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Abstract

T cells (or T lymphocytes) exhibit a myriad of functions in immune responses, ranging from pathogen
clearance to autoimmunity, cancer and even non-lymphoid tissue homeostasis. Therefore, deciphering
the molecular mechanisms orchestrating their specification, function and gene expression pattern is
critical not only for our comprehension of fundamental biology, but also for the discovery of novel
therapeutic targets. Among the master regulators of T-cell identity, the functions of the NF-kB family of
transcription factors have been under scrutiny for several decades. However, a more precise
understanding of their pleiotropic functions is only just emerging. In this review we will provide a global
overview of the roles of NF-kB in the different flavours of mature T cells. We aim at highlighting the

complex and sometimes diverging roles of the five NF-kB subunits in health and disease.
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Figure Legends

1-The NF-kB signalling pathway(s) in T cells

Originally discovered in B cells, NF-kB has been the topic of extensive studies in many fields of biology.
It is now clear that NF-kB exerts crucial roles in nearly all mammalian cell types, with diverse functions
in cell growth, survival, development, inflammation and immunity. The NF-kB family of transcription
factors comprises five subunits that all share a Rel Homology Domain (RHD) and have been historically
split into two pathways: RelA (p65), c-Rel (encoded by Rel) and p105/p50 (NF-kB1) belong to the
canonical pathway, whereas RelB and p100/p52 (NF-kB2) form the alternative pathway (Hayden and
Ghosh, 2011). These proteins form homo- or heterodimers to regulate gene transcription. In the resting
state, NF-kB subunits are retained in the cytosol by Inhibitor of kappaB (IkB) proteins through their
ankyrin repeats, which interact with the RHD of the subunits. Importantly, p100 and p105 also possess
ankyrin repeat in their C-terminal portion, and thus act as inhibitors prior to activation. {INSERT FIGURE

1 HERE}

In T cells, canonical pathway activation is classically triggered by antigen recognition and co-receptor
stimulation (385). Engagement of the T-Cell Receptor (TCR) and its co-receptor CD3 by its specific
major histocompatibility complex (MHC)+antigenic peptide, leads to the recruitment of a series of
kinases resulting in the activation of Protein Kinase C, isoform Theta (PKCB) (Figure 1). Importantly,
PKC6 activation can also be driven by engagement of the CD28 co-stimulation receptor or some
members of its family such as Inducible COStimulator (ICOS). Upon binding its ligand CD80/CD86
molecules expressed by antigen presenting cells (APC), CD28 drives activation of the phosphoinositide
3-kinase (PI3K)/AKT pathway, leading to the recruitment of 3-phosphoinositide dependent tyrosine
kinase 1 (PDK1) at the immunological synapse. PDK1, in turn, activates PKCB. PKC6 then
phosphorylates CARMA1 (caspase recruitment domain, CARD, membrane-associated guanylate
kinase, MAGUK, protein 1, encoded by card?1), allowing its association with B-cell ymphoma 10 (Bcl10)
and mucosa-associated lymphoid tissue lymphoma translocation protein 1 (Malt1) to form the CBM
‘signalosome’. This scaffold recruits the IKK complex composed of IkB kinases (IKK)a, B and y (also

called NEMO). IKKB directly phosphorylates IkBa, triggering its proteasomal degradation, and p105 is



processed into its active form p50 by the 20S proteasome. Together, this enables the nuclear
translocation of canonical NF-kB subunits. Importantly, canonical pathway activation can be triggered,
or sustained in complement to TCR/CD28 signals, by the engagement of several members of the
TNFRSF family, such as CD137 (4-1BB) or CD134 (OX-40). In this case, activation of the IKK complex
can occur through TNF receptor-associated factor (TRAF)2 and independently of the CBM complex, or

through the ‘classical’ PI3K/PDK1/CBM axis.

Engagement members of the TNFRSF family can also lead to the activation of the alternative NF-kB
pathway (Hayden and Ghosh, 2011). For instance, engagement of TNFR2 leads to the recruitment of
TRAFs (in particular TRAF3) and Cellular Inhibitor of Apoptosis Proteins (clAPs) that at steady-state
constantly direct the NF-kB-inducing kinase (NIK) for degradation. In turn, NIK can accumulate and
phosphorylate IKKa; IKKa then processes 100 into p52, enabling nuclear translocation of p52 and RelB.
Importantly, association of canonical and alternative subunits have been largely described. This
crosstalk relies both on TNFRSF surface receptors with the ability of triggering two signalling cascades,
as well as on signalling intermediates that are shared between the two pathways, NIK and IKKa being

the best examples. Therefore, it is becoming increasingly evident that the simplified view of two
separate or divergent NF-kB pathways should be revised in favour of specific subunit dimerization and

function (Oeckinghaus et al., 2011).

Once in the nucleus, NF-kB dimers actively suppress or induce transcription by binding their consensus
sequence to target genes. Importantly, among these genes, inhibitors of the NF-kB pathway such as
IkBa or the A20 deubiquitinase, are among the first target genes to be transcribed, thus providing a

critical negative feedback to constrain aberrant NF-kB activation.

To date the lack of full-spectrum analysis of NF-kB subunits binding to their DNA targets, for instance
using Chromatin Immuno-precipitation followed by deep sequencing (ChlP-Seq), hinders the description
of subunits or dimer-specific binding sequences. However, major advances in the past decades, in
particular using knock-out (KO) mouse models and patients with NF-kB mutations, have provided some
insight into the complex and multifaceted roles of NF-kB subunits in T-cell function. In this chapter our

aim was to provide a global overview of this knowledge. Of note, because this was largely described



elsewhere, we will not discuss the roles of NF-kB in the initial steps of T-cell development in the thymus,

but rather its function in peripheral mature T-cell subsets.

