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NF-kB and Extrinsic Cell Death Pathways —
Entwined Do-or-Die Decisions for T cells

Sam Blanchett,' Ines Boal-Carvalho," Scott Layzell,' and Benedict Seddon'*

NF-kB signaling is required at multiple stages of T cell development and function.
The NF-kB pathway integrates signals from many receptors and involves diverse
adapters and kinases. Recent advances demonstrate that kinases controlling
NF-kB activation, such as the IKK complex, serve dual independent functions
because they also control cell death checkpoints. Survival functions previously
attributed to NF-kB are in fact mediated by these upstream kinases by novel
mechanisms. This new understanding has led to a refined view of how NF-kB
and cell death signaling are interlinked and how they regulate cell fate. We
discuss how NF-kB activation and control of cell death signaling by common
upstream triggers cooperate to regulate different aspects of T cell development
and function.

NF-kB Signaling Pathways Regulating T Cell Homeostasis, Development, and
Function

There has been considerable interest over the years in understanding the role of NF-kB signaling
in the development, function, and homeostasis of vertebrate T cells. The pathways of NF-kB ac-
tivation are highly complex. There are a multitude of surface receptors that can activate NF-kB
through one of two distinct pathways, and activate transcription factor dimers from a family of
five different monomers. The two pathways of NF-kB activation and how surface receptors con-
nect to them are described in detail in Figure | in Box 1. Given this complexity, it is perhaps unsur-
prising to find that NF-kB mediates functions that vary between different T cell subsets, and
between different stages of differentiation in the thymus and periphery. Recent studies reveal
that different types of NF-kB dimers have specific roles in the development of naive, activated,
and regulatory (Treg) T cells. Furthermore, other studies show that the kinases responsible for di-
rectly triggering NF-kB activity in fact have additional substrates that are involved in controlling cell
death checkpoints [1]. These recent advances have led to an understanding that not all NF-kB
dimers are equal, and have identified a new and previously unappreciated function of death sig-
naling in controlling T cell homeostasis and development — functions mistakenly attributed to NF-
KB in the past. This review discusses how the parallel activities of NF-kB and death signaling con-
trol T cell development, tune the long-term survival of naive T cells, guide the development and
function of Tregs, and expose activated T cells to alternative modes of cell death.

NF-kB in Thymic Development — Guilty by Association but Redundant

The T cell receptor (TCR) has long been appreciated as a potent activator of NF-«kB during T cell
activation, and TCR signaling plays a central role in guiding different stages of T cell development
in the thymus that involve selection of the TCR repertoire [2]. Previous studies have implied that
NF-kB plays a role downstream of the pre-TCR complex (see Glossary) in CD4CD8~
double-negative thymocytes [3], and downstream of the TCR for the selection of CD8 lineage
cells from CD4*CD8* double-positive (DP) thymocytes [4-6]. The most striking phenotype caused
by interfering with NF-kB pathways occurs when upstream triggers, such as the IKK complex,
TAK1, or LUBAC (Figure | in Box 2), are genetically ablated in Cd4°°Chuk™"Ikbkb™",
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Box 1. NF-kB: A Tale of Two Pathways and Many Triggers

The NF-kB family of transcription factors are hetero- or homodimers of Rel family member proteins, of which there are five —
RelA, c-Rel, p50, RelB, and p52 — that are conserved between mouse and human. The genes Rela, Rel, and Relb encode
RelA, c-Rel, and RelB proteins, respectively, while p50 and p52 are cleavage products of p105 and p100 proteins that are
encoded by the Nfkb 1 and Nfkb2 genes. A family of inhibitory proteins, the inhibitors of kB (IkB) that include p105 and p100
[84], bind to Rel dimers and sequester them in the cytoplasm. Release of NF-kB dimers is regulated in much the same way
in mouse and human. The IKK complex, a trimeric complex of two kinases, IKK1 (IKKa) and IKK2 (IKKB) plus a regulatory
subunit Nemo (IKKy), phosphorylates IkB (P in Figure I), resulting in its degradation by the proteasome and permitting NF-
kB dimers to enter the nucleus. This pathway regulates activation of RelA:p50 and c-Rel:p50 NF-kB dimers sequestered
by IkBa or p105, and is termed the canonical NF-kB pathway (Figure ). The activity of RelB:p52 dimers is instead regulated
by the so-called alternative NF-«kB pathway. Dimers are sequestered specifically by p100 protein whose phosphorylation
and degradation are specifically controlled by an IKK complex composed of an IKK1 homodimer. Activation of this IKK1
complex is instead triggered by NF-kB-inducing kinase (NIK).

Surface receptors connect with canonical NF-kB pathways by various mechanisms. However, all have in common the re-
cruitment of E3 ubiquitin ligases that allow the creation of a ubiquitin scaffold that is essential for the recruitment and activation
of the TAB1/2/TAK1 comple, in turn activating the IKK complex. Following T cell receptor triggering, PKCO phosphorylates
Card11, allowing further recruitment of BCL10 and MALT1 molecules to form the large multimeric CBM complex (reviewed
in detail in [85]). Recruitment of the E3 ubiquitin ligase, tumor necrosis factor receptor (TNFR)-associated factor (TRAF)-6,
results in the creation of the ubiquitin scaffold. By contrast, many TNFRSF proteins have TRAF-interacting motifs that can
directly recruit TRAF proteins. In addition to TRAF6, TRAF 2, 3, and 5 also have E3 ubiquitin ligase activity [86] that
creates the ubiquitin scaffold necessary to recruit TAB1/2/TAK1 and IKK complexes. Other TNFRSF members, such as
TNFR1 and DRS3, lack TRAF-interacting motifs and instead have death domains that allow the recruitment of adapters such
as TNFR1-associated death domain protein (TRADD), that in turn can bind to and recruit TRAFs. By contrast, activation of
the alternative pathway results from stabilization of NIK protein following inhibition of its degradation by TRAF2/3. In mouse
T cells, expression of both Nifkb2 and Relb is dependent upon intact canonical signaling [24].
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Figure |. Pathways of NF-kB Activation.

Cd4°®Map3k7™" or in either Ca4°Hoil”" or Cd4°"®Hoip™" mice, respectively, resulting in arrested
thymocyte development at the CD4* and CD8* single-positive (SP) stages following positive
selection [7-11]. The timing of arrest is not an artefact of the Cd4“® recombinase drivers used
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Glossary

A20: an early NF-kB-induced protein
with ubiquitin-editing activity.

Chuk: gene coding for the IKK1
component of the IKK complex.
c-Rel: canonical Rel pathway subunit
encoded by the Rel gene.

F5: influenza virus peptide-specific T cell
receptor (TCR) transgenic line.

Gld: mice with a spontaneous
inactivating mutation in the Fas ligand
(Faslg) gene.

Ikbkb: gene coding for IKK2
component of the IKK complex.

IKK: inhibitor of kB kinase complex
whose phosphorylation targets include
NF-kB, IkB repressors (targeted for
degradation), and RIPK1, thereby
inhibiting its kinase activity.

Lpr: mice with a spontaneous
inactivating mutation in the Fas gene.
LUBAC: ubiquitin-editing complex that
uniquely attaches M1-linked linear
ubiquitin chains.

MLKL: protein essential for the
induction of necroptosis.

Nfkb1: gene coding for the IkB protein
p105.

Nfkb2: gene coding for the IkB protein
p100.

OT-I: ovalbumin peptide-specific TCR
transgenic mouse.

p50: cleavage product of p105.

p52: cleavage product of p100.
Positive selection: thymic selection
event that identifies double-positive (DP)
thymocytes bearing TCRs with
intermediate avidity for self-MHC
complexes, and stimulates their
continued development.

pre-TCR complex: heterodimer of
mature TCR protein and invariant pre-
Ta chain expressed by DN3/4
thymocytes that is required for their
maturation into DP thymocytes.

RelA: canonical Rel pathway subunit
encoded by the Rela gene.

RelB: alternative Rel pathway subunit
encoded by the Relb gene.

