally, RelA 
deficiency results in an almost complete block in the genera-
tion of ROR(γt)+ Treg cells [31], suggesting an important 
role of RelA not only in thymic Treg cell differentiation but 
also in peripheral Treg cell differentiation. Whether RelA 
exerts this role by a related or different mechanism remains 
to be determined.

RelA/c‑Rel

Constitutive lack of both canonical NF-κB subunits in Treg 
cells leads to a phenotype very similar to that of scurfy 
mice, which lack Foxp3 expression and therefore Treg cells 
[26], confirming that canonical NF-κB is critical for Treg 
cell generation and/or maintenance. Inducible ablation of 
both transcription factors led to a reduction in Treg cell fre-
quencies and dramatically affected signature gene expres-
sion, indicating that canonical NF-κB maintains Treg cell 
numbers and identity. Indeed, transcriptionally RelA/c-Rel 

double-deficient Treg cells clustered with wild-type conven-
tional CD4 T cells. The canonical NF-κB-dependent genes 
only partially overlapped with Foxp3-dependent genes, 
demonstrating that these transcription factors control an 
independent set of Treg cell signature genes [26]. Induced 
individual ablation showed that c-Rel has a dominant role in 
Treg cell maintenance, CD25 and GITR expression as RelA 
ablation alone had no effect.

p105/p50

The p50 subunit of NF-κB is not synthesized as an active 
DNA-binding protein, but is generated by proteolytic pro-
cessing of the precursor p105, which contains p50 in its 
N-terminal half [32, 33]. The in vivo function of p105 in 
NF-κB regulation has been investigated using a knock-in 
approach, which involved the insertion of a stop codon in 
the processing site of p105, allowing the direct production 
of p50 without generating p105. p105 is dispensable for Treg 
cell development [34], but one report describes a role for p50 
in Treg cell differentiation, which was suggested to occur 
through two distinct pathways [35]:  Foxp3−CD25hi Treg pre-
cursors reflect agonist selection, while  Foxp3loCD25− Treg 
cell precursors undergo a process resembling normal posi-
tive selection. The latter differentiation path may be depend-
ent on stimulation through CD28 and p50 signaling.

Non‑canonical NF‑κB pathway components 
in Treg cell biology

Several studies have revealed important roles of the alterna-
tive NF-κB pathway (see Box 1) in Treg cell development 
and maintenance. The kinases NIK (MAP3K14) and IKKα 
both act upstream of NF-κB2 and RELB and are involved in 
the activation of non-canonical NF-κB signaling [36]. NIK 
links several co-stimulatory TNF receptor family mem-
bers (TNFRs) to non-canonical NF-κB activation. These 
receptors include TNFR2, TNFRSF4 (CD134, OX40) [37], 
TNFRSF18 (GITR) [38], and TNFRSF9 (CD137, 4-1BB) 
[39], all of which were implicated in Treg cell function or 
phenotypic stability. Several studies demonstrate a critical 
function for NIK specifically in T cells [40–44].  NIK−/− and 
NIK mutant aly/aly mice have reduced numbers of Treg 
cells. However, restoring NIK specifically in dendritic 
cells was shown to normalize thymic Treg cell numbers in 
 NIKaly/aly mice [45]. This finding suggests that NIK con-
trols Treg cell numbers cell-extrinsically via dendritic cells. 
Further reports show a cell-intrinsic requirement for NIK in 
peripheral homeostasis of Treg cells [46, 47]. Constitutive 
enforced expression of NIK in all T cells impairs Treg cell 
function [48], while NIK over-expression restricted to Treg 
cells induced peripheral expansion of poorly functional Treg 
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cells, resulting in an autoimmune pathology. Here, constitu-
tive over-expression of NIK in Treg cells impaired their sup-
pressive function and promoted pro-inflammatory cytokine 
production by Treg cells [49]. However, enforced expression 
of NIK can activate both alternative and canonical pathways 
[50], and therefore, the specific contribution of the alter-
native NF-κB pathway to these phenotypes remains to be 
elucidated.

Moreover, mice with conditional ablation of IKKα in T 
cells show a reduced frequency of thymic Treg cells as well 
as in peripheral lymphoid tissues but also a proliferative 
expansion of  CD4+ T effector cells [51]. Whether these two 
observations depend on each other remains to be investi-
gated through more targeted approaches. Since IKKα can 
also activate canonical NF-κB signaling [52], it has been 
suggested that the effects of NIK or IKKα rely more on 
impaired p65 or c-Rel activation rather than on diminished 
activation of the alternative NF-κB pathway. Thus, Treg cell 
alterations in the absence of these kinases might not reflect 
direct effects on non-canonical NF-κB signaling.

Alternative NF‑κB subunits in Treg cell biology

NF-κB2 and RelB are important regulators of immune toler-
ance, as shown by germline deletion of the respective pro-
teins in Relb−/− and Nfkb2−/− mice, which results in sponta-
neous autoimmunity (reviewed in [53]). Mice lacking RelB 
display T cell–dependent inflammatory cell infiltration in 
several organs, myeloid hyperplasia, and splenomegaly due 
to extramedullary hematopoiesis [54]. Of note, alternative 
NF-κB signaling (again in crosstalk with canonical NF-κB) 
additionally plays a key role in the proper maturation and 
function of medullary thymic epithelia cells (mTECs), and 
deficits in this cell type directly and indirectly affect negative 
selection and thymic Treg cell differentiation [55].

Conditional inactivation of Nfkb2 and/or Relb in both 
total T cells and Treg cells demonstrate a crucial func-
tion for p100/NF-κB2 but not RelB in Treg cell function. 
Mice with a systemic deficiency in Nfkb2 showed normal 
thymic development of Treg cells, but enhanced frequen-
cies of peripheral eTreg cells [56]. Young mice with a Treg 
cell–specific inactivation of Nfkb2 did not display abnor-
mal inflammation or autoimmunity [57]. With age, however, 
mice lacking Nfkb2 specifically in Treg cells develop mas-
sive colonic inflammation due to an impaired suppressive 
function of p100-deficient Treg cells, despite these mice 
harboring an expanded Treg cell population in their periph-
eral lymph nodes [57]. The colonic phenotype is probably 
due to aberrant expression of inflammatory cytokines by 
p100-deficient Treg cells which suggests that these numeri-
cally expanded p100-deficient Treg cells have impaired sup-
pressive activity.