2-A short overview of T-cell flavours and functions in health and disease

T-cell immunity essentially covers every type of immune response, from pathogen clearance to
autoimmunity and cancer. In addition, novel roles for T cells in theoretically non-immune-related
processes are emerging, such as tissue homeostasis and repair upon injury. This wide range of
functions relies on the existence of a myriad of T-cell subsets, many of which are under the control of

NF-kB activity-at least in part.

Every T-cell subset originates from a common progenitor that differentiates in the bone marrow and then
migrates to the thymus, where it undergoes a series of selection processes and specialises into a
specific flavour. More precisely, at the CD4-CD8- double negative stage, progenitors turn on the
expression of the TCR composed either of alpha and beta chains, or of gamma and delta chains. Once
committed, af T cells are subjected to positive and negative selection processes that eliminate >98%
of cells; surviving ap T cells differentiate into CD4* single positive (SP), CD8* SP or Natural-Killer T
(NKT) cells. Among CD4* SP cells, aside from conventional CD4* T cells (Tconv), a critical subset of
cells expressing the Foxp3 transcription factor can arise: regulatory T (Treg) cells, the functions of which
will be largely described in section 4.5. Strikingly, NF-kB is involved in nearly each of these differentiation

steps (reviewed in Gerondakis and Siebenlist, 2010).

Once in the periphery, naive CD4* Tconv cells can then be polarised into specialised subsets with
specific functions. Depending on the tissue, the cytokine milieu and the cellular environment, Tconv cells
specialise into Thelper (TH)1, TH2, TH9, TH17, T follicular helper (TFH) or peripheral (or ‘induced’) Treg
cells (pTreg) (Saravia et al., 2019). It is believed that CD8* T cells can be polarised into similar subsets,
though their main function remains that of cytotoxic ‘killer’ cells (Annunziato et al., 2015). Similarly, TH1-
TH2- and TH17-like NKT cells have been described, but their differentiation seems to occur directly in

the thymus (Bendelac et al., 2007).



Each T-cell population displays a specific pattern of expression of transcription factors, cytokines and
homing receptors, and is involved in the clearance of specific pathogens or in the maintenance of
immune (and non-immune) homeostasis. Importantly, under the influence of genetic and environmental
factors, these cells can reveal their deleterious facet and drive systemic or tissue-restricted

autoimmunity.

Because of these multi-layered functions, it is absolutely critical to understand the molecular regulation
of T-cell functions. Here we will emphasize the critical and diverse cell-autonomous functions of NF-kB

activity in mature T cells.

3-NF-kB in T-cell homeostasis: proliferation, survival, cytokine expression

The study of NF-kB in T-cell biology originates from a series of papers in the 90’s, describing the
phenotype of T cells in mice harbouring germline deletions of NF-kB subunits. Indeed, upon TCR/CD28
stimulation in vitro, Nfkb1, Rela and Rel-deficient T cells exhibit a defect in proliferation (Doi et al., 1997;
Kdntgen et al., 1995; Sriskantharajah et al., 2009); this phenotype is even more pronounced in double
mutant cells (Grumont et al., 2004; Zheng et al., 2003). This function in murine T-cell proliferation, was
confirmed in patients carrying loss-of-function mutations in REL or IKBKB (encoding IKKB) (Beaussant-
Cohen et al., 2019; Pannicke et al., 2013). Interestingly, at odds with the latter report, mouse T cells
lacking IKKB show normal proliferation in vitro, though their homeostatic expansion was impaired upon
transfer to lymphopenic recipients (Schmidt-Supprian et al., 2003; Marc Schmidt-Supprian et al., 2004).
The maintained proliferation in vitro could be explained by conserved basal NF-kB activity, perhaps
because residual IKKa/NEMO association and phosphorylation of IkBa. In agreement with this, /kbka
(IKKa)” T cells show defects both in in vitro proliferation assays, and upon transfer in Rag1~ animals

(Chen et al., 2015).

In fact, this proliferative defect relies on different mechanisms including cell cycle, survival and cytokine
production. First, canonical NF-kB is clearly required to ensure cell survival, as it is critical for the
expression of the anti-apoptotic protein Bcl-xL, while down-regulating the expression of p73 (Saibil et
al., 2007; Wan and DeGregori, 2003). Importantly, chronic activation of canonical NF-kB is also
deleterious, as illustrated by the massive apoptosis following stimulation of murine T cells carrying a

constitutively active version of IKKB (Krishna et al., 2012).



Second, NF-kB1, RelA and/or c-Rel are required for the upregulation of c-Myc upon TCR/CD28
stimulation and for the ensuing initial increase in cell size (Grumont et al., 2004; Zheng et al., 2003).
Myc overexpression in RelA-Rel double KO cells could rescue the phenotype. Finally, c-Rel and NF-
kB1- but not RelA- are required for the production of Interleukin (IL)-2 that is essential for T-cell
proliferation in vitro. Consequently, the proliferative defect of Rel-deficient T cells can be rescued by
adding exogenous IL-2 to the culture (Beaussant-Cohen et al., 2019; Grumont et al., 2004; Saibil et al.,
2007). Collectively, this demonstrates the essential role of canonical NF-kB subunits in T-cell
homeostasis, which is further documented by the decreased proportion of CD44" activated/memory T
cells in the lymphoid tissues of Nfkb71-mutant or /IKKB conditional KO mice (Schmidt-Supprian et al.,
2003; Sriskantharajah et al., 2009). Interestingly, a study using Bc/10-deficient mice suggested that the
requirement of the CBM/NF-kB axis is more prominent in naive CD4* than memory CD4* T cells,
suggesting that the main involvement of NF-kB occurs during the initial steps of T-cell activation (So et

al., 2011).