RIPK1: serine/threonine kinase that
functions as a ubiquitin scaffold adaptor
in TNFR complex 1 but whose kinase
activity also triggers apoptosis or
necroptosis

Scurfy-like syndrome: a generalized
autoimmune disorder in mice lacking
FOXP3 expression.

TAK1: kinase required for activation of
the IKK complex during NF-«kB
activation.

Tnfaip3: gene coding for A20 protein.
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Box 2. Multi-Complex Signaling by TNFR1

In mouse, ligation of TNFR1 by TNF ligands results in signaling processes that can give rise to several different signaling
complexes that either result in () activation of NF-kB, or (ii) triggering cell death by apoptosis or by a distinct form of inflam-
matory cell death termed necroptosis (reviewed in [28,29]). Initial ligation of TNFR1 allows recruitment of the ES ligase
TRAF2 via TRADD, followed by the formation of a ubiquitin scaffold. Although initiated by TRAF2, further recruitment of
RIPK1 together with the activity of other ubiquitin ligases — cellular inhibitor of apoptosis proteins (clAP) and the linear ubig-
uitin chain assembly complex (LUBAC) — cooperate to add ubiquitin modifications both to themselves and to RIPK1, thus
generating a multiprotein complex and ubiquitin scaffold (Figure ). This results in the formation of the so-called TNFR com-
plex |, that allows TAB1/2/TAK1 and IKK complexes to be recruited and allows IKK activation by TAK1, thereby triggering
subsequent NF-kB activation. The stability of complex | may be transient in the face of deubiquitinases such as A20 and
CYLD. Dissolution of complex | results in the formation of one of several cell death-inducing complexes. Recruitment of
Fas-associated protein with death domain (FADD), and caspase 8 by TRADD [87,88], results in formation of complex
lla that triggers apoptosis by activating caspase 8 (CASP8), whereas additional recruitment of RIPK1 forms complex llb
that is a potent inducer of apoptosis [89-91]. In the absence of caspase 8 protease activity, RIPK3 and MLKL (mixed lin-
eage kinase domain-like pseudokinase) are recruited to complex llb and together trigger necroptosis, that is also
RIPK1 kinase-dependent (reviewed in [28,29]). The utilization of RIPK1 as an adapter during TNFR1 signaling is probably
no accident. As a component of complex |, RIPK1 comes into close proximity with the IKK and TAB1/2/TAK1 complexes.
Recent studies reveal that phosphorylation (P in Figure |) of RIPK1, by IKK and TAK1, represses RIPK1 kinase activity
[1,33], preventing triggering of cell death. Indeed, blocking IKK or TAK1 activity is sufficient to sensitize many cells to TNF-
induced cell death. Importantly, this protective function of RIPK1 phosphorylation can occur independently of NF-«B signal-
ing [1,24]. These studies reveal the polyfunctionality of such kinases, and how they regulate cell fate decisions — not only as
upstream activators of NF-kB signaling but also through targeting other substrates in the signaling pathway, such as RIPK1,
to block cell death induction.
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Figure I. Structure and Relationships of Different TNFR1 Signaling Complexes.

to delete genes in DP thymocytes because more recent studies, in which IKK1/2 genes were de-
leted earlier in development in double-negative progenitors in huCD2°Chuk™"Ikbkb™" mice, re-
port an identical block at the SP stage, and normal development before this stage [12].

SP thymocytes undergo a phase of maturation lasting many days [13,14], during which time they
acquire receptors that are necessary for normal recirculation, such as L-selectin, CCR7, and
S1P1, as well as the ability to proliferate in response to TCR triggering [11]. Transcriptional anal-
ysis of SP mouse thymocytes reveals a prominent NF-kB gene signature specifically in late-stage
SP thymocytes, supporting the idea that maturation is dependent upon NF-«B (Figure 1) [11,12].
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Figure 1. NF-kB and Cell Death Signaling during Mouse Thymic Development. Following positive selection, newly
generated CD4" or CD8" single-positive (SP) thymocytes undergo a maturation process characterized by loss of HSA (CD24)
expression and acquisition of CD62L, S1P1, and IL-7R expression [11,12]. The acquisition of NF-«kB signaling competency
and susceptibility to TNF-induced death signaling also appears to be part of this maturation process because SP thymocytes
also induce RIPK1 expression and the ability to transmit TNF receptor superfamily (TNFRSF) signals [24]. Although the
development of conventional o3 T cells continues unimpeded despite loss of Rel subunits, loss of IKK, TAK1, or LUBAC
function results in a profound block in thymopoiesis during SP thymocyte development (red dotted line). In the case of
TAK1 and IKK deficiencies, this is caused by unopposed TNF-induced cell death [11,12]. Blue tapers indicate expression
of the corresponding markers. Abbreviation: KO, knockout

Although the TCR has been considered to be the key upstream trigger of NF-kB activity in thymo-
cytes, NF-kB-induced genes are most evident among late-stage mouse SPs [11,12] (Figure 1), at
a point when thymic development is no longer under the influence of TCR signaling [15]. Further-
more, it is notable that the CARD11/BCL10/MALT1 (CBM) complex, that links TCR signaling to
NF-kB activation (see Figure | in Box 1), is redundant for T cell selection [16-22], further arguing
against a role for TCR-triggered NF-«kB in thymic development. Recent studies have shed light
on this puzzle by revealing that the block in SP development is in fact the result of cell death
triggered by TNF signaling. Specifically, the apparent developmental block in IKK1/2- or TAK1 -
deficient T cells, in huCD2°"°Chuk™"kbkb™" and Cd4°®Map3k7"" mice, is overcome in vivo by
genetic ablation of TNF or TNFR1, or by TNF-blocking monoclonal antibodies (mAbs) [11,12].
TNFR1 signaling can trigger cell death as well as NF-«B activation (Box 2) and, in the absence of
key triggers of NF-kB, such as the IKK complex or TAK1, death becomes the default cell fate. The
rescue of SP development by TNF blockade in IKK1/2- or TAK1-deficient T cells has also revealed
that NF-kB signaling is not required for continued development of SP thymocytes. Confirming this,
recent studies of Cd4°°Rel/"" Rela”" and Cd4°°Rela™" Nfkb1”~ Rel’~ mice, whose T cells lack
RelA and c-Rel, did not find any developmental block of conventional af T cells in the thymus
[23,24]. In mouse embryonic fibroblasts (MEFs) and cell lines, Relb and Nfkb2 expression
depends upon canonical NF-kB signaling [25-27] (Box 1). This is also the case in thymocytes
because expression of both genes is lacking in RelA/c-Rel-deficient mouse thymocytes [24].
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Therefore, progression of conventional ofs T cell development proceeds in a relatively normal manner
in the complete absence of either canonical or alternative NF-kB pathways.

Thymocyte Survival Is Controlled by IKK Independently of NF-kB

At first sight, the finding that NF-kB-deficient thymocytes undergo relatively normal development
appears to be at odds with the block in SP thymic development observed in mice lacking upstream
triggers such as IKK, TAK1, and LUBAC [7,10-12]. The cell death phenotype observed in these
studies was presumed to result from the absence of a protective NF-«kB survival signal to oppose
TNF-induced death signaling. In fact, in contrast to IKK1/2-deficient thymocytes, canonical Rel
subunit-deficient thymocytes from Cd4®Rela™"Nfkb1~/~Rel”~ mice were resistant to TNF-in-
duced cell death in vitro [24]. This apparent contradiction with the earlier studies was reconciled
by work revealing that MEFs from /kbkb™'~ mouse embryos lacking IKK2 undergo cell death in
two phases - slow and fast — that are respectively dependent and independent on NF-kB signaling
[1]. Although loss of NF-kB transcriptional activity (by inhibiting protein translation with cyclohexi-
mide) did result in a slow cell death response, the fast cell death response was blocked by the
RIPK1 inhibitor necrostatin 1 (Nec1), and was therefore dependent on RIPK1-triggered apoptosis
or on an alternative form of cell death termed necroptosis (reviewed in [28,29]). RIPK1 is a crucial
component of death-inducing complexes that form following TNF stimulation (see Figure | in Box
2) [30]. In this context, the IKK complex blocks cell death by phosphorylating RIPK1 and thus
inhibiting its kinase activity [1]. RIPK1 phosphorylation is a key cell death checkpoint in other cells
and is mediated by various kinases, including IKK and TAK1 [31]. In developing thymocytes, RIPK1
is a central regulator of TNF receptor superfamily (TNFRSF) signaling. Cell death in the absence of
IKK1/2 in huCD2"°"*Chuk™"ikbkb™" mice is RIPK1-dependent because IKK1/2-deficient thymo-
cytes can be rescued from TNF-induced cell death by blocking RIPK1 kinase activity, either by ge-
netic mutation in Ripk1°7%%N mice or by using the kinase inhibitor Nec1 in vitro [24]. This protective
function of RIPK1 phosphorylation can occur independently of NF-kB signaling [1], and the resis-
tance of RelA/c-Rel-deficient thymocytes from Ca4®Rela™ 'Nfkb1~'~Rel”~ mice to TNF-induced
cell death in vitro is dependent upon IKK kinase activity, revealing that thymocytes can control TNF-
induced cell death exclusively by this route [24]. These studies reveal the polyfunctionality of the IKK
complex and how it regulates cell fate decisions — not only as an upstream activator of NF-kB sig-
naling but also by targeting other substrates in the signaling pathway, such as RIPK1, thus blocking
cell death induction.