Mice with conditional inactivation of Relb in T cells or 
specifically in Treg cells did not show signs of autoimmunity 
and contained similar frequencies of  Foxp3+ Treg cells in 
the periphery as wild-type controls [58]. In fact, inactivation 
of both Relb and Nfkb2 reduced the inflammatory pheno-
type, demonstrating an essential role for p100 as an inhibi-
tor of RelB in Treg cells [57]. Extrinsically, non-canonical 
NF-κB activity in dendritic cells may be a key factor that 
regulates the composition of the Treg cell compartment both 
in quantitative and qualitative terms [59].

Atypical members of the IκB protein family 
and their role in Treg cell biology

The transcriptional activity of NF-κB is fine-regulated in 
the nucleus by a variety of mechanisms, including post-
translational modifications of REL proteins as well as by 
atypical members of the NF-κB protein family. Classical 
IκBs are distinguished from the atypical IκB proteins of the 
Bcl-3 subfamily, including Bcl-3, IκBzeta (IκBζ, encoded 
by the Nfkbiz gene), and IκBNS (encoded by the Nfkbid 
gene) [60]. The latter proteins are not degraded after NF-κB 
activation but are highly induced and act as transcriptional 
modulators with inductive and repressive capacities by 
binding to NF-κB transcription factors in the nucleus [61, 
62]. Although these proteins formally belong to the IκBs 
due to the presence of ankyrin repeats in their structure, 
they do not functionally act as repressors of NF-κB nuclear 
localization but rather as modulators of NF-κB-mediated 
transcription. Atypical members can dramatically alter 
NF-κB-mediated transcription, both qualitatively and quan-
titatively, via the regulation of dimer exchange, the recruit-
ment of histone-modifying enzymes, or the stabilization of 
NF-κB dimers bound to DNA [63].

B cell leukemia 3 (Bcl‑3)

Bcl-3, which was originally identified as a proto-oncogene 
in a subgroup of B cell leukemia patients, enters the nucleus 
and associates directly with DNA-bound NF-κB p50 or p52 
homodimers to regulate NF-κB-dependent gene transcrip-
tion. Conditional overexpression specifically in mouse T 
cells, the authors observed an impairment in the develop-
ment of Th2, Th1, and Th17 cells in vivo [64]. Reissig et al. 
demonstrated that Bcl-3 is also important for the mainte-
nance of Treg cell function and the prevention of spontane-
ous colitis. Here, the authors showed that in Treg cells, Bcl-3 
interacts with p50 and inhibits p50 DNA binding and thereby 
alters the NF-κB-mediated genetic programs required for 
Treg cell development and function [65]. By contrast, using 
conditional knockout mice, it was further demonstrated that 
loss of Bcl-3 specifically in Treg cells was sufficient to boost 
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RORγt+ Treg cell formation and resistance of mice to dex-
tran sulfate sodium-induced colitis. Thus, Bcl-3 suppresses 
the accumulation of ROR(γt)+ Treg cells [66]. This report 
reveals a novel role for Bcl-3 in modulating NF-κB activa-
tion in Treg cell subset differentiation with possible clini-
cal implications while the exact molecular mechanism still 
needs to be evaluated.

IκBNS

The atypical inhibitor of NF-κB, IκBNS, also known as TA-
NFKBH and Nfkbid, is the smallest member of the Bcl-3 
subfamily [67]. IκBNS can interact with several different 
NF-κB dimers in the nucleus and was shown to be involved 
in the development of Treg cells by regulating the transi-
tion of thymic immature  GITR+CD25+Foxp3− Treg cells 
into  Foxp3+ mature Treg cells [68]. IκBNS is transiently 
expressed during thymic nTreg cell development and drives 
Foxp3 induction by binding to its promoter and CNS3 via 
p50 and c-REL [68]. IκBNS repression might ensure silenc-
ing of IL-2 transcription in Treg cells, as it is needed for 
IL-2 induction upon activation of CD4 and CD8 cells [69]. 
Although the protein is repressed in  Foxp3+ Treg cells, 
IκBNS is important for the maturation of  Foxp3− Treg cell 
precursors [68], as thymic Treg cells are reduced in IκBNS-
deficient mice.

Interestingly, mice deficient for IκBNS or c-REL show 
similar defects in the function of adaptive and innate immune 
cells, including a reduction of  CD25+Foxp3− Treg cell pre-
cursors. On the molecular level, c-REL and IκBNS were 
reported to bind both to the core promoter and the CNS3 
region of the Foxp3 locus [70, 71]. In c-rel/IκBNS double-
deficient mice, Treg numbers are dramatically reduced, but 
these mice did not develop autoimmunity even when mice 
were aged more than 1 year, suggesting essential roles for 
c-REL and IκBNS in T effector cell functions. Distinguishing 
the two proteins, it was shown that c-REL, but not IκBNS, 
controls the generation of classical  CD25+Foxp3− precur-
sors via direct binding to the Il2ra locus [70]. In contrast to 
natural (n)Treg development in the thymus, similar to c-Rel, 
IκBNS is dispensable for maintenance of mature Treg cells. 
This is supported by the fact that Nfkbid itself is suppressed 
in mature Treg cells [72].

IkBζ

In vitro, IκBζ -deficient T cells have a high capacity for 
generating Treg cells when T cells are cultured under TGF-β 
stimulation in the presence of cytokine-neutralizing anti-
bodies. Mechanistically, the authors propose that IκBζ itself 
negatively regulates the activation of the Foxp3 promoter in 
a NF-κB-dependent manner [73]. The generation of Treg 
cell specific IκBζ-deficient mice revealed no deficiency in 

peripheral Treg cells in lymphoid organs. However, Treg 
cells from T cell–specific IκBζ-deficient mice were shown 
to have reduced immunomodulatory function [73]. Further-
more, IκBζ was shown to be induced by TGF-β signaling 
and plays a pivotal role in maintaining normal frequencies 
of Th17 cells. IkBζ binds, together with RORγ or RORα, to 
the IL-17a locus but whether a related pathway also affects 
Treg cells remains to be investigated [74].

Insights into Treg cell differentiation 
from human patients

Analysis of patients with mutations in individual NF-κB 
members only infrequently directly assess Treg cells fre-
quencies and functions. Interpretations of the resulting data 
are complicated due to the often-observed (severe) com-
bined immune deficiency in these patients that can affect 
Treg cells indirectly. Some of the clinical manifestations in 
such patients resemble features that one may expect from 
mutations directly affecting Treg cell function, suggesting a 
possible role for NF-κB signaling for proper Treg develop-
ment and function in humans.