Conversely to this prominent role of canonical NF-kB activation, the alternative pathway mostly seems
expendable for CD3/CD28-driven naive T-cell proliferation, as observed in Map3k14 (NIK)-deficient
mice (Cao et al., 2015; Rizk et al., 2019) or in patients with loss-of-function mutations in NFKB2
(Klemann et al., 2019). However, in the case of OX-40-induced T-cell proliferation, NIK becomes integral
to T-cell function (Cao et al., 2015). This suggests that engagement -and thus, function- of specific

subunits relies on the physiological or inflammatory settings.

In addition to T-cell survival and proliferation at steady-state, canonical NF-kB activation is involved in
the expression of a series of cytokines following TCR engagement. As described above, c-Rel is
essential for IL-2 expression, both through direct binding to its promoter and through the upregulation
of AP-1, which also mediate IL-2 production (Kéntgen et al., 1995; Shapiro et al., 1996). This was
recently confirmed in a patient with a mutation in the REL locus (Beaussant-Cohen et al., 2019). IFNy
and TNF expressions are also altered by /KKg ablation in mice and humans (Pannicke et al., 2013; Marc
Schmidt-Supprian et al., 2004). Overall, this suggests that NF-kB is also involved in the effector functions
of T cells, which leads us to the next sections on the diverse roles of the NF-kB pathways in T-cell

specification and function.

4-NF-kB in CD4* T cells {INSERT FIGURE 2 HERE}



4.1 TH1 cells

THA1 cells, characterised by their high level of IFNy expression, are central actors of the response to
intracellular pathogens. In other settings, they were shown to be involved in the pathogenesis of several
autoimmune conditions, whereas their presence is generally of good prognosis in cancer (Barnes and
Amir, 2017; Chalmin et al., 2018). Polarisation toward the TH1 lineage is first driven by TCR engagement
and IFNy signalling through STAT1, which leads to the expression of the master transcription factor T-
bet. T-bet, in turn, increases the expression of the IL-12 receptor. IL-12R stimulation then activates the
STAT4 pathway, leading to increased and stabilised expression of IFNy. NF-kB has long been described

as an important mediator of the TH1 response (Figure 2).

A seminal paper from 1999 first described a dramatic reduction of in vivo ‘type 1 immunity’, i.e. IFNy
production in response to the OVA antigen administered intra-peritoneally in a Complete Freud Adjuvant
solution, in mice bearing a dominant negative form of IkBa in T cells (IkBa-(AN)-Tg) (Aronica et al.,
1999). This TH1 impairment was next confirmed in vitro by the same group using this transgenic strain
and the IKK inhibitor PDTC (Corn et al., 2003). Interestingly, PKC8 seems dispensable for TH1
generation in vivo upon challenge with L. major (Marsland et al., 2004). IFNy expression is preserved in
CARMA1-deficient TH1 cells (Molinero et al., 2012). T-bet expression is also unimpaired in Malt1” T
cells submitted to TH1 polarisation. Together, this suggests a PKC8/CBM complex-independent function

of NF-kB in TH1 polarisation.

In an elegant study using mice carrying conditional ablation (cKO) of RelA in T cells, Balasubramani et
al. showed that RelA-deficient naive T cells failed to produce IFNy under in vitro TH1 polarisation
conditions (Balasubramani et al., 2010). Mechanistically, RelA was shown to bind to different conserved
non-coding sequences (CNS) in the /fng locus, originally made accessible by T-bet itself (Balasubramani
et al., 2010; Sica et al., 1997). In addition to RelA, c-Rel is also implicated in TH1 polarisation in vitro
(Hilliard et al., 2002), although paradoxical results were later described (Corn et al., 2005; Reinhard et
al.,, 2011; Vasanthakumar et al., 2017). Furthermore, Nfkb1-deficient T cells exhibit a normal TH1
differentiation capacity (Artis et al., 2003; Das et al., 2001). This suggests that IFNy expression in TH1
cells is driven by a heterodimer composed of RelA as an obligate member, and either p50 or c-Rel that
may have redundant functions. Surprisingly, /IKKB-deficient murine T cells secrete normal amounts of

IFNy (Marc Schmidt-Supprian et al., 2004). However, this result could be attributed to the experimental
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conditions, since cells were stimulated with anti-CD3 but not anti-CD28, whereas both anti-CD3 and
anti-CD28 (or antigen-presenting cells) are classically used. Thus, canonical NF-kB regulates IFNy
expression in cells undergoing TH1 differentiation, and acts in concert with T-bet to mediate the whole
TH1 identity (Hertweck et al., 2016), in particular to sustain IL-2 expression (Balasubramani et al., 2010).
Bcl-3, by binding to p50 and c-Rel at the RORCc locus, prevents TH17 transdifferentiation into TH1 cells
(Tang et al., 2014). Canonical NF-kB may also be involved at the level of T-bet expression during the
initial steps of TH1 polarisation, as observed with IkBa-(AN)-Tg murine cells and human PBMCs treated

with a RelA decoy oligodeoxynucleotide (ODN) (Corn et al., 2003; McCracken et al., 2007).

Activation of alternative NF-kB subunits may also be important for TH1 cells. Total T cells isolated from
Relb” animals exhibited lower IFNy expression in TH1-polarising conditions (Corn et al., 2005).
However, naive Nik’ and Nfkb2 T cells show intact TH1 differentiation in vitro (Hofmann et al., 2011;
Li et al., 2011; Speirs et al., 2002). More studies are therefore required to unravel the putative

contribution of the alternative NF-kB pathway during TH1 polarisation.