RIPping through Development

The central role of RIPK1 in activating NF-kB and triggering cell death processes may also account
for the specific susceptibility of maturing SP thymocytes to cell death in the absence of regulators
such as IKK, TAK1, and LUBAC. RIPK1 expression is negligible in mouse DP thymocytes, but un-
dergoes substantial transcriptional upregulation following positive selection, reaching a maximal
level in mature SPs, confirmed by protein expression [24] (Figure 1). This may contribute to
explaining why NF-kB-regulated gene induction and susceptibility to cell death coincide in the
same mature SP populations. Immature DP and HSA"CD4* SP thymocytes from wild-type (WT)
mice that do not express a high abundance of RIPK1 are weakly susceptible to TNF-induced
cell death that is RIPK1-independent [24]. It appears that RIPK1 induction in more mature SP
populations protects thymocytes from this form of complex lla-mediated cell death (see Figure |
in Box 2), provided that its kinase activity is kept in check by the activity of IKK1/2. In thymocytes,
RIPK1 expression might stabilize the formation of complex | (see Figure | in Box 2) following TNF
stimulation. Whether RIPK1 mediates cell death of mature SPs lacking TAK1 or LUBAC remains
to be determined. TAK1 is necessary to activate the IKK complex in Hela cells [32], and can di-
rectly phosphorylate RIPK1 in the L929 mouse fibroblast cell line [33], whereas LUBAC
ubiquitination activity is important for recruiting IKK to complex | [34-36] and therefore into
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proximity with RIPK1. In mice lacking T cell expression of TAK1 (Cd4°*Map3k 7" mice) or LUBAC
(Cd4°®Hoif”" mice), the expression of constitutively active IKK2 constructs was used to reconsti-
tute NF-kB activation, and this provided some degree of rescue of thymocyte development
in vivo [10,11]. However, although unappreciated at the time, the ability of IKK2 to phosphorylate
RIPK1 might be more relevant than triggering downstream NF-kB.

NF-kB Survival Programs at the Heart of Peripheral T Cell Homeostasis

Although NF-kB does not appear to play an instructive role in guiding the thymic development of
conventional af T cells [24], it is nevertheless important for the normal homeostasis and function
of peripheral T cells. Transcriptional analysis of mouse thymocyte subsets reveals a strong NF-
kB-induced gene signature in mature SP thymocytes that is not apparent at earlier developmental
stages [11,12,24], and this targets a large number of genes involved in cell survival, including
clAPs, IL-7R, and also interferon (IFN) signaling (Figure 1). The functional significance of these
gene targets for naive T cell function has, in most cases, not yet been tested. IFN signaling regu-
lated by NF-«B activity appears to be important for phenotypic maturation of thymocytes be-
cause Ifnar1™'~ mouse thymocytes lack expression of nonclassical MHC molecule, Qa2 [11].
The key IL-7R survival pathway is regulated by NF-kB in naive T cells: IL-7R is essential through-
out T cell development, except for positive selection — where DP thymocytes lose IL-7R expres-
sion to ensure that their developmental progression is governed solely by TCR signaling [37].
Resumed IL-7R expression is therefore an important maturation step in post-selection thymo-
cytes to ensure long-term survival of new T cells [38]. Re-expression of /7r requires TCR signaling
during positive selection because IL-7R expression on SPs correlates with TCR affinity for self-
peptide MHC in F5 and OT-I TCR transgenic mouse strains. Continued expression in SPs
depends upon both the transcription factor FOXO1 and NF-kB because /I7r is lost in SPs from
both Cd4°"°Foxo1™" and Cd4°°Rela™"Rel”~ mice [24,39]. Indeed, validated NF-kB binding
sites are present in the IL-7R gene (/I7r/IL7R) promoters in both mouse and human [40]. TCR
signaling does not appear to be the trigger for NF-kB signaling in this process because TCR-
dependent induction of IL-7R occurs immediately following positive selection and does not require
NF-kB [38]. Instead, TNFRSF signaling is at least one trigger because ligation of either TNFR1 and
CD27 in vitro can induce IL-7R expression in SP thymocytes from F5 TCR transgenic mice [38]
(Figure 2). However, IL-7R expression and peripheral T cell numbers are normal in Tnfrsfla™~
and Cd27~~ mice [12,41]), and this is relevant because it suggests that there can be redundancy
between TNFRSF members for stimulating NF-kB activity in developing T cells [38]. However, other
triggers of NF-kB signaling in these cells remain to be identified (Figure 2).

Transmission of NF-kB signaling by TNFRSF members is also dependent upon RIPK1 for optimal
signaling in thymocytes [24] (see Figure | in Box 2); therefore, developmental control of RIPK1 ex-
pression also contributes to the stage-specific induction of IL-7R in thymocytes. The NF-kB factor
driving this aspect of thymocyte maturation also appears to be largely RelA-dependent because
both CD4* and CD8" naive T cell numbers, and IL-7R expression in Nfkb2™"~ mice that lack p52
Rel subunit or Rel”~"Nfkb1~'~ mice that lack p50 and c-Rel, are essentially normal [24,40,42]. By
contrast, peripheral naive T cell numbers in Cd4®Rela™ Nfkb 17~ mice are substantially reduced
[24]. Nevertheless, there is some redundancy between c-Rel and RelA because gene ablation of
both factors in Cd4°®Rela™ Nikb1~~Rel”~ mice results in greater loss of peripheral naive T cell
numbers than in Cd4°®Rela Nfkb 17/~ mice [24]. It is unclear whether these activities reflect dis-
tinct gene-targeting specificities between RelA- and c-Rel-containing dimers or are merely a con-
sequence of differing relative expression levels of these units in naive CD4* and CD8" T cells.