Overall, there is strong evidence that canonical NF-κB 
signaling is critical for human Treg cell development. Severe 
combined immunodeficiency due to loss of IKK2 is charac-
terized by a near-complete absence of Treg cells [75]. Simi-
larly, nonsense mutations in IKBKB caused a paucity in Treg 
cell numbers in four infants along with combined immuno-
deficiency [76]. Analysis of patients with late-onset immune 
deficiency led to the identification of patients with heterozy-
gous point mutations in IKK2 (IKK2V203I) that enhance 
NF-κB activation. In one patient, this was shown to correlate 
with increased Treg cell proportions in the peripheral blood 
and slightly increased FOXP3 protein levels. Engineering 
of the human mutation in mice essentially recapitulated the 
Treg cell phenotype [77]. Mutations in adaptor molecules 
downstream the TCR were linked to low Treg cell numbers. 
For instance, mutations in CARD11, an essential molecule 
for the correct formation of the CARD11 BCL10 MALT1 
(CBM) complex and activation of canonical NF-κB signal-
ing, can result in low Treg cell numbers [78, 79]. Along 
the same line, homozygous missense mutation in mucosa-
associated lymphoid tissue lymphoma translocation 1 gene 
(MALT1) in patients were shown to impair NF-κB activation 
in lymphocytes and result in a strong reduction in Treg cells 
[80, 81]. Likewise, one case with an autosomal-recessive, 
complete BCL10 deficiency also showed a complete absence 
of Treg cells in the peripheral blood [82]. Collectively, the 
data imply a strong reliance of human Treg cell development 
on TCR-induced NF-κB activation, although signaling input 
from TNF family receptors can also play a role. This notion 
is further confirmed at the transcription factor level: patients 
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with primary immune deficiency due to haploinsufficiency 
of NF-κB1/p105 have severely reduced Treg cell frequencies 
in their peripheral blood [31]. To what extent this reflects 
a preferential loss of Treg cells with high affinity TCRs as 
suggested from the mouse studies [35] remains to be inves-
tigated. Finally, the critical importance of c-Rel for Treg 
cell development was recently confirmed in a patient with 
inherited REL deficiency, who showed a reduction in Treg 
cell frequencies in the peripheral blood [83].

In the alternative branch of NF-κB signaling, homozy-
gous loss-of-function mutations in NIK cause severe pri-
mary immune deficiency, but the proportions of  Foxp3+ 
Treg cells were in the normal range in these patients [82]. 
Loss-of-function mutations due to the premature generation 
of a stop codon in the RelB gene in three consanguineous 
patients resulted in combined immune deficiency and overall 
lower T cell responsiveness [84]. Whether Treg cell numbers 
or function were also affected has not been reported due to 
the rapid stem cell transplantation for the treatment of these 
patients.

Altogether, there is strong evidence from monogenic 
human diseases that loss-of-function mutations either 
directly in NF-κB members or in adaptor molecules prevent-
ing proper canonical NF-κB activation strongly affect Treg 
cell development and/or maintenance. The roles of alterna-
tive NF-κB signaling in human Treg cells, by contrast, need 
to be clarified in future studies.

Conclusions and perspectives

Evidence from mouse models clearly supports the notion 
that Treg cells require a certain degree of NF-κB activity 
to guarantee normal Treg differentiation. Loss-of-function 
studies involving IKK2, RelA, and c-Rel clearly demon-
strated that canonical NF-κB activation is of particular 
importance for the differentiation, maintenance, identi-
fication, and function of thymic Treg cells. It should be 
noted that evidence from different genetic models, target-
ing either all T cells or specifically  FOXP3+ T cells, war-
rants careful interpretation and cannot always be directly 
compared. While the first approach guarantees efficient 
knockout of NF-κB members already at an early state of 
Treg differentiation, the latter strategy is more targeted and 
excludes secondary effects due to the loss of the respective 
proteins in other T cell subpopulations possibly causing 
inflammation with subsequent effects on Treg cells. Treg 
cell–specific gene inactivation is restricted to later time 
points, when sufficient FOXP3 protein and Cre recombi-
nase have been made. Also, in this experimental setting, 
the timing and extent of gene inactivation differ between 
individual Foxp3-Cre(ERT2)-transgenic mice, which can 
strongly influence the results. This is particularly relevant 

to study initial Treg cell differentiation during which 
NF-κB activity plays a pivotal role according to current 
knowledge (see above) because NF-κB may be relevant for 
ensuring Treg cell identity prior to Foxp3 expression [21]. 
In principle, recombination efficiencies and kinetics should 
be validated for each individual Cre-transgenic stain and 
the specific conditional allele employed [85]. The combi-
nation of single cell sequencing approaches and the use 
of novel mouse models along with CRISPR-Cas9 applica-
tions to manipulate Treg cells will allow in the future better 
insights into the individual or combinatorial role of NF-κB 
members for Treg cell biology.

Complete ablation of NF-κB proteins often allows a more 
direct comparison to mutations present in patients but often 
cannot answer whether Treg cell-extrinsic effects indirectly 
affect Treg cells. This is of high relevance for the design 
of T cell therapies that aim to restore Treg cells with ade-
quate NF-κB activity. This basic NF-κB activity seems to 
be fundamental for Treg stability and identity and is thus of 
critical importance for such therapeutic approaches. Some 
NF-κB family members directly bind to regions known to 
regulate Foxp3 gene expression. Stable FOXP3 expression 
ensured by NF-κB activity may exploit also a number of 
post-translational modification of the FOXP3 protein [86], 
but more research is needed for deeper mechanistic insights. 
Additionally, there is currently a fundamental lack of under-
standing whether and how NF-κB signaling affects the many 
versatile Treg cell subsets that were discovered in almost 
all tissues. These tissue-residing Treg cells often rely on a 
different number of co-transcription factors that ensure the 
tissue-specific function of Tregs and it will be important to 
investigate whether and how NF-κB will also affect these 
transcriptional regulators.

Another possibility to modulate NF-κB activity is to 
interfere with the signaling cascade that leads to NF-κB 
activation through the use of small molecules, but this strat-
egy has additional caveats: First, one needs to identify a 
strategy to specifically target Treg cells and second, signal-
ing upstream of NF-κB interferes with many other signaling 
cascades (e.g., cytokine receptor signaling) and may thus 
cause unexpected side effects. Currently, signaling via the 
TCR and its co-receptors is thought to be primarily responsi-
ble for NF-κB activation in Treg cells [9]. In addition, mem-
bers of the TNF receptor superfamily were implicated in the 
generation of Tregs, in particular GITR, OX40 and TNFR2, 
all of which prominently activate NF-κB [87]. Thus, both 
homeostatic TCR signals and tissue-specific cytokines are 
necessary for Treg survival and this seems to depend on a 
basic NF-κB activity in Treg cells.