Taken together, this exhaustive literature suggests that RelA has a unique, non-redundant and critical
function in the expression of IFNy once TH1 cells have entered their polarisation programme driven by

T-bet. Other NF-kB subunits seem to be either expendable or have redundant roles.

4.2 TH2 cells

TH2 cells, characterised by their expression of GATA-binding protein 3 (GATA3), produce IL-4, IL-5 and
IL-13. Their involvement in the protection from helminth infection is well-known, and they are critical
mediators of many allergic inflammatory conditions. Mechanistically, their polarisation is first induced by
IL-4, which triggers STATG6 activation, leading to GATAS expression (Walker and McKenzie, 2018). NF-

kKB was proposed to act at different levels in the polarisation process and effector functions.

Historically, the role of the NF-kB pathway was assessed in TH2-mediated in vivo responses to helminth
infections or to an airway antigen (usually OVA). Downstream of TCR signalling, PKC6 seems to be
important for both the clearance of the helminth Nippostrongylus brasiliensis and the development of
allergic airway inflammation (Marsland et al., 2004). Carma1-deficient mice display a similar phenotype,
with decreased IL-4, IL-5 and IL-13 expression in the lungs of challenged mice (Medoff et al., 2006).
This can be rescued by the transfer of WT CD4* OVA-specific TH2 cells, suggesting a cell-intrinsic

9



function of the NF-kB pathway in TH2 differentiation in vivo. This is further supported by the spontaneous
TH2-mediated inflammation observed in mice with constitutive CARMA1 activation (Blonska et al.,
2012). Interestingly, in mice bearing a conditional deletion of CARMA1 in activated T cells (OX40-CRE-
mediated deletion), allergic responses and IL-4 production are maintained, suggesting a role of the
CBM/NF-kB axis during the initial steps of activation but not in later phases (Ramadas et al., 2011). In
line with these reports, Nfkb 1-deficient mice are fully resistant to allergic airway inflammation, with major
decreases in Th2 cytokines in the lungs (Das et al., 2001; Yang et al., 1998). T cells isolated from these
animals display reduced IL-4, but not IL-5, production. Similarly, lung inflammation is reduced in Rel”
mice, though the T-cell phenotype was not assessed in this study (Donovan et al., 1999). This suggests
a prominent role for the canonical pathway in the pathogenic allergic process. Owing to the lack of
adequate mouse models, the role of RelA has not be assessed yet. However surprisingly, full inhibition
of this pathway in the IkBa-(AN)-Tg mouse strain, does not impair OVA-induced lung inflammation

(Aronica et al., 1999).

In contrast to this substantial amount of in vivo data, the role of NF-kB in in vitro differentiated TH2 cells
is poorly described. Carma1 splenocytes stimulated with anti-CD3/CD28 and IL-2, display impaired
expression GATAS3, IL-4 and IL-5 (Blonska et al., 2012). Similarly, T cells from IKKB cKO mice exhibit
decreased IL-4 expression, while IL-5 or IL-10 remain unchanged compared to WT cells (Marc Schmidt-
Supprian et al., 2004). However, under TH2 polarising conditions, Carma17 naive CD4* T cells have a
normal capacity to differentiate into IL-4 producing cells (Molinero et al., 2012). Interestingly, Bcl3-
deficient cells do not differentiate well into TH2 cells, with impaired expression of GATA-3, IL-4, IL-5 and
IL-13 (Corn et al., 2005). SMAC mimetics, that subvert activation of the canonical pathway and favour
activation of the alternative subunits, significantly increase the capacity of mouse T cells to be polarised
into TH2 cells (Rizk et al., 2019). A recent and very exhaustive study using a loss-of-function CRISPR-
screen approach, investigated the genes involved in TH2 polarisation of murine T cells at the whole
genome level (Henriksson et al., 2019). This confirmed the role of Bcl-3 in GATA3 expression, and
highlighted the roles of RelA and NF-kB2 in GATA3 and IL-4 expression, respectively. Individual KO of

other NF-kB subunits and upstream molecules did not show significant differences in TH2 polarisation.

At the molecular level, it was shown that RelA could bind to the //4 promoter in human T cells, and that

RelA, but not c-Rel, overexpression induced IL-4 secretion in vitro (Li-Weber et al., 2004). NF-kB may
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also cooperate with STAT-6 to stabilise the expression of the chromatin regulator SATB1, which in turn

sustains expression of GATA-3 in human cells (Khare et al., 2019).

Altogether, these studies suggest a complicated and perhaps multifaceted role for NF-kB in TH2 cells.

Additional work, using for instance mice lacking specific NF-kB subunits in T cells, is therefore required.

4.3 TH9 cells

THO cells form a recently discovered subset, characterised by a high level of IL-9 expression, which is
involved in allergic responses and may exert potent anti-tumour functions (Kaplan, 2013). Both mouse
and human Th9 cells depend on the transcriptional regulator PU.1 (Chang et al., 2010), although IL-9

production may occur independently of PU.1 in some settings (Xiao et al., 2012).

In vitro polarisation toward TH9 cells is classically achieved by stimulation with TGFB and IL-4 in addition
to TCR and CD28 triggering. Interestingly, these signals sustain extensive and prolonged translocation
of all NF-kB subunits in mouse TH9 cells, higher than that observed in other TH subsets (Lu et al., 2018).
This suggests an important role for NF-kB in the polarisation process. In fact, it was shown that both
p50 and RelA could bind to the /19 promoter and induce gene expression in total human T cells (Early
et al., 2009) and murine differentiated TH9 cells (Jash et al., 2012). Subsequently, silencing of RelA by
siRNA reduces IL-9 production in vitro (Jash et al., 2012). Canonical NF-kB subunits might also be
directly involved in PU.1 expression, as shown in human acute myeloid leukaemia cells (Bonadies et
al., 2010). In patients carrying TNFAIP3 (A20) mutations, a spontaneous increase in circulating TH9

cells was detected, reinforcing the role of the canonical NF-kB pathway (Zhou et al., 2016).