The profound T cell deficiency in huCD2°°Chuk™"ikbkb™" mice lacking IKK1/2, and in
Cd4°"*Map3k7™" mice lacking TAK1, cannot be reversed by blocking TNF signaling or RIPK1
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Figure 2. Contrasting Roles of Upstream Triggers and NF-kB Subunit Involvement in the Development and/or
Maintenance of Conventional versus Regulatory T Cells (Tregs) in Mice. During maturation of newly generated
conventional naive T cells, RelA- (and to a lesser extent c-Rel)-containing NF-kB dimers induce the expression of a range of
genes that are required for normal naive T cell homeostasis [24]. The alternative NF-kB pathway appears to be redundant for
naive T cell development. Signaling is driven by TNF receptor superfamily (TNFRSF) members TNFR1 and CD27, although
there appears to be redundancy with other, so far unidentified, triggers (indicated by Tnfsf?/Tnfrsf?). Treg development relies
upon both T cell receptors (TCRs) and TNFRSF members to trigger a primarily c-Rel-dependent NF-kB activity that is
essential for their intrathymic development [21,60]. In mature Tregs, RelA-dependent NF-kB activity is essential for normal
suppressive function, whereas activation of alternative NF-kB signaling inhibits their suppressive function [23,48,51,57,58],
although the precise upstream receptors for these activities remain to be identified (indicated by Inputs?).

kinase activity with kinase-dead mutant RIPK1P™8N [11,12,24]. NF-kB signaling in mature thymo-
cytes is essential to achieve full homeostatic potential [38,40]. However, whether such signaling re-
mains a constitutive requirement for survival of recirculating naive T cells is unclear. Tamoxifen-
induced ablation of IKK2 in mature F5 TCR transgenic T cells in F5 Rag?~~Rosa26° = lkbkb™"
mice does not appear to impair their survival or homeostatic proliferation upon adoptive transfer
into Ragf/ ~ lymphopenic hosts, even though such deficiency does prevent normal NF-«kB
signaling in mature thymocytes [38]. However, other studies find that re-expression of IL-7R by
T cells from Cd4%®lkbkb™" mice, that have lost expression following in vitro culture with IL-7,
does require IKK2 expression [40]. Therefore, fine tuning of IL-7R expression by T cells to regulate
their homeostasis [37] represents at least one survival function of NF-kB in mature naive T cells.

The Reins on Regulation

In contrast to conventional af3 T cells, NF-kB signaling is fundamental in guiding the development
of non-conventional T cell populations in the thymus. Both the development and function of
FOXP3* Tregs are crucially reliant on NF-kB. Indeed, profound deficits in intrathymic develop-
ment of Tregs have long been noted in c-Rel-deficient Re/~~ mice [42-45] and T cell-targeted
knockouts of IKK1 and IKK2 components in CD4°°Chuk™" and Cd4°®Ikbkb™" mice, respectively
[21,46]. Recent studies highlight a complex regulation of Treg biology involving multiple receptors
and contrasting roles for the different Rel subunits. Specifically, NF-kB signaling during Treg de-
velopment appears to be mediated by canonical rather than alternative pathways because abla-
tion of genes encoding RelB, p100, or upstream activator NIK (Box 1) by either Cd4°"® or
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Foxp3°® does not affect thymic Treg numbers [47-50]. Although Cd4°®-mediated deletion of Rela
causes only a modest reduction in thymic Treg numbers [23,24,51], there is some redundancy be-
tween c-Rel and RelA because complete loss of Treg numbers only occurs with their combined loss
in Ca4°°Rela™"Rel”" mice [23,24]. The development of thymic Tregs occurs by two different path-
ways, via either CD25 FOXP3~ or CD25 FOXP3™" precursors [52], followed by IL-2- and IL-15-
dependent maturation to a mature CD25"FOXP3" phenotype [53-55]. CD4SP thymocytes in
Rel”~ mice lack both these precursor populations [23,56]. Therefore, c-Rel appears to be required
for optimal Treg development from both CD25"FOXP3™ and CD25 FOXP3* precursors.

Rel subunit preference during development does not extend to Treg survival or function, implying
that NF-«kB has distinct functions in these different processes. Genetic ablation of RelA or c-Rel
after commitment to the Treg lineage using Foxp3°"® drivers to delete Rela™” or Re/"" alleles
reveals that Tregs persist in the absence of either RelA or ¢-Rel, or of both subunits, albeit at
reduced frequencies relative to normal WT mice [23]. Although Foxp3°®Rel”™ mice remain
healthy, ablation of RelA in Foxp3°Rela™" mice results in autoimmunity and death [23,51,57,58).
Moreover, RelA appears to be required for stable Foxp3 expression and for generating the Treg
effector phenotype [51,58]. In addition, c-Rel is important for suppressive Treg functions in some
scenarios: specifically, in adoptive transfer mouse models of inflammatory bowel disease, in
which Treg cell numbers are limiting, c-Rel-deficient Tregs from Foxp3°°Rel”" donors failed to
control naive T cell-induced disease [23]. In addition, combined loss of c-Rel and RelA expression
induced by Foxp3°"® resulted in more profound disease manifestations than in Foxp3°°Rela™"
mice, namely runting and a scurfy-like syndrome [23].

Although alternative NF-kB signaling in T cells appears to be dispensable for Treg development,
recent studies do suggest that it plays a role in Treg maintenance and function (Figure 2). In the
complete absence of alternative NF-kB signaling, thymic Treg numbers were normal in bone mar-
row chimeras hosting a NIK-deficient hematopoietic system, as well as in Ca4°°Nik”" mice, but
peripheral Treg numbers were reduced relative to WT mice [47,59]. In contrast to these findings,
Treg numbers were unaffected when only Relb was deleted in Cd4®Relb™” or Foxp3“°Relb™"
mice [48,50]. Moreover, loss of the p100 NF-kB inhibitor in Tregs of Foxp3°®Nfkb2™" mice re-
sulted in a RelB-dependent expansion of Tregs that was also associated with the development
of inflammatory disease, suggestive of defective Treg function in these mice [48]. Therefore, it
appears that normal Treg homeostasis depends upon the restraint of RelB by p100, and that
excessive RelB activity is in fact deleterious to Treg function.

Matching the complexity of NF-kB function in Tregs, upstream receptor triggers of NF-kB activity
that are necessary for Treg development are also diverse, including TCR and TNFRSF members
(Figure 2). Thymocytes whose TCRs have a high avidity for self are preferentially selected into the
Treg lineage [2]. In contrast to selection of naive T cells, TCRs of Treg progenitors appear to
mediate a pivotal activation of NF-kB because uncoupling the TCR from downstream NF-kB
activation in Bc/10™~ or PKCO-deficient Prkcq ™~ mice profoundly inhibited Treg development
[21]. In addition, the emergence of FoxP3* thymic Tregs required costimulation through
TNFRSF members OX40, GITR, and TNFR2. In this study, mature Treg numbers were modestly
reduced in Tnfrsf18~'~ and Tnfrsf4~'~ mice lacking GITR and OX40, respectively [60]. However,
combined blockade of OX40, GITR, and TNFR2 with mAbs in fetal thymic organ cultures
in vitro abrogated almost all Treg development [60]. Thus, TCR activation of NF-kB might repre-
sent a feedforward loop in Treg development, given that optimal expression of these specific
TNFRSF members depends upon TAK1 signaling [60]. TNFRSF receptors also play an important
role in mature Tregs. Peripheral Treg proliferation in vivo in response to IL-2 was enhanced by
costimulation with OX40 and GITR ligands, and the authors suggest that this is important for
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generating effector Tregs in peripheral tissues [57]. Thus, a constitutive requirement for NF-kB
signaling in Treg cells might continue to be mediated by the same TNFRSF members that facilitate
their development, although further experiments to fully address this point are warranted.

The role of death signaling in Treg homeostasis is unclear. Deletion of genes encoding regula-
tors of cell death such as IKK2, TAK1 or LUBAC in CD4°®lkbkb™" [21], Foxp3°°Map3k7™" [61],
and Cd4°"®Hoil™" [10] mice results in reduced numbers of peripheral Tregs. It is unclear
whether a failure to directly control death signaling contributes to the absence of Treg develop-
ment in these mice. There is, however, some evidence that regulation of death signaling may be
required for long-term maintenance of mature Tregs given that Foxp3°"°-mediated deletion of
Ikbkb, Map3k7, or Hoip results in a greater loss of peripheral Treg than does the combined
ablation of both c-Rel and RelA in Foxp3°°Rela™"Rel”" mice [23]. The phenotype of IKK2- or
LUBAC-deficient Tregs may therefore reflect a compound phenotype resulting from loss of
both NF-kB activation and control of extrinsic cell death pathways, although this requires
formal testing.