Activation of NF-κB and subsequent NF-κB-dependent 
gene activity is one of the basic principles of how innate 
immune cells respond to recognition of foreign danger-
associated molecular patterns. This ancient principle was 
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adapted by adaptive immune cells (both T and B cells). Why 
the same pathway is also necessary in Treg cells, which have 
a primarily immunosuppressive role, remains to be deter-
mined. One reason may be that controlling Treg activity by 
the same pathway that governs effector responses ensures 
a tightly controlled immune response and avoids overt tis-
sue damage by overactivation of NF-κB pathways in other 
immune cells. Accordingly, the evolutionary conserved 
link of TCR activity to NF-κB activation is over-ruled by 
FOXP3 together with additional transcription factors to 
ensure the typical “immune-suppressive” signature in Treg 
cells over an NF-κB-induced “alert’ signature observed in 
other immune cells.

NF-κB transcription factors play diverse and important 
roles in both Treg cell differentiation and immune-modulating  
functions. Although great progress has been made in the 
past 10–15 years, many aspects of NF-κB functions in Treg 
cells remain unresolved. Determining the target genes, dis-
tinguishing common and unique roles of individual NF-κB 
members, and elucidating the Treg cell–specific gene regu-
lation by NF-κB proteins remain important tasks for future 
studies. It will also be of particular importance to assess the 
role of NF-κB family members for the functionality of the 
diverse Treg cell subsets found in diverse peripheral organs 
and to distinguish between Treg cells differentiated in the 
thymus and Treg cells exclusively induced in the periphery. 
Altogether, both mouse and human data suggest that NF-κB 
family members hold substantial promise to modify Treg 
cell functions for the benefit of patients with unwanted Treg 
cell activity (e.g., cancer) or dysfunctional Treg cells (e.g., 
autoimmune diseases).

Box 1 A brief introduction to NF‑κB 
transcription factors

The core transcriptional mediators of the NF-κB family com-
prise a family of hetero- and homodimers composed of five 
related proteins, namely, p65 (RelA), c-Rel, RelB, p50 (NF-
κB1), and p52 (NF-κB2), all comprising a conserved REL 
homology domain (RHD) near the N-terminus. This domain 
is crucial for dimer formation, binding to specific κB DNA 
sequences, nuclear import, and interaction with the inhibitors 
of kappa (IκB) family of regulatory molecules. In addition, 
the subunits RelA, RelB, and c-Rel harbor a C-terminal trans-
activation domain (TAD). Inactive NF-κB dimers localize 
within the cytoplasm, since the nuclear localization signal 
(NLS) within the RHD, is masked by IκBs [88].

Upon activation, NF-κB transcription factors are 
mobilized to the nucleus by a diverse range of stimuli 
that engage either the canonical (classical) or alternative 
(non-canonical) pathway. The canonical pathway acti-
vates dimers of RelA, c-Rel, and p50, whereas the nuclear 

translocation of p52–RelB dimers requires processing of 
p100–RelB heterodimers by the alternative pathway [88].

Different signal transduction networks engaged by 
extracellular signals all converge on an IκB kinase (IKK) 
complex comprising distinct kinase subunits, IKKα 
(IKK1), IKKβ (IKK2), and a regulatory protein, NEMO. 
In T cells, mainly the TCR and TNF receptor superfamily 
members activate the IKK complex by triggering phos-
phorylation of IKKβ, which in turn phosphorylates IκB 
proteins associated with NF-κB dimers. This initiates IκB 
polyubiquitination and degradation, which culminates in 
NF-κB nuclear translocation [88].

The alternative NF-κB pathway, engaged by ligands for 
TNF receptor superfamily members expressed in T cells, 
activates the IKK complex through NF-κB-inducing kinase 
(NIK) phosphorylation of IKKα. Activated IKKα in turn 
generates p52/p52 homodimers and p52/RelB heterodimers 
by triggering the proteolytic processing of p100 bound to 
p52 and RelB, respectively, in response to IKKα phospho-
rylation of p100. In resting cells, p100 sequesters RelB in 
the cytoplasm and signal-induced p100 processing allows 
for nuclear activation of RelB:p52 heterodimers [36]. How-
ever, p100 may retain RelA and c-Rel-containing heterodi-
mers as well [89]. Interactions between canonical and non-
canonical NF-κB were described in other cell types such as 
dendritic cells [90], but whether this interaction occurs also 
in Treg cells remains to be investigated. Finally, NF-κB 
dimers activated by both pathways regulate transcription by 
recognizing and binding to consensus κB elements located 
in the regulatory regions of target genes.

Acknowledgements We thank Dr. Linda Koch for proofreading this 
article. The figure was created with BioRender.

Author contribution N.H., M.S.S and C.O. contributed equally to 
this work. N.H., M.S.S and C.O. performed the literature search, data 
analysis, drafted, prepared the figure, and critically revised the work.

Funding Open Access funding enabled and organized by Projekt 
DEAL. This work was supported by grants from the European Research 
Council (ERC Starting grant project number 716718 to CO) and the 
Deutsche Forschungsgemeinschaft (DFG) grant number OH 282/1–2 
within FOR2599 to CO and project P07 within SFB1371 to CO as well 
as through CRC1054, project A02 to M.S.S, and DFG project TP20N 
within CRC1292 and DFG HO44403-1 to N.H.

Availability of data and materials Not applicable.

Declarations 

Ethics approval and consent to participate Not applicable.

Consent for publication All authors consent to the publication of the 
article in Journal of Molecular Medicine.

Competing interests The authors declare no competing interests.

992 Journal of Molecular Medicine (2022) 100:985–995



1 3

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. Brunkow ME, Jeffery EW, Hjerrild KA, Paeper B, Clark LB, 
Yasayko SA, Wilkinson JE, Galas D, Ziegler SF, Ramsdell F 
(2001) Disruption of a new forkhead/winged-helix protein, 
scurfin, results in the fatal lymphoproliferative disorder of the 
scurfy mouse. Nat Genet 27(1):68–73

 2. Le Bras S, Geha RS (2006) IPEX and the role of Foxp3 in 
the development and function of human Tregs. J Clin Invest 
116(6):1473–1475

 3. Sefik E, Geva-Zatorsky N, Oh S, Konnikova L, Zemmour D, 
McGuire AM, Burzyn D, Ortiz-Lopez A, Lobera M, Yang J 
et al (2015) MUCOSAL IMMUNOLOGY. Individual intesti-
nal symbionts induce a distinct population of RORgamma(+) 
regulatory T cells. Science 349(6251):993–997

 4. Ohnmacht C, Park JH, Cording S, Wing JB, Atarashi K, Obata 
Y, Gaboriau-Routhiau V, Marques R, Dulauroy S, Fedoseeva 
M et al (2015) MUCOSAL IMMUNOLOGY. The microbiota 
regulates type 2 immunity through RORgammat(+) T cells. Sci-
ence 349(6251):989–993