In addition, stimulation of several members of the TNFRSF family can enhance TH9 polarisation. In a
remarkable study, Xiao et al showed that stimulation though OX40, using transgenic APCs or agonistic
antibodies, massively increases IL-9 producing cells in vitro, independently of PU.1 (Xiao et al., 2012).
Interestingly, this phenomenon is dependent on the alternative, but not the canonical NF-kB pathway.
Indeed increased IL-9 expression is abolished in Nfkb27 but not IkBa-(AN)-Tg cells, and can be
enhanced by overexpression of RelB and p52. At the molecular level, RelB but not RelA binds the 119
locus in differentiated mouse TH9 cells, and promotes the formation of a ‘superenhancer’, allowing
sustained expression of the cytokine (Xiao et al., 2018, 2012). In the same line, SMAC mimetics increase
THO cells in vitro, likely through enhanced RelB and p52 activity, similar to what was observed with TH2

11



cells (Rizk et al., 2019). Moreover, the TNF/TNFR2 pathway increases the number of TH9 in polarisation

assays, in an NF-kB-dependent manner (Jiang et al., 2019).

In conclusion, distinct NF-kB subunits appear to be involved in the two different TH9 lineages: ‘regular’
THO differentiation requires RelA, whereas OX-40-induced TH9 cells are dependent on TRAF6-driven

p52 and RelB activation.

4.4 TH17 cells

TH17 cells are well-known guardians against extracellular infections, but also play a deleterious role in
the pathogenesis of different inflammatory and autoimmune disorders, such as rheumatoid arthritis,
inflammatory bowel disease and multiple sclerosis (Sandquist and Kolls, 2018). TH17 cells that are all
identified by their expression of retinoic acid-related orphan receptor yt (RORyt, encoded by Rorc) and
IL17A/F, come in different flavours depending on their differentiation process. Polarisation upon culture
with TGF-B and IL-6 gives rise to a poorly inflammatory phenotype, whereas the addition of ‘danger
signals’ such as IL-1p3 or IL-23 drives the differentiation of highly inflammatory cells producing GM-CSF
and even IFNy. The role of the NF-kB pathways in TH17 differentiation and function has drawn particular

attention in the past decade.

Downstream of the TCR/CD28 signals, the role of the CBM complex in this process is undeniable. Naive
T cells sorted from Carmal- and Malt1-deficient mice exhibit a profound impairment in TH17
polarisation, with decreased IL-17A, IL-17F and GM-CSF secretion, and decreased RORa but not
RORyt expression (Brustle et al., 2012; Molinero et al., 2012). Similar results were obtained with IkBa-
(AN)-Tg cells, and by using an IKKB chemical inhibitor (Molinero et al., 2012). In vivo, mice with lkkb
depleted T cells, show impaired IL-17A expression in the context of Experimental Autoimmune
Encephalomyelitis (EAE), a mouse model of multiple sclerosis (MS) (Greve et al., 2007). Besides, IKKa
seems to have an NF-KB-independent function in this process, as it can directly phosphorylate RORyt
in S376 to potentiate its activity (He et al., 2017). In addition, it was proposed that IKKa could bind to
the ll17a promoter to allow proper recruitment of the transcription machinery (Li et al., 2011). Thus,
canonical NF-kB activation seems to be integral to the TH17 lineage. In line with these results, RelA and
c-Rel play a critical role in cell-autonomous TH17 differentiation. RORyt and [117a expression levels are

drastically impaired in TH17-polarised Rel” T cells, as well as in cells obtained from Rela” fetal liver
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chimera mice (Chen et al., 2011; Ruan et al., 2011). Interestingly, this c-Rel-dependency can be masked
by the addition of IL-2, which inhibits TH17 development (Visekruna et al., 2010). Mechanistically, these
subunits directly control Rorc expression, and Rorc overexpression fully rescues IL-17A production,
suggesting that NF-kB is dispensable for //17a gene expression per se (Ruan et al., 2011). Another
report infirmed the role of RelA in TH17 polarisation, but this discrepancy could be attributed to the
addition of TNF (that activates NF-kB through a CBM-independent mechanism) to the culture (Powolny-
Budnicka et al., 2011). In contrast with RelA and c-Rel, NF-kB1 seems to be dispensable for TH17
differentiation, as IL-17A and RORyt expression levels remain unchanged in TH17 polarized form Nfkb1-
deficient cells (Chang et al., 2009; Okamoto et al., 2010). Interestingly, constitutive activity of p50 in
mice, drives in vivo TH17 expansion in a cell-extrinsic manner (Chang et al., 2009). Finally, as shown
in other contexts, aberrant canonical NF-kB activation might be deleterious, as USP18* T cells, that
display uncontrolled p50 and RelA activation, have a reduced capacity to differentiate into TH17 cells

(Liu et al., 2013).