Activation and Beyond

The key role of NF-kB signaling for activation of T cells following TCR triggering has long been ap-
preciated (reviewed in [62]). Thymocytes deficient in upstream kinases such as IKK fail to divide in
response to TCR stimuli in vitro [11,24], whereas mice whose T cells lack expression of c-Rel fail
to develop memory-phenotype populations in vivo [24,42]. This is consistent with evidence that
NF-kB signaling plays essential functions in c-Myc-dependent blast transformation of mouse
T cells [63,64] and in blast survival. In both mouse and human activated T cells, the expression
of a dominant negative IKB construct by a retrovirus vector or by Lck promoter-driven transgenesis
results in impaired BclxL expression [65,66]. However, the importance of this expression is
questioned by the observation that T cell-specific ablation of BelxL in Lck“®Bci2/1”" mice does
not result in activated T cell death [67]. Furthermore, because addition of exogenous IL-2 can res-
cue defective Rel™’~ T cell responses to CD3 crosslinking in vitro, optimal IL-2 synthesis by acti-
vated T cells is NF-kB-dependent and promotes their survival [68]. Thus, NF-«kB induces a broad
inflammatory gene response in many cell types, and cooperation with chromatin-remodeling fac-
tors plays an important role in determining the spectrum of target genes (reviewed in [69]), which
is also likely to be the case in T cells.

The more recent discovery of alternative modes of cell death has started to reveal an additional layer
of complexity in the control of cell death in activated T cells. Studies of whole mouse knockouts show
that caspase 8 plays an essential role in protecting cells from necroptosis via cleavage of RIPK1,
RIPK3, or CYLD, thus preventing formation of the necroptosome [70-72] (see Figure | in Box 2).
Analysis of these pathways in T cells reveals further evidence of careful developmental orchestration
of death signaling. Fas-induced T cell apoptosis is dependent upon caspase 8 because T cells from
Lck®Casp8™ mice are resistant to anti-Fas-induced cell death in vitro [73]. Lpr and Gld mice that
have defective Fas signaling exhibit extensive lymphoproliferative disease [74]. By contrast, T cell-
specific deletion of Casp8 using Ca4°® [75] or pLck™® [73] either has no effect on peripheral T cell
numbers or results in reduced T cell numbers, respectively, with no impact upon thymic develop-
ment in either case. However, Casp8-deficient T cells from Cad4“°Casp8™" OT-I mice fail to respond
to ovalbumin stimulation either in vitro or in vivo, and instead undergo cell death that can be blocked
by RIPK1 inhibitor Nec1 [75]. Ablating Ripk3 in Cd4°®*Casp8™" mice confirms the necroptotic nature
of this T cell death in vivo because Ripk3™~Cd4°®Casp8™" mice develop a lymphoproliferative
disease, with outgrowth of CD4~CD8™ double-negative T cells comparable to that observed in
Lpr or GId mice [76]. Together, these studies show that T cells are susceptible to necroptosis and
that caspase 8 actively blocks this cell fate in vivo.
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Necroptosis and NF-kB activation also appear to be subject to crossregulation in activated T cells
in much the same way that RIPK1 regulates both apoptosis and NF-«kB activation in mature thy-
mocytes [24]. In the former case, the anti-inflammatory protein A20 appears to be the key link in
these processes because it can restrict both NF-kB signaling and necroptosis. Specifically, A20
is a deubiquitinating enzyme that has complex activities, including the removal of lysine 63 (K63)-
linked polyubiquitin chains [77] (that is essential for the formation and maintenance of complex |); it
can also target proteins for degradation by building K48-linked ubiquitin chains [77,78]. In T cells,
loss of A20 expression by Cd4°®-targeted deletion of Tnfaip3 has no obvious impact on the de-
velopment of conventional T cells, but results in increased Treg populations that correlate with en-
hanced NF-kB activation in T cells [79] — an outcome consistent with an anticipated deregulation
of NF-kB. However, anti-CD3-stimulated, A20-deficient T cells from Cd4°® Tnfaip3™" mice exhibit
survival defects in vitro, particularly in the presence of caspase inhibitors, that are rescued by
Ripk3 deficiency, suggesting a role for A20 in regulating necroptosis [80]. Therefore, RIPK1-
RIPK3 complex formation depends upon ubiquitination, and RIPK3 appears to be a target of
A20-mediated deubiquitination that restricts the formation of the necrosome and induction of
cell death.

The observation that necroptosis of T cells from Cd4°"*Casp8”" mice only occurs following T cell
activation implies that this cell fate is restricted to antigen-experienced T cells. This is a conse-
quence of Mkl induction during T cell activation because gene expression analysis of naive
mouse T cells reveals expression of other key components, such as RIPK1 and RIPKS, but not
of MLKL [24]. Therefore, it appears that either naive T cells are protected from necroptosis by
the absence of MLKL or that activated T cells require some type of defense mechanism such
as that offered by necroptotic cell death. Thus, further testing is warranted to better elucidate
these pathways. Whichever the case, these findings represent another example of how cell
death processes in T cells are under strict developmental control, suggestive of a specific evolu-
tionary adaptation, but many of the resulting functional outcomes remain to be fully elucidated.

Concluding Remarks

As highlighted here, NF-kB and death signaling are intertwined through mammalian T cell devel-
opment and function. The recognition that cell death is regulated by proteins such as IKK and
TAK1 — that were previously thought to solely regulate NF-kB activation — raises questions
about the functional roles of NF-kB in T cells. The dogma that cell death signaling is
counterbalanced by prosurvival NF-kB signaling is clearly an oversimplification. However, in
T cells, key components of death and NF-kB signaling, such as A20, clAP1, and clAP2
(Box 2), are themselves NF-kB targets [12,24], suggesting that one function of NF-«kB signaling
may be to tune cell death signaling under particular (but so far unidentified) conditions. Although
NF-kB signaling is redundant for the march of T cell development, distinctive NF-kB-driven gene
signatures are expressed in developing T cells [11,12]. IL-7R and type | IFN signaling are at least
two targets of signaling [11,12], but whether other aspects of T cell function are dependent upon
this NF-kB-induced program remains unclear. Given the obligate role of NF-kB in T cell activation,
itis unsurprising that memory cells fail to develop in mice with defective NF-«kB signaling [7,24,42].
Therefore, a key emerging question concerns whether long-term maintenance of either
recirculating memory cells or tissue-resident memory depends upon continued NF-kB and/or
death signaling. Most studies have focused on conventional T cells, but it is likely that NF-xkB
pathways also control the development and function of non-conventional T cell populations.
For example, in mouse, yd T cell development depends upon TNFRSF member CD27 [81],
whereas so-called CD8* virtual memory cells [82] are specifically expanded in Nfkb1™~ mice
[83], suggesting that NF-kB pathways play key roles in the development and homeostasis of
these cells. For other populations, such as intraepithelial T cells, little is currently known, but
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Outstanding Questions

Is tonic NF-kB signaling required for
long-term survival of naive T cells?

Do developmental NF-kB gene pro-
grams contribute to the functional
maturation of conventional T cells?

Does RIPK1-dependent control of
death signaling contribute to mainte-
nance of Tregs?

Why do conventional T cells become
susceptible to necroptosis following
antigen experience, and what (patho)
physiological function does this play
during immune responses?

Does NF-kB signaling contribute to
long-term homeostasis of memory
T cell populations?