 5. Josefowicz SZ, Niec RE, Kim HY, Treuting P, Chinen T, Zheng 
Y, Umetsu DT, Rudensky AY (2012) Extrathymically generated 
regulatory T cells control mucosal TH2 inflammation. Nature 
482(7385):395–399

 6. Campbell C, Dikiy S, Bhattarai SK, Chinen T, Matheis F, Calafiore 
M, Hoyos B, Hanash A, Mucida D, Bucci V et al (2018) Extrathym-
ically Generated regulatory T Cells establish a niche for intestinal 
border-dwelling bacteria and affect physiologic metabolite balance. 
Immunity 48(6):1245–1257

 7. Barnes MJ, Krebs P, Harris N, Eidenschenk C, Gonzalez-Quintial 
R, Arnold CN, Crozat K, Sovath S, Moresco EM, Theofilopoulos 
AN et al (2009) Commitment to the regulatory T cell lineage 
requires CARMA1 in the thymus but not in the periphery. PLoS 
Biol 7(3):e51

 8. Grigoriadis G, Vasanthakumar A, Banerjee A, Grumont R, 
Overall S, Gleeson P, Shannon F, Gerondakis S (2011) c-Rel 
controls multiple discrete steps in the thymic development of 
Foxp3+ CD4 regulatory T cells. PLoS ONE 6(10):e26851

 9. Long M, Park SG, Strickland I, Hayden MS, Ghosh S (2009) 
Nuclear factor-kappaB modulates regulatory T cell development 
by directly regulating expression of Foxp3 transcription factor. 
Immunity 31(6):921–931

 10. Ruan Q, Kameswaran V, Tone Y, Li L, Liou HC, Greene MI, 
Tone M, Chen YH (2009) Development of Foxp3(+) regula-
tory t cells is driven by the c-Rel enhanceosome. Immunity 
31(6):932–940

 11. Molinero LL, Yang J, Gajewski T, Abraham C, Farrar MA, 
Alegre ML (2009) CARMA1 controls an early checkpoint in the 
thymic development of FoxP3+ regulatory T cells. J Immunol 
182(11):6736–6743

 12. Rosenbaum M, Gewies A, Pechloff K, Heuser C, Engleitner T, 
Gehring T, Hartjes L, Krebs S, Krappmann D, Kriegsmann M 
et al (2019) Bcl10-controlled Malt1 paracaspase activity is key 
for the immune suppressive function of regulatory T cells. Nat 
Commun 10(1):2352

 13. Brustle A, Brenner D, Knobbe-Thomsen CB, Cox M, Lang PA, 
Lang KS, Mak TW (2017) MALT1 is an intrinsic regulator of 
regulatory T cells. Cell Death Differ 24(7):1214–1223

 14. Gewies A, Gorka O, Bergmann H, Pechloff K, Petermann F, 
Jeltsch KM, Rudelius M, Kriegsmann M, Weichert W, Horsch 
M et al (2014) Uncoupling Malt1 threshold function from para-
caspase activity results in destructive autoimmune inflamma-
tion. Cell Rep 9(4):1292–1305

 15. Jaworski M, Marsland BJ, Gehrig J, Held W, Favre S, Luther 
SA, Perroud M, Golshayan D, Gaide O, Thome M (2014) Malt1 
protease inactivation efficiently dampens immune responses but 
causes spontaneous autoimmunity. EMBO J 33(23):2765–2781

 16. Cheng L, Deng N, Yang N, Zhao X, Lin X (2019) Malt1 Protease 
Is Critical in Maintaining Function of Regulatory T Cells and 
May Be a Therapeutic Target for Antitumor Immunity. J Immunol 
202(10):3008–3019

 17. Schmidt-Supprian M, Tian J, Grant EP, Pasparakis M, Maehr R, 
Ovaa H, Ploegh HL, Coyle AJ, Rajewsky K (2004) Differential 
dependence of CD4+CD25+ regulatory and natural killer-like T 
cells on signals leading to NF-kappaB activation. Proc Natl Acad 
Sci USA 101(13):4566–4571

 18. Zheng Y, Josefowicz S, Chaudhry A, Peng XP, Forbush K, 
Rudensky AY (2010) Role of conserved non-coding DNA 
elements in the Foxp3 gene in regulatory T-cell fate. Nature 
463(7282):808–812

 19. Schmidt-Supprian M, Courtois G, Tian J, Coyle AJ, Israel A, 
Rajewsky K, Pasparakis M (2003) Mature T cells depend on 
signaling through the IKK complex. Immunity 19(3):377–389

 20. Guckel E, Frey S, Zaiss MM, Schett G, Ghosh S, Voll RE (2011) 
Cell-intrinsic NF-kappaB activation is critical for the development 
of natural regulatory T cells in mice. PLoS ONE 6(5):e20003

 21. Heuser C, Gotot J, Piotrowski EC, Philipp MS, Courreges CJF, 
Otte MS, Guo L, Schmid-Burgk JL, Hornung V, Heine A et al 
(2017) Prolonged IKKbeta inhibition improves ongoing CTL anti-
tumor responses by incapacitating regulatory T cells. Cell Rep 
21(3):578–586

 22. Fulford TS, Grumont R, Wirasinha RC, Ellis D, Barugahare 
A, Turner SJ, Naeem H, Powell D, Lyons PA, Smith KGC et al 
(2021) c-Rel employs multiple mechanisms to promote the thymic 
development and peripheral function of regulatory T cells in mice. 
Eur J Immunol 51(8):2006–2026

 23. Isomura I, Palmer S, Grumont RJ, Bunting K, Hoyne G, Wilkinson 
N, Banerjee A, Proietto A, Gugasyan R, Wu L et al (2009) c-Rel is 
required for the development of thymic Foxp3+ CD4 regulatory T 
cells. J Exp Med 206(13):3001–3014

 24. Bending D, Prieto Martin P, Paduraru A, Ducker C, Marzaganov 
E, Laviron M, Kitano S, Miyachi H, Crompton T, Ono M (2018) 
A timer for analyzing temporally dynamic changes in transcription 
during differentiation in vivo. J Cell Biol 217(8):2931–2950

 25. Vahl JC, Drees C, Heger K, Heink S, Fischer JC, Nedjic J, Ohkura 
N, Morikawa H, Poeck H, Schallenberg S et al (2014) Continu-
ous T cell receptor signals maintain a functional regulatory T cell 
pool. Immunity 41(5):722–736