The role of the alternative NF-kB pathway in TH17 cells remains a matter of debate. Cells isolated from
NIK-deficient animals display a moderate reduction in their capacity to polarise into TH17, likely since
NIK enables proper phosphorylation of STAT-3 independently of NF-kB (Jin et al., 2009; Rizk et al.,
2019). Mice with conditional ablation of RelB in T cells exhibit normal IL-17A production (Powolny-
Budnicka et al., 2011), whereas, interestingly, mice carrying a non-processable version of p100 (Nfkb2-
lym strain), show a specific impairment in GM-CSF expression, while other TH17 markers remain
unchanged. However, more recently, a series of reports established the alternative pathway, especially
RelB, as a potent inhibitor of TH17 differentiation. Indeed, SMAC mimetics, which increase nuclear
translocation of RelB and p52, reduce IL-17A expression in mouse and human TH17 cells in a NIK-
dependent manner (Rizk et al., 2019). Accordingly, overexpression of RelB, and to a lesser extent p52,
in mouse T cells, reduce IL-17A expression (Rizk et al., 2019; Xiao et al., 2016). At the molecular level,
it was proposed that OX-40 signalling could drive the activation of RelB and its binding to the //17 locus.
In turn, RelB could recruit repressive histone modifiers and therefore inhibit //17a expression (Xiao et

al., 2016). Interestingly, this inhibitory function could be achieved independently of NF-kB1 and NF-kB2.

Non-conventional IkB proteins, such as IkB{ (encoded by Nfkbiz) or IKBNS (encoded by Nfkbid), may

also help TH17 differentiation. Nfkbiz”- mouse T cells display a profound defect in IL-17A production
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upon TH17 polarisation in vitro. Of note, levels of RORa and RORyt remain intact. It was proposed that
IkBz may, on the one hand, interact with RelA, and on the other hand, associate with RORyt and RORa
to activate the //77a promoter (Okamoto et al., 2010). A similar defect in IL-17A expression was found
in Nfkbid - TH17 cells (Annemann et al., 2015). At odds with these results, Bcl3 is expendable for TH17

differentiation, but represses RORyt expression in TH1-polarised cells (Tang et al., 2014).

In addition, indirect evidence exposes NF-kB as a possible regulator of IL-22 expression by TH17 and/or
TH22 cells. IL-22 expression is reduced in CARMA1-deficient TH17 cells (Molinero et al., 2012).
Moreover IL-22 production by ILC3 and dendritic cells was shown to be dependent on NF-kB, with RelA
binding to the /122 promoter, suggesting that a similar mechanism may occur in T cells (Fumagalli et al.,

2016; Victor et al., 2017).

Taken together, it is now clear that the canonical NF-kB pathway, by controlling RORyt expression, is
critical to the initial specification to TH17 lineage, whereas RelB inhibits IL-17A expression. These
functions have major consequences in vivo in pathological situations, which will be presented below in

section 7.

4.5 Follicular helper T cells

Follicular helper T (TFH) cells are a highly specialised CD4* T cell subpopulation that supports the
generation of germinal centres (GC) and provides B cells with critical signals promoting antibody class
switching, generation of high affinity antibodies, and memory formation. TFH cells are characterised by
their elevated expression of the chemokine receptor CXCRS5, the transcription factor Bcl-6, costimulatory

molecules ICOS, and PD-1, and the secretion of IL-21(Crotty, 2019).

Several studies have revealed a requirement for canonical NF-kB signalling in TFH differentiation at
different levels. Patients with loss-of-function mutation of NEMO (Ma et al., 2016, 2015) or NFKB1
(Gonzalez-Granado et al., 2018) display reduced numbers of circulating TFH, whereas patients with
IKKPB gain-of-function mutation show an increase in circulating TFH (Cardinez et al., 2018). Consistently,
Nfkb1-deficient TCR-transgenic mice immunised with their cognate Ag, display impaired upregulation of
CXCRS, leading to a severe defect in the generation of TFH and GC B cell responses (Serre et al.,
2011). In addition, c-Rel binds to the /21 promoter to promote its expression in T cells (Chen et al.,
2010). Rel-deficient mice have impaired IL-21 production, leading to defective development of TFH and

14



GC B cells upon immunisation (Chen et al., 2010; Liu et al., 2016). Interestingly, RelA seems to be

dispensable for TFH differentiation in the context of viral infection (Vasanthakumar et al., 2017).

NIK-deficient mice display impaired TFH differentiation (Hu et al., 2011), and a similar phenotype was
detected in patients with NIK loss-of-function mutations (Willmann et al., 2014). However, this was not
due to a T-cell intrinsic deficiency, but likely to an impaired ICOSL expression in B cells, which is crucial

for TFH differentiation (Akiba et al., 2005; Hu et al., 2011).

Altogether, these findings highlight the diverse roles of NF-kB family members in regulating TFH
development and function. Additional investigations are required to fully understand the molecular

regulation and therapeutic implications of these NF-kB-dependent mechanisms.

4.6 Foxp3* regulatory T cells {INSERT FIGURE 3 HERE}

Regulatory T cells can differentiate both in the thymus (thymic tTreg) and in the periphery -or in vitro-
from naive Foxp3- T cells (peripheral pTreg or induced iTreg). As illustrated by the systemic autoimmune
syndrome observed in Foxp3-mutant mice and patients (Scurfy and IPEX syndromes, respectively),
Treg cells are essential for the maintenance of peripheral immune tolerance (Josefowicz et al., 2012).
Recently, they were also suggested to participate in tissue homeostasis in non-lymphoid organs such
as the adipose tissue. Nonetheless, Treg cells can exert deleterious functions by preventing pathogen
clearance and inhibiting anti-tumour immunity. Therefore, understanding the transcriptional regulation
of Treg cell development and identity has major implications for the development of immunotherapeutic
agents. For this reason, we have chosen to highlight the critical roles of NF-kB both in the development

of Treg cells, and in their homeostasis and function in the periphery (Figure 3).