How do NF-kB and cell death
pathways combine to control the
development and homeostasis of
nonconventional T cells such as y9,
iNKT, MAIT, and IEL T cells?
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Box 3. NF-kB Pathways in Human Primary T cells

The accessibility of in vitro cell systems such as immortalized T cell lines and cultures of activated primary T cells has allowed
characterization of NF-kB function during human T cell activation in parallel with mouse studies. Such studies confirm the
strong similarities between how mouse and human T cells utilize NF-kB pathways during TCR-triggered activation. By con-
trast, much less is known about how NF-kB and death pathways regulate T cell development and homeostasis in humans.
Studies on patients with primary immunodeficiencies (PIDs) provide some clues and have identified several cases in which
common variable immunodeficiency (CVID) is caused by mutations in NF-kB pathway components. Such mutations are
present in individuals either as homozygous mutations or as autosomal dominant mutations (haploinsufficiency) in which pa-
tients harbor a single defective allele. Although clinical presentation is likely to be a complex phenotype involving many cell
types and tissues, such patients can provide important clues to how NF-kB and death signaling function in human T cells
in vivo. Mutations in NFKBT have been identified as the most common single-gene cause of CVID in Europeans [92,93]. B
cell-mediated immunity is profoundly affected in such individuals, although a comprehensive study of T cell function is
outstanding. Cases of RELA haploinsufficiency have also been described, resulting in autosomal dominant, mucocutaneous
ulceration, although the contribution of T cells to the inflammatory process, and whether these exhibit functional defects, has
not been assessed [94]. Patients lacking LUBAC components have also been identified with inflammatory disease and immu-
nodeficiency, although T cell function characterization has not yet been performed [95,96]. Loss of c-Rel in immunodeficient
patients resulted in peripheral T cell features similar to those described in mice, with normal or above average numbers of total
CD4* and CD8" T cells but greatly reduced memory cells and defective activation [97]. Similarly, T cells in patients lacking IKK2
(due to mutations in the IKBKB gene) aimost exclusively have a naive phenotype, fail to proliferate in vitro, and lack Tregs in
some patients [98], much like T cell-specific mouse knockouts [7]. Patients with biallelic RIPK7 mutations have also been
identified and present with severe immunodeficiency, arthritis, and gut inflammation [99, 100]; as in RIPK1-deficient mice, they
are T-lymphopenic. The /I7r gene has been identified as a key NF-kB target in mouse T cells that is responsible for regulating
homeostasis [38,40]. Atthough it is difficult to study T cell homeostasis in such patients, the /L7R genes of mice and humans
have conserved NF-kB binding sites, and inhibition of NF-kB signaling in human T cells interferes with IL7R expression [40].
Therefore, it is tempting to speculate that IL-7R regulation might be tuned in human T cells similarly to in mice.

given the importance of NF-kB and death signaling in conventional T cells and Tregs, highlighted
here, these pathways are likely important in some aspects of the biology of these cell types. Thus,
detailed dissection of NF-kB and cell death pathways in such populations will be important areas
of future investigation (see Outstanding Questions). Finally, mouse genetics has proved to be a
powerful tool in dissecting some of these pathways in vivo, for example in rodents. To fully exploit
this knowledge for therapeutic benefit, it will be important to determine whether NF-kB and cell
death pathways function in a comparable manner in human T cells (Box 3). This may not only
lead to a better understanding of the possible consequences of pharmacological interference
with these pathways in normal immune function in humans, but may also reveal novel targets
that can either impede T cell activity in autoimmune settings or augment adaptive immunity in
the context of cancer immunotherapies.

Acknowledgments
This work is supported by Medical Research Council (United Kingdom) programme grant MR/P011225/1.

References
1. Dondelinger, Y. et al. (2015) NF-kappaB-independent role of 7. Schmidt-Supprian, M. et al. (2003) Mature T cells depend on
IKKalpha/IKKbeta in preventing RIPK1 kinase-dependent signaling through the IKK complex. Immunity 19, 377-389
apoptotic and necroptotic cell death during TNF signaling. Mol. 8. Sato, S. et al. (2006) TAK1 is indispensable for development of
Cell 60, 63-76 T cells and prevention of colitis by the generation of regulatory
2. Klein, L. et al. (2014) Positive and negative selection of the T cells. Int. Immunol. 18, 1405-1411
T cell repertoire: what thymocytes see (and don't see). Nat. 9. Wan, Y.Y. et al. (2006) The kinase TAK1 integrates antigen and
Rev. Immunol. 14, 377-391 cytokine receptor signaling for T cell development, survival and
3. Voll, R.E. et al. (2000) NF-kappa B activation by the pre-T cell function. Nat. Immunol. 7, 8561-858
receptor serves as a selective survival signal in T lymphocyte 10. Teh, C.E. et al. (2016) Linear ubiquitin chain assembly complex
development. Immunity 13, 677-689 coordinates late thymic T-cell differentiation and regulatory T-cell
4, Mora, A.L. et al. (1999) Lineage-specific differences among homeostasis. Nat. Commun. 7, 13353
CD8" T cells in their dependence of NF-kappa B/Rel signaling. 11.  Xing, Y.etal (2016) Late stages of T cell maturation in the thymus
Eur. J. Immunol. 29, 2968-2980 involve NF-kB and tonic type | interferon signaling. Nat. Immunol.
5. Hettmann, T. and Leiden, J.M. (2000) NF-kappa B is required 17, 565-573
for the positive selection of CD8" thymocytes. J. Immunol. 12.  Webb, L.V. et al. (2016) TNF activation of NF-kB is essential for
165, 5004-5010 development of single-positive thymocytes. J. Exp. Med. 213,
6. Jimi, E. et al. (2008) Differential role of the transcription factor 1399-1407
NF-kappaB in selection and survival of CD4* and CD8* 13.  McCaughtry, T.M. et al. (2007) Thymic emigration revisited.
thymocytes. Immunity 29, 523-537 J. Exp. Med. 204, 2513-2520

Trends in Immunology, Month 2020, Vol. xx, No. xx 11


http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0005
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0005
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0005
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0005
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0010
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0010
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0010
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0015
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0015
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0015
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0020
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0020
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0020
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0020
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0025
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0025
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0025
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0025
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0030
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0030
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0030
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0030
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0035
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0035
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0040
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0040
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0040
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0045
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0045
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0045
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0050
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0050
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0050
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0055
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0055
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0055
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0060
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0060
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0060
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0065
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0065

¢? CellPress

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

12

Sinclair, C. et al. (2013) Asymmetric thymocyte death underlies
the CD4:CD8 T-cell ratio in the adaptive immune system. Proc.
Natl. Acad. Sci. U. S. A. 110, E2905-E2914

Sinclair, C. and Seddon, B. (2014) Overlapping and asymmet-
ric functions of TCR signaling during thymic selection of CD4
and CD8 lineages. J. Immunol. 192, 5151-5159

Ruland, J. et al. (2001) Bcl10 is a positive regulator of antigen
receptor-induced activation of NF-kappaB and neural tube clo-
sure. Cell 104, 33-42

Egawa, T. et al. (2003) Requirement for CARMA1 in antigen
receptor-induced NF-kappa B activation and lymphocyte pro-
liferation. Curr. Biol. 13, 1252-1258

Hara, H. et al. (2003) The MAGUK family protein CARD11 is es-
sential for lymphocyte activation. Immunity 18, 763-775
Ruefli-Brasse, A.A. et al. (2003) Regulation of NF-kappaB-
dependent lymphocyte activation and development by
paracaspase. Science 302, 1581-1584

Ruland, J. et al. (2003) Differential requirement for Malt1 in
T and B cell antigen receptor signaling. Immunity 19, 749-758
Schmidt-Supprian, M. et al. (2004) Differential dependence of
CD4*CD25" regulatory and natural killer-like T cells on signals
leading to NF-kB activation. Proc. Natl. Acad. Sci. U. S. A.
101, 4566-4571

Jost, P.J. et al. (2007) Bcl10/Malt1 signaling is essential for
TCR-induced NF-kappaB activation in thymocytes but dis-
pensable for positive or negative selection. J. Immunol. 178,
953-960

Oh, H. et al. (2017) An NF-kB transcription-factor-dependent
lineage-specific transcriptional program promotes regulatory
T cell identity and function. Immunity 47, 450-465

Webb, L.V. et al. (2019) Survival of single positive thymocytes
depends upon developmental control of RIPK1 kinase signal-
ing by the IKK complex independent of NF-kB. Immunity 50,
348-361

Lombardi, L. et al. (1995) Structural and functional characteri-
zation of the promoter regions of the NFKB2 gene. Nucleic
Acids Res. 23, 2328-2336

Bren, G.D. et al. (2001) Transcription of the RelB gene is regu-
lated by NF-kappaB. Oncogene 20, 7722-7733

Basak, S. et al. (2008) Generation and activation of multiple di-
meric transcription factors within the NF-kappaB signaling sys-
tem. Mol. Cell. Biol. 28, 3139-3150

Vandenabeele, P. et al. (2010) Molecular mechanisms of
necroptosis: an ordered cellular explosion. Nat. Rev. Mol. Cell
Biol. 11, 700-714

Pasparakis, M. and Vandenabeele, P. (2015) Necroptosis and
its role in inflammation. Nature 517, 311-320