 26. Oh H, Grinberg-Bleyer Y, Liao W, Maloney D, Wang P, Wu Z, 
Wang J, Bhatt DM, Heise N, Schmid RM et al (2017) An NF-
kappaB transcription-factor-dependent lineage-specific transcrip-
tional program promotes regulatory T cell identity and function. 
Immunity 47(3):450–465

993Journal of Molecular Medicine (2022) 100:985–995

http://creativecommons.org/licenses/by/4.0/


1 3

 27. Grinberg-Bleyer Y, Oh H, Desrichard A, Bhatt DM, Caron R, 
Chan TA, Schmid RM, Klein U, Hayden MS, Ghosh S (2017) 
NF-kappaB c-Rel Is crucial for the regulatory T cell immune 
checkpoint in cancer. Cell 170(6):1096–1108

 28. Doi TS, Marino MW, Takahashi T, Yoshida T, Sakakura T, Old 
LJ, Obata Y (1999) Absence of tumor necrosis factor rescues 
RelA-deficient mice from embryonic lethality. Proc Natl Acad 
Sci USA 96(6):2994–2999

 29. Fukazawa T, Hiraiwa N, Umemura T, Mise-Omata S, Obata Y, 
Doi T (2015) Egress of mature murine regulatory T cells from the 
thymus requires RelA. J Immunol 194(7):3020–3028

 30. Messina N, Fulford T, O’Reilly L, Loh WX, Motyer JM, Ellis D, 
McLean C, Naeem H, Lin A, Gugasyan R et al (2016) The NF-
kappaB transcription factor RelA is required for the tolerogenic 
function of Foxp3(+) regulatory T cells. J Autoimmun 70:52–62

 31. Vasanthakumar A, Liao Y, Teh P, Pascutti MF, Oja AE, Garnham 
AL, Gloury R, Tempany JC, Sidwell T, Cuadrado E et al (2017) 
The TNF receptor superfamily-NF-kappaB axis is critical to main-
tain effector regulatory T cells in lymphoid and non-lymphoid tis-
sues. Cell Rep 20(12):2906–2920

 32. Ghosh S, Gifford AM, Riviere LR, Tempst P, Nolan GP, Baltimore 
D (1990) Cloning of the p50 DNA binding subunit of NF-kappa 
B: homology to rel and dorsal. Cell 62(5):1019–1029

 33. Kieran M, Blank V, Logeat F, Vandekerckhove J, Lottspeich 
F, Le Bail O, Urban MB, Kourilsky P, Baeuerle PA, Israel A 
(1990) The DNA binding subunit of NF-kappa B is identical to 
factor KBF1 and homologous to the rel oncogene product. Cell 
62(5):1007–1018

 34. Chang M, Lee AJ, Fitzpatrick L, Zhang M, Sun SC (2009) 
NF-kappa B1 p105 regulates T cell homeostasis and prevents 
chronic inflammation. J Immunol 182(5):3131–3138

 35. Owen DL, Mahmud SA, Sjaastad LE, Williams JB, Spanier JA, 
Simeonov DR, Ruscher R, Huang W, Proekt I, Miller CN et al 
(2019) Thymic regulatory T cells arise via two distinct devel-
opmental programs. Nat Immunol 20(2):195–205

 36. Sun SC (2017) The non-canonical NF-kappaB pathway in 
immunity and inflammation. Nat Rev Immunol 17(9):545–558

 37. Voo KS, Bover L, Harline ML, Vien LT, Facchinetti V, Arima 
K, Kwak LW, Liu YJ (2013) Antibodies targeting human OX40 
expand effector T cells and block inducible and natural regula-
tory T cell function. J Immunol 191(7):3641–3650

 38. Schaer DA, Budhu S, Liu C, Bryson C, Malandro N, Cohen 
A, Zhong H, Yang X, Houghton AN, Merghoub T et al (2013) 
GITR pathway activation abrogates tumor immune suppression 
through loss of regulatory T cell lineage stability. Cancer Immu-
nol Res 1(5):320–331

 39. Smith SE, Hoelzinger DB, Dominguez AL, Van Snick J, 
Lustgarten J (2011) Signals through 4–1BB inhibit T regula-
tory cells by blocking IL-9 production enhancing antitumor 
responses. Cancer Immunol Immunother 60(12):1775–1787

 40. Yamada T, Mitani T, Yorita K, Uchida D, Matsushima A, Iwamasa 
K, Fujita S, Matsumoto M (2000) Abnormal immune function of 
hemopoietic cells from alymphoplasia (aly) mice, a natural strain with 
mutant NF-kappa B-inducing kinase. J Immunol 165(2):804–812

 41. Matsumoto G, Tsunematsu S, Tsukinoki K, Ohmi Y, Iwamiya 
M, Oliveira-dos-Santos A, Tone D, Shindo J, Penninger JM 
(2002) Essential role of the adhesion receptor LFA-1 for T cell-
dependent fulminant hepatitis. J Immunol 169(12):7087–7096

 42. Ishimaru N, Kishimoto H, Hayashi Y, Sprent J (2006) Regula-
tion of naive T cell function by the NF-kappaB2 pathway. Nat 
Immunol 7(7):763–772

 43. Sanchez-Valdepenas C, Martin AG, Ramakrishnan P, Wallach 
D, Fresno M (2006) NF-kappaB-inducing kinase is involved in 
the activation of the CD28 responsive element through phos-
phorylation of c-Rel and regulation of its transactivating activ-
ity. J Immunol 176(8):4666–4674

 44. Jin W, Zhou XF, Yu J, Cheng X, Sun SC (2009) Regulation of 
Th17 cell differentiation and EAE induction by MAP3K NIK. 
Blood 113(26):6603–6610

 45. Hofmann J, Mair F, Greter M, Schmidt-Supprian M, Becher 
B (2011) NIK signaling in dendritic cells but not in T cells 
is required for the development of effector T cells and cell-
mediated immune responses. J Exp Med 208(9):1917–1929

 46. Murray SE (2013) Cell-intrinsic role for NF-kappa B-inducing 
kinase in peripheral maintenance but not thymic development 
of Foxp3+ regulatory T cells in mice. PLoS ONE 8(9):e76216

 47. Li Y, Wang H, Zhou X, Xie X, Chen X, Jie Z, Zou Q, Hu H, 
Zhu L, Cheng X et al (2016) Cell intrinsic role of NF-kappaB-
inducing kinase in regulating T cell-mediated immune and auto-
immune responses. Sci Rep 6:22115

 48. Murray SE, Polesso F, Rowe AM, Basak S, Koguchi Y, Toren KG, 
Hoffmann A, Parker DC (2011) NF-kappaB-inducing kinase plays 
an essential T cell-intrinsic role in graft-versus-host disease and 
lethal autoimmunity in mice. J Clin Invest 121(12):4775–4786