4.6.1 NF-kB in Treg cell development

Development of tTreg cells in the thymus is a 2-step process (Lio and Hsieh, 2008). Following TCR and
CD28 engagement, naive cells differentiate into CD4*CD25*Foxp3- Treg progenitors. Importantly, these
cells also express several members of the TNFR family, such as GITR, TNFR2 and OX-40(Mahmud et
al., 2014). Then, IL-2 or, to a lesser extent, IL-15, engage the STAT-5 pathway and give rise to Foxp3*
mature Treg cells (Lio and Hsieh, 2008). The integral role of NF-kB in tTreg cell development in the
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thymus has been largely described. The CBM/canonical pathway axis is required for the arising of Treg
progenitors, as illustrated in Cd28-, Carma1-, Bcl10-, TAK1- or Rel-deficient mice (Anderson et al., 2006;
Deenick et al., 2010a; Isomura et al., 2009; Molinero et al., 2009; Vang et al., 2010; Wan et al., 2006).
This cell-intrinsic role was later confirmed in mice with conditional deletion of RelA and/or Rel in T cells
(Oh et al., 2017). Importantly, canonical NF-kB is required for Foxp3 expression per se. RelA and Rel-
deficient Treg progenitors fail to convert into mature Treg in vitro in the presence of IL-2 (Oh et al., 2017).
Both RelA and Rel, but not p50 or RelB, bind to the Foxp3 promoter and initiate its expression (Ruan et
al., 2009; Soligo et al., 2011). C-Rel, as an homodimer, also binds to the CNS3 region of the Foxp3
locus to sustain gene expression in developing tTreg cells (Zheng et al., 2010). It was proposed that
IKBNS could associate to NF-kB subunits at the Foxp3 promoter as well as CNS3 (Schuster et al., 2012).
Confirming these reports, constitutive activation of canonical NF-kB in IKKBSA mice drives massive
expansion of tTreg cells (Long et al., 2009). Interestingly, it is likely that strong NF-kB activation in Treg
progenitors is mediated by TNFR signalling, as shown in vitro and in vivo (Mahmud et al., 2014), thereby
suggesting that NF-kB is involved in both TCR-dependent and TCR-independent steps of tTreg

development.

In contrast to tTreg, NF-kB seems mainly expendable for the polarisation of naive T cells in pTreg and
iTreg. Cells derived from Carma1-- and IkBa-(AN)-Tg mice display a normal capacity to differentiate into
FoxP3* cells in vitro (Molinero et al., 2011). Confirming this data, the ablation of RelA or c-Rel alone
does not impact iTreg development (Oh et al., 2017). However, deletion of both subunits inhibits the
appearance of Foxp3* iTreg cells, perhaps because of a defective cell survival and/or proliferation.
Conversely, enforced activation of the canonical NF-kB pathway in IKKBCA cells, prevents the conversion
into iTreg cells due to spontaneous expression of IFNy and IL-17 even in iTreg polarising conditions

(Molinero et al., 2011).

In summary, RelA and c-Rel are critical for tTreg development in the thymus, whereas NF-kB1, NF-kB2
and RelB are largely expendable (Deenick et al., 2010a; Grinberg-Bleyer et al., 2018). To date, no strong

evidence supports a role for NF-kB in pTreg or iTreg differentiation.

4.6.2 NF-kB in mature Treg cells
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The development of cKO mice, using different flavours of the Foxp3-CRE deleter strain, has provided
scientists with a powerful tool to precisely interrogate the function of the NF-kB pathway in mature Treg
cells without affecting their thymic differentiation. A number of studies now support the critical role of the

NF-kB pathway in peripheral Treg homeostasis and function.

Indeed, conditional ablation of either Carma1, Bcl10, Malt1, IKKB or Rela in mature Treg cells, gives
rise to a common phenotype (Cheng et al., 2019; Di Pilato et al., 2019; Heuser et al., 2017; Oh et al.,
2017; Rosenbaum et al., 2019), namely a multifocal and lethal autoimmune syndrome, likely mediated
by effector T cells. Rel cKO mice develop a later and milder autoimmunity, while strikingly, Rela/Rel
double cKO animals succumb 3 weeks after birth, mimicking the Foxp3 mice that are devoid of
functional Treg cells (Sharma et al., 2009). This clearly demonstrates the integral function of canonical
NF-kB signalling in mature Treg cells, to maintain immune homeostasis. In contrast, aberrant alternative
NF-kB activation seems deleterious for mature Treg cells. Constitutive activation of NIK in Treg cells,
leads to spontaneous autoimmunity (Polesso et al., 2017). Similarly, Nfkb2 cKO mice develop intestinal
inflammation due to aberrant RelB activity; Relb ablation itself does not induce any pathology or defects

in Treg homeostasis (Grinberg-Bleyer et al., 2018; Li et al., 2018).

Aside from this evident role in preventing autoimmunity, NF-kB activity in Treg also seems to be crucial
for their function as inhibitors of protective anti-tumour immunity. Conditional ablation of any member of
the CBM complex in Treg cells allows enhanced immune responses and reduced tumour burden in
settings of transplanted melanoma, thymoma or colon adenocarcinoma (Cheng et al., 2019; Di Pilato et
al., 2019; Rosenbaum et al., 2019). Surprisingly, forced activation of NF-kB1 and RelA using the IKKR¢A
transgene, fails to rescue tumour growth in Carmat and Bc/10 cKO animals (Di Pilato et al., 2019;
Rosenbaum et al., 2019). This suggests either a NF-kB-independent mechanism, or a c-Rel-specific
dependent function. Downstream of the CBM complex, daily treatment of mice with the IKK inhibitor
KINK-1, improves anti-tumour immunity in a transplanted model of melanoma (Heuser et al., 2017).
Finally, conditional ablation of Rel, but not RelA, in Treg cells, significantly delays melanoma growth in
a CD8* T-cell-dependent manner (Grinberg-Bleyer et al., 2017). Moreover, chemical inhibition of c-Rel
using pentoxifylline (PTXF), inhibits melanoma growth (Dua et al., 2007). This xanthine derivative also

potentiates the effects of anti-PD-1 checkpoint blockade therapy to prevent tumour progression
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(Grinberg-Bleyer et al., 2017). These results were recently confirmed using intra-tumoural injection of

PTXF and immunotherapy, as well as another c-Rel inhibitor (Gao et al., 2009; Li et al., 2020).