Vandenabeele, P. et al. (2010) The role of the kinases RIP1 and
RIP3 in TNF-induced necrosis. Sci. Signal. 3, re4

Delanghe, T. et al. (2020) RIPK1 kinase-dependent death: a
symphony of phosphorylation events. Trends Cell Biol. 30,
189-200

Wang, C. et al. (2001) TAK1 is a ubiquitin-dependent kinase of
MKK and IKK. Nature 412, 346-351

Geng, J. et al. (2017) Regulation of RIPK1 activation by TAK1-
mediated phosphorylation dictates apoptosis and necroptosis.
Nat. Commun. 8, 359

Haas, T.L. et al. (2009) Recruitment of the linear ubiquitin chain
assembly complex stabilizes the TNF-R1 signaling complex
and is required for TNF-mediated gene induction. Mol. Cell
36, 831-844

Rahighi, S. et al. (2009) Specific recognition of linear ubiquitin
chains by NEMO is important for NF-kappaB activation. Cell
136, 1098-1109

Tokunaga, F. et al. (2009) Involvement of linear polyubiquitylation
of NEMO in NF-kappaB activation. Nat. Cell Biol. 11,
123-132

Barata, J.T. et al. (2019) Flip the coin: IL-7 and IL-7R in health
and disease. Nat. Immunol. 20, 1584-1593

Silva, A. et al. (2014) NF-kB signaling mediates homeostatic
maturation of new T cells. Proc. Natl. Acad. Sci. 111,
E846-E855

Kerdiles, Y.M. et al. (2009) Foxo1 links homing and survival of
naive T cells by regulating L-selectin, CCR7 and interleukin 7
receptor. Nat. Immunol. 10, 176-184

Trends in Immunology, Month 2020, Vol. xx, No. xx

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

58.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Trends in Immunology

Miller, M.L. et al. (2014) Basal NF-kappaB controls IL-7 re-
sponsiveness of quiescent naive T cells. Proc. Natl. Acad.
Sci. U. S. A. 111, 7397-7402

Hendriks, J. et al. (2000) CD27 is required for generation and
long-term maintenance of T cell immunity. Nat. Immunol. 1,
433-440

Zheng, Y. et al. (2003) Combined deficiency of p50 and cRel in
CD4™ T cells reveals an essential requirement for nuclear factor
kappaB in regulating mature T cell survival and in vivo function.
J. Exp. Med. 197, 861-874

Isomura, I. et al. (2009) c-Rel is required for the development of
thymic Foxp3* CD4 regulatory T cells. J. Exp. Med. 206,
3001-3014

Long, M. et al. (2009) Nuclear factor-kB modulates regulatory
T cell development by directly regulating expression of Foxp3
transcription factor. Immunity 31, 921-931

Ruan, Q. et al. (2009) Development of Foxp3* regulatory T cells
is driven by the c-Rel enhanceosome. Immunity 31, 932-940
Chen, X. et al. (2015) IKKa is required for the homeostasis of
regulatory T cells and for the expansion of both regulatory
and effector CD4 T cells. FASEB J. 29, 443-454

Li, Y. et al. (2016) Cell intrinsic role of NF-kB-inducing kinase
in regulating T cell-mediated immune and autoimmune re-
sponses. Sci. Rep. 6, 1-11

Grinberg-Bleyer, Y. et al. (2018) The alternative NF-kB pathway
in regulatory T cell homeostasis and suppressive function.
J. Immunol. 200, 2362-2371

Lacher, S.M. et al. (2018) NF-kB inducing kinase (NIK) is an es-
sential post-transcriptional regulator of T-cell activation affect-
ing F-actin dynamics and TCR signaling. J. Autoimmun. 94,
110-121

Li, J. et al. (2018) Role of the NF-kB family member RelB in reg-
ulation of Foxp3* regulatory T cells in vivo. J. Immunol. 200,
1325-1334

Messina, N. et al. (2016) The NF-kB transcription factor RelA
is required for the tolerogenic function of Foxp3* regulatory
T cells. J. Autoimmun. 70, 52-62

Owen, D.L. et al. (2019) Thymic regulatory T cells arise via two
distinct developmental programs. Nat. Immunol. 20, 195-205
Lio, C.W. and Hsieh, C.S. (2008) A two-step process for
thymic regulatory T cell development. Immunity 28, 100-111
Tai, X. et al. (2013) Foxp3 transcription factor is
proapoptotic and lethal to developing regulatory T cells unless
counterbalanced by cytokine survival signals. Immunity 38,
1116-1128

Marshall, D. et al. (2014) Differential requirement for IL-2 and
IL-15 during bifurcated development of thymic regulatory
T cells. J. Immunol. 193, 5525-5533

Grigoriadis, G. et al. (2011) c-Rel controls multiple discrete
steps in the thymic development of Foxp3* CD4 regulatory
T cells. PLoS ONE 6, e26851

Vasanthakumar, A. et al. (2017) The TNF receptor superfamily—
NF-kB axis is critical to maintain effector regulatory T cells in
lymphoid and non-lymphoid tissues. Cell Rep. 20, 2906-2920
Ronin, E. et al. (2019) The NF-kB RelA transcription factor is
critical for regulatory T cell activation and stability. Front.
Immunol. 10, 2487

Murray, S.E. (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, e76216
Mahmud, S.A. et al. (2014) Costimulation via the tumor-
necrosis factor receptor superfamily couples TCR signal
strength to the thymic differentiation of regulatory T cells. Nat.
Immunol. 15, 473-481

Chang, J.-H. et al. (2015) Survival and maintenance of regula-
tory T cells require the kinase TAK1. Cell. Mol. Immunol. 12,
572-579

Gerondakis, S. and Siebenlist, U. (2010) Roles of the NF-kappaB
pathway in lymphocyte development and function. Cold Spring
Harb. Perspect. Biol. 2, 2000182

Grumont, R. et al. (2004) The mitogen-induced increase in
T cell size involves PKC and NFAT activation of Rel/NF-kB-
dependent c-Myc expression. Immunity 21, 19-30

Hayden, M.S. and Ghosh, S. (2011) NF-kappaB in
immunobiology. Cell Res. 21, 223-244


http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0070
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0070
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0070
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0075
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0075
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0075
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0080
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0080
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0080
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0085
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0085
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0085
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0090
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0090
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0095
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0095
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0095
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0100
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0100
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0105
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0105
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0105
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0105
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0105
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0105
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0110
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0110
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0110
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0110
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0115
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0115
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0115
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0120
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0120
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0120
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0120
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0125
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0125
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0125
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0130
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0130
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0135
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0135
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0135
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0140
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0140
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0140
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0145
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0145
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0150
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0150
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0155
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0155
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0155
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0160
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0160
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0165
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0165
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0165
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0170
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0170
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0170
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0170
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0175
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0175
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0175
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0180
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0180
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0180
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0185
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0185
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0190
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0190
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0190
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0195
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0195
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0195
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0200
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0200
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0200
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0205
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0205
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0205
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0210
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0210
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0210
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0210
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0210
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0215
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0215
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0215
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0215
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0220
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0220
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0220
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0225
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0225
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0225
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0230
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0230
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0230
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0235
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0235
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0235
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0240
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0240
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0240
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0245
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0245
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0245
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0245
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0250
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0250
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0250
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0250
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0255
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0255
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0255
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0255
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0260
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0260
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0265
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0265
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0270
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0270
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0270
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0270
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0275
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0275
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0275
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0280
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0280
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0280
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0280
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0285
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0285
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0285
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0290
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0290
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0290
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0295
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0295
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0295
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0295
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0300
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0300
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0300
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0300
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0305
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0305
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0305
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0310
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0310
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0310
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0315
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0315
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0315
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0320
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0320

Trends in Immunology

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

7.

78.

79.

80.

81.

82.