 49. Polesso F, Sarker M, Anderson A, Parker DC, Murray SE (2017) 
Constitutive expression of NF-kappaB inducing kinase in regula-
tory T cells impairs suppressive function and promotes instability 
and pro-inflammatory cytokine production. Sci Rep 7(1):14779

 50. Karin M (1999) How NF-kappaB is activated: the role of the 
IkappaB kinase (IKK) complex. Oncogene 18(49):6867–6874

 51. Chen X, Willette-Brown J, Wu X, Hu Y, Howard OM, Hu Y, 
Oppenheim JJ (2015) IKKalpha is required for the homeostasis 
of regulatory T cells and for the expansion of both regulatory 
and effector CD4 T cells. FASEB J 29(2):443–454

 52. Oeckinghaus A, Hayden MS, Ghosh S (2011) Crosstalk in NF-
kappaB signaling pathways. Nat Immunol 12(8):695–708

 53. Brown KD, Claudio E, Siebenlist U (2008) The roles of the clas-
sical and alternative nuclear factor-kappaB pathways: potential 
implications for autoimmunity and rheumatoid arthritis. Arthri-
tis Res Ther 10(4):212

 54. Weih F, Durham SK, Barton DS, Sha WC, Baltimore D, Bravo 
R (1996) Both multiorgan inflammation and myeloid hyper-
plasia in RelB-deficient mice are T cell dependent. J Immunol 
157(9):3974–3979

 55. Riemann M, Andreas N, Fedoseeva M, Meier E, Weih D, 
Freytag H, Schmidt-Ullrich R, Klein U, Wang ZQ, Weih F 
(2017) Central immune tolerance depends on crosstalk between 
the classical and alternative NF-kappaB pathways in medullary 
thymic epithelial cells. J Autoimmun 81:56–67

 56. Dhar A, Chawla M, Chattopadhyay S, Oswal N, Umar D, Gupta 
S, Bal V, Rath S, George A, Arimbasseri GA et al (2019) Role 
of NF-kappaB2-p100 in regulatory T cell homeostasis and acti-
vation. Sci Rep 9(1):13867

 57. Grinberg-Bleyer Y, Caron R, Seeley JJ, De Silva NS, Schindler 
CW, Hayden MS, Klein U, Ghosh S (2018) The alternative NF-
kappaB Pathway in regulatory T cell homeostasis and suppres-
sive function. J Immunol 200(7):2362–2371

 58. Li J, Chen S, Chen W, Ye Q, Dou Y, Xiao Y, Zhang L, Minze 
LJ, Li XC, Xiao X (2018) Role of the NF-kappaB family mem-
ber RelB in regulation of Foxp3(+) regulatory T cells in vivo. 
J Immunol 200(4):1325–1334

 59. Andreas N, Potthast M, Geiselhoringer AL, Garg G, de Jong R, 
Riewaldt J, Russkamp D, Riemann M, Girard JP, Blank S et al 
(2019) RelB deficiency in dendritic cells protects from autoim-
mune inflammation due to spontaneous accumulation of tissue 
T regulatory cells. J Immunol 203(10):2602–2613

 60. Hayden MS, Ghosh S (2012) NF-kappaB, the first quarter-
century: remarkable progress and outstanding questions. Genes 
Dev 26(3):203–234

 61. Ghosh S, Hayden MS (2008) New regulators of NF-kappaB in 
inflammation. Nat Rev Immunol 8(11):837–848

994 Journal of Molecular Medicine (2022) 100:985–995



1 3

 62. Mankan AK, Lawless MW, Gray SG, Kelleher D, McManus R 
(2009) NF-kappaB regulation: the nuclear response. J Cell Mol 
Med 13(4):631–643

 63. Schuster M, Annemann M, Plaza-Sirvent C, Schmitz I (2013) 
Atypical IkappaB proteins - nuclear modulators of NF-kappaB 
signaling. Cell Commun Signal 11(1):23

 64. Mufazalov IA, Kuschmann J, Andruszewski D, Masri J, Gabriel 
LA, Adams P, Reissig S, Hovelmeyer N, Waisman A (2017) 
Balanced Bcl-3 expression in murine CD4(+) T cells is required 
for generation of encephalitogenic Th17 cells. Eur J Immunol 
47(8):1335–1341

 65. Reissig S, Tang Y, Nikolaev A, Gerlach K, Wolf C, Davari 
K, Gallus C, Masri J, Mufazalov IA, Neurath MF et al (2017) 
Elevated levels of Bcl-3 inhibits Treg development and function 
resulting in spontaneous colitis. Nat Commun 8:15069

 66. Tang W, Saret S, Tian R, Wang H, Claudio E, Murphy PM, Siebenlist 
U (2021) Bcl-3 suppresses differentiation of RORgammat(+) regula-
tory T cells. Immunol Cell Biol 99(6):586–595

 67. Fiorini E, Schmitz I, Marissen WE, Osborn SL, Touma M, Sasada 
T, Reche PA, Tibaldi EV, Hussey RE, Kruisbeek AM et al (2002) 
Peptide-induced negative selection of thymocytes activates tran-
scription of an NF-kappa B inhibitor. Mol Cell 9(3):637–648

 68. Schuster M, Glauben R, Plaza-Sirvent C, Schreiber L, Annemann 
M, Floess S, Kuhl AA, Clayton LK, Sparwasser T, Schulze-
Osthoff K et al (2012) IkappaB(NS) protein mediates regulatory 
T cell development via induction of the Foxp3 transcription factor. 
Immunity 37(6):998–1008

 69. Touma M, Antonini V, Kumar M, Osborn SL, Bobenchik AM, 
Keskin DB, Connolly JE, Grusby MJ, Reinherz EL, Clayton 
LK (2007) Functional role for I kappa BNS in T cell cytokine 
regulation as revealed by targeted gene disruption. J Immunol 
179(3):1681–1692

 70. Schuster M, Plaza-Sirvent C, Visekruna A, Huehn J, Schmitz I 
(2019) Generation of Foxp3(+)CD25(-) Regulatory T-Cell Pre-
cursors Requires c-Rel and IkappaBNS. Front Immunol 10:1583

 71. Schuster M, Plaza-Sirvent C, Matthies AM, Heise U, Jeron A, 
Bruder D, Visekruna A, Huehn J, Schmitz I (2017) c-REL and 
IkappaBNS govern common and independent steps of regulatory 
T cell development from novel CD122-expressing pre-precursors. 
J Immunol 199(3):920–930