Khoshnan, A. et al. (2000) The NF-kappa B cascade is impor-
tant in Bel-xL expression and for the anti-apoptotic effects of
the CD28 receptor in primary human CD4" lymphocytes.
J. Immunol. 165, 1743-1754

Mora, A.L. et al. (2003) Antiapoptotic function of NF-kappaB
in T lymphocytes is influenced by their differentiation status:
roles of Fas, c-FLIP, and Bcl-xL. Cell Death Differ. 10,
1032-1044

Zhang, N. and He, Y.W. (2005) The antiapoptotic protein Bcl-xL
is dispensable for the development of effector and memory T
lymphocytes. J. Immunol. 174, 6967-6973

Saibil, S.D. et al. (2007) CD4" and CD8" T cell survival Is regu-
lated differentially by protein kinase C6, c-Rel, and protein ki-
nase B. J. Immunol. 178, 2932-2939

Bhatt, D. and Ghosh, S. (2014) Regulation of the NF-kB-
mediated transcription of inflammatory genes. Front. Immunol.
571

Feng, S. et al. (2007) Cleavage of RIP3 inactivates its caspase-
independent apoptosis pathway by removal of kinase domain.
Cell. Signal. 19, 2056-2067

O'Donnell, M.A. et al. (2011) Caspase 8 inhibits programmed
necrosis by processing CYLD. Nat. Cell Biol. 13, 1437-1442
Newton, K. et al. (2019) Cleavage of RIPK1 by caspase-8 is
crucial for limiting apoptosis and necroptosis. Nature 574,
428-431

Salmena, L. et al. (2003) Essential role for caspase 8 in T-cell
homeostasis and T-cell-mediated immunity. Genes Dev. 17,
883-895

Cohen, P.L. and Eisenberg, R.A. (1991) Lpr and gld: single
gene models of systemic autoimmunity and lymphoproliferative
disease. Annu. Rev. Immunol. 9, 243-269

Ch'en, I.L. et al. (2008) Antigen-mediated T cell expansion reg-
ulated by parallel pathways of death. Proc. Natl. Acad. Sci.
105, 17463-17468

Ch’en, I.L. et al. (2011) Mechanisms of necroptosis in T cells.
J. Exp. Med. 208, 633-641

Chen, Z.J. and Sun, L.J. (2009) Nonproteolytic functions of
ubiquitin in cell signaling. Mol. Cell 33, 275-286

Lu, T.T. et al. (2013) Dimerization and ubiquitin mediated recruit-
ment of A20, a complex deubiquitinating enzyme. Immunity 38,
896-905

Fischer, J.C. et al. (2017) A20 restrains thymic regulatory T cell
development. J. Immunol. 199, 2356-2365

Onizawa, M. et al. (2015) The ubiquitin-modifying enzyme A20
restricts ubiquitination of the kinase RIPK3 and protects cells
from necroptosis. Nat. Immunol. 16, 618-627

Ribot, J.C. et al. (2009) CD27 is a thymic determinant of the
balance between interferon-gamma- and interleukin 17-
producing gammadelta T cell subsets. Nat. Immunol. 10,
427-436

Akue, A.D. et al. (2012) Derivation and maintenance of virtual
memory CD8 T cells. J. Immunol. 188, 2516-2523

83.

84.

85.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

Gugasyan, R. et al. (2012) The NF-kappaB1 transcription fac-
tor prevents the intrathymic development of CD8 T cells with
memory properties. EMBO J. 31, 692-706

Savinova, O.V. et al. (2009) The Nfkb1 and Nfkb2 proteins
p105 and p100 function as the core of high-molecular-weight
heterogeneous complexes. Mol. Cell 34, 591-602

Lork, M. et al. (2019) Ubiquitination and phosphorylation of the
CARD11-BCL10-MALT1 signalosome in T cells. Cell. Immunol.
340, 103877

Yang, X.-D. and Sun, S.-C. (2015) Targeting signaling factors
for degradation, an emerging mechanism for TRAF functions.
Immunol. Rev. 266, 56-71

Micheau, O. and Tschopp, J. (2003) Induction of TNF receptor
|-mediated apoptosis via two sequential signaling complexes.
Cell 114, 181-190

Wang, L. et al. (2008) TNF-alpha induces two distinct caspase-8
activation pathways. Cell 133, 693-703

Dondelinger, Y. et al. (2016) Regulation of RIPK1's cell death
function by phosphorylation. Cell Cycle 15, 5-6

Ting, A.T. and Bertrand, M.J.M. (2016) More to life than NF-
kappaB in TNFR1 signaling. Trends Immunol. 37, 535-545
Annibaldi, A. and Meier, P. (2018) Checkpoints in TNF-induced
cell death: implications in inflammation and cancer. Trends
Mol. Med. 24, 49-65

Fliegauf, M. et al. (2015) Haploinsufficiency of the NF-kappaB1
subunit p50 in common variable immunodeficiency. Am.
J. Hum. Genet. 97, 389-403

Tuijnenburg, P. et al. (2018) Loss-of-function nuclear factor
kappaB subunit 1 (NFKB1) variants are the most common
monogenic cause of common variable immunodeficiency in
Europeans. J. Allergy Clin. Immunol. 142, 1285-1296
Badran, Y.R. et al. (2017) Human RELA haploinsufficiency re-
sults in autosomal-dominant chronic mucocutaneous ulcera-
tion. J. Exp. Med. 214, 1937-1947

Boisson, B. et al. (2012) Immunodeficiency, autoinflammation
and amylopectinosis in humans with inherited HOIL-1 and
LUBAC deficiency. Nat. Immunol. 13, 1178-1186

Boisson, B. et al. (2015) Human HOIP and LUBAC deficiency un-
derlies autoinflammation, immunodeficiency, amylopectinosis,
and lymphangiectasia. J. Exp. Med. 212, 939-951
Beaussant-Cohen, S. et al. (2019) Combined immunodefi-
ciency in a patient with c-Rel deficiency. J. Allergy Clin.
Immunol. 144, 606-608

Pannicke, U. et al. (2013) Deficiency of innate and acquired im-
munity caused by an IKBKB mutation. N. Engl. J. Med. 369,
2504-2514

Cuchet-Lourenco, D. et al. (2018) Biallelic RIPK1 mutations in
humans cause severe immunodeficiency, arthritis, and intesti-
nal inflammation. Science 361, 810-813

Li, Y. et al. (2019) Human RIPK1 deficiency causes combined
immunodeficiency and inflammatory bowel diseases. Proc.
Natl. Acad. Sci. U. S. A. 116, 970-975

Trends in Immunology, Month 2020, Vol. xx, No. xx

¢ CellP’ress
OPEN ACCESS

13



http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0325
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0325
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0325
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0325
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0325
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0330
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0330
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0330
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0330
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0335
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0335
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0335
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0340
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0340
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0340
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0340
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0340
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0345
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0345
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0345
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0350
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0350
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0350
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0355
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0355
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0360
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0360
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0360
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0365
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0365
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0365
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0370
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0370
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0370
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0375
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0375
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0375
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0380
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0380
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0385
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0385
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0390
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0390
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0390
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0395
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0395
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0400
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0400
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0400
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0405
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0405
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0405
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0405
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0410
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0410
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0415
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0415
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0415
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0420
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0420
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0420
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0425
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0425
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0425
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0430
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0430
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0430
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0435
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0435
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0435
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0440
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0440
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0445
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0445
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0450
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0450
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0455
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0455
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0455
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0460
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0460
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0460
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0465
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0465
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0465
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0465
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0470
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0470
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0470
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0475
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0475
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0475
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0480
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0480
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0480
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0485
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0485
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0485
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0490
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0490
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0490
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0495
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0495
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0495
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0500
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0500
http://refhub.elsevier.com/S1471-4906(20)30257-X/rf0500

	NF-�κB and Extrinsic Cell Death Pathways – Entwined Do-�or-�Die Decisions for T cells
	NF-κB Signaling Pathways Regulating T Cell Homeostasis, Development, and Function
	NF-κB in Thymic Development – Guilty by Association but Redundant
	Thymocyte Survival Is Controlled by IKK Independently of NF-κB
	RIPping through Development
	NF-κB Survival Programs at the Heart of Peripheral T Cell Homeostasis
	The Reins on Regulation
	Activation and Beyond
	Concluding Remarks
	Acknowledgments
	References