 72. Marson A, Kretschmer K, Frampton GM, Jacobsen ES, Polansky 
JK, MacIsaac KD, Levine SS, Fraenkel E, von Boehmer H, Young 
RA (2007) Foxp3 occupancy and regulation of key target genes 
during T-cell stimulation. Nature 445(7130):931–935

 73. MaruYama T, Kobayashi S, Ogasawara K, Yoshimura A, Chen W, 
Muta T (2015) Control of IFN-gamma production and regulatory 
function by the inducible nuclear protein IkappaB-zeta in T cells. 
J Leukoc Biol 98(3):385–393

 74. Okamoto K, Iwai Y, Oh-Hora M, Yamamoto M, Morio T, Aoki 
K, Ohya K, Jetten AM, Akira S, Muta T et al (2010) IkappaBzeta 
regulates T(H)17 development by cooperating with ROR nuclear 
receptors. Nature 464(7293):1381–1385

 75. Pannicke U, Baumann B, Fuchs S, Henneke P, Rensing-Ehl A, 
Rizzi M, Janda A, Hese K, Schlesier M, Holzmann K et al (2013) 
Deficiency of innate and acquired immunity caused by an IKBKB 
mutation. N Engl J Med 369(26):2504–2514

 76. Mousallem T, Yang J, Urban TJ, Wang H, Adeli M, Parrott RE, 
Roberts JL, Goldstein DB, Buckley RH, Zhong XP (2014) A non-
sense mutation in IKBKB causes combined immunodeficiency. 
Blood 124(13):2046–2050

 77. Cardinez C, Miraghazadeh B, Tanita K, da Silva E, Hoshino A, 
Okada S, Chand R, Asano T, Tsumura M, Yoshida K et al (2018) 

Gain-of-function IKBKB mutation causes human combined 
immune deficiency. J Exp Med 215(11):2715–2724

 78. Stepensky P, Keller B, Buchta M, Kienzler AK, Elpeleg O, 
Somech R, Cohen S, Shachar I, Miosge LA, Schlesier M et al 
(2013) Deficiency of caspase recruitment domain family, member 
11 (CARD11), causes profound combined immunodeficiency in 
human subjects. J Allergy Clin Immunol 131(2):477–485

 79. Greil J, Rausch T, Giese T, Bandapalli OR, Daniel V, Bekeredjian-Ding 
I, Stutz AM, Drees C, Roth S, Ruland J et al (2013) Whole-exome 
sequencing links caspase recruitment domain 11 (CARD11) inactiva-
tion to severe combined immunodeficiency. J Allergy Clin Immunol 
131(5):1376–1383

 80. Charbit-Henrion F, Jeverica AK, Begue B, Markelj G, Parlato M, 
Avcin SL, Callebaut I, Bras M, Parisot M, Jazbec J et al (2017) 
Deficiency in Mucosa-associated Lymphoid Tissue Lymphoma 
Translocation 1: A Novel Cause of IPEX-Like Syndrome. J Pedi-
atr Gastroenterol Nutr 64(3):378–384

 81. Punwani D, Wang H, Chan AY, Cowan MJ, Mallott J, Sunderam 
U, Mollenauer M, Srinivasan R, Brenner SE, Mulder A et al 
(2015) Combined immunodeficiency due to MALT1 mutations, 
treated by hematopoietic cell transplantation. J Clin Immunol 
35(2):135–146

 82. Torres JM, Martinez-Barricarte R, Garcia-Gomez S, Mazariegos 
MS, Itan Y, Boisson B, Rholvarez R, Jimenez-Reinoso A, del Pino 
L, Rodriguez-Pena R et al (2014) Inherited BCL10 deficiency 
impairs hematopoietic and nonhematopoietic immunity. J Clin 
Invest 124(12):5239–5248

 83. Levy R, Langlais D, Beziat V, Rapaport F, Rao G, Lazarov T, 
Bourgey M, Zhou YJ, Briand C, Moriya K et al (2021) Inherited 
human c-Rel deficiency disrupts myeloid and lymphoid immunity 
to multiple infectious agents. J Clin Invest 131(17):e150143

 84. Sharfe N, Merico D, Karanxha A, Macdonald C, Dadi H, Ngan 
B, Herbrick JA, Roifman CM (2015) The effects of RelB defi-
ciency on lymphocyte development and function. J Autoimmun 
65:90–100

 85. Schmidt-Supprian M, Rajewsky K (2007) Vagaries of conditional 
gene targeting. Nat Immunol 8(7):665–668

 86. Dong Y, Yang C, Pan F (2021) Post-Translational Regulations of 
Foxp3 in Treg Cells and Their Therapeutic Applications. Front 
Immunol 12:626172

 87. Mahmud SA, Manlove LS, Schmitz HM, Xing Y, Wang Y, Owen 
DL, Schenkel JM, Boomer JS, Green JM, Yagita H et al (2014) 
Costimulation via the tumor-necrosis factor receptor superfam-
ily couples TCR signal strength to the thymic differentiation of 
regulatory T cells. Nat Immunol 15(5):473–481

 88. Oeckinghaus A, Ghosh S (2009) The NF-kappaB family of tran-
scription factors and its regulation. Cold Spring Harb Perspect 
Biol 1(4):a000034

 89. Tao Z, Fusco A, Huang DB, Gupta K, Young Kim D, Ware CF, 
Van Duyne GD, Ghosh G (2014) p100/IkappaBdelta sequesters 
and inhibits NF-kappaB through kappaBsome formation. Proc 
Natl Acad Sci USA 111(45):15946–15951

 90. Shih VF, Davis-Turak J, Macal M, Huang JQ, Ponomarenko 
J, Kearns JD, Yu T, Fagerlund R, Asagiri M, Zuniga EI et al 
(2012) Control of RelB during dendritic cell activation integrates 
canonical and noncanonical NF-kappaB pathways. Nat Immunol 
13(12):1162–1170

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

995Journal of Molecular Medicine (2022) 100:985–995


	NF-κB in control of regulatory T cell development, identity, and function
	Abstract
	Introduction
	Canonical NF-κB transcription factors and Treg cell function
	C-Rel
	RelA (p65)
	RelAc-Rel
	p105p50

	Non-canonical NF-κB pathway components in Treg cell biology
	Alternative NF-κB subunits in Treg cell biology

	Atypical members of the IκB protein family and their role in Treg cell biology
	B cell leukemia 3 (Bcl-3)
	IκBNS
	IkBζ

	Insights into Treg cell differentiation from human patients
	Conclusions and perspectives
	Box 1 A brief introduction to NF-κB transcription factors
	Acknowledgements 
	References