These pathological conditions indicate that NF-kB plays a role in peripheral Treg ‘homeostasis’
(proliferation, survival, maintenance of cell identity) and/or in their suppressive function. Interestingly,
despite their role in Treg cell development in the thymus, the ablation of RelA and c-Rel alone does not
impact Treg cell numbers in secondary lymphoid tissues (He et al., 2017; Oh et al., 2017). However, in
the competitive environment of mixed BM chimeras and Foxp3CRE* heterozygous females, the presence
of RelA confers a selective advantage for Treg expansion (Heuser et al., 2017). Moreover, complete
inhibition of the canonical NF-kB pathway through deletion of /KKB or both Rela and Rel, leads to a
dramatic reduction in the number of Treg cells in the periphery (Oh et al., 2017). This could be attributed
to a decreased expression of Bcl-xL in NF-kB-deficient Treg cells. Conversely, NF-kB2 restrains Treg
expansion in a cell-intrinsic manner (Grinberg-Bleyer et al., 2018). Interestingly, patients with NFKB1

mutations exhibit reduced numbers of circulating Treg cells in the blood (Vasanthakumar et al., 2017).

The canonical NF-kB pathway has a prominent role in maintaining the integrity of Treg cell identity, in
particular the subset of activated/effector cells. In the periphery, Treg cells can be found in two states:
resting Treg (rTreg) are ‘naive’ cells, the identity of which is controlled by Foxo1/3 transcription factors
(Luo et al., 2016), have been proposed to control effector cell priming in the lymph nodes; they can give
rise to activated or effector Treg cells (aTreg or eTreg) that are required for suppressing immune
responses in the tissues and in the tumour environment. It is now established that the canonical NF-kB
pathway is critical for the acquisition of the aTreg phenotype, together with other transcription factors
such as IRF4. Indeed, the aTreg cell subset is dramatically impaired in mice carrying conditional ablation
of Carma1, Bcl10 or Rel in mature Treg cells (Cheng et al., 2019; Di Pilato et al., 2019; Grinberg-Bleyer
et al., 2017). RelA also seems to be implicated in aTreg cell biology in a non-inflammatory competitive
environment (Vasanthakumar et al., 2017). Interestingly, this aTreg phenotype can be promoted by
certain members of the TNFRSF family, such as TNF/TNFR2, GITR/GITRL, 4-1BB/4-1BB-L, which are
all potent activators of the canonical NF-kB pathway (Lubrano di Ricco et al., 2020; Vasanthakumar et
al., 2017). Importantly, NF-kB directly binds to and controls the expression of the master transcription
factor Blimp1, which maintains the gene expression pattern of aTreg cells (Vasanthakumar et al., 2017).

Consequently, Carma1, Rel and Rela-deficient Treg exhibit reduced expression of a number of aTreg
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genes, such as TIGIT, Kirg1 or Ebi3 (Di Pilato et al., 2019; Grinberg-Bleyer et al., 2017; Heuser et al.,
2017). Consistent with an inhibitory role of the alternative NF-kB pathway, cells arising from NIK and
Nfkb2-cKO mice are enriched in aTreg, and these cells are hyperproliferative ex vivo (Grinberg-Bleyer

etal, 2018; Lu et al., 2005).

In addition, canonical NF-kB is essential for maintaining the expression of many Treg hallmark genes,
i.e. genes that are specifically expressed by Treg but not Tconv cells. In mice lacking both Rel and RelA
specifically in Treg cells, these express significantly lower levels of Foxp3 itself, as well as 1kzf2 (Helios)
or 1d3, proteins that have been involved in Treg homeostasis (Miyazaki et al., 2014; Oh et al., 2017).
This was further confirmed in the context of tamoxifen-induced ablation of NF-kB in mature Treg cells in
vivo (Oh et al., 2017). Strikingly, these Treg cells express significant levels of Thelper-associated genes,
including the inflammatory cytokines IFNy, IL-17A or TNF. This is in line with the Treg phenotype
detected in Carma1 cKO animals (Di Pilato et al., 2019). Thus, NF-kB maintains the Treg phenotype
while preventing their conversion into Tconv cells. ChIP-Seq analyses show that RelA directly binds to
the majority of Treg signature genes, with a significant overlap with Foxp3-bound loci (Heuser et al.,
2017; Oh et al., 2017). This cooperation between Foxp3 and NF-kB was documented at the GITR locus
(Tone et al., 2014). NF-kB was later shown to be an essential partner of Foxp3 to ensure high expression
of many Treg-signature genes (Kwon et al., 2017). This demonstrates that canonical NF-kB signalling

was instrumental in establishing the Treg-lineage transcriptome.

In contrast to this critical function in Treg cell identity, NF-kB signalling is mainly dispensable for the
function of Treg cells in in vitro suppression assays. Indeed, ablation of IKKB, Rel or Rela does not
impair Treg cell capacity to inhibit effector T cells in short-term cultures (Grinberg-Bleyer et al., 2017;
Heuser et al., 2017; Isomura et al., 2009). Carma1- or Nfkb2" Treg cells display a slight reduction of
their suppressive function in vitro (Di Pilato et al., 2019; Long et al., 2009). However, the picture is
radically different in in vivo suppression assays, i.e. the ability of Treg cells to suppress colon
inflammation induced by the transfer of Tconv cells in immunodeficient animals (usually RAG1 or RAG2
~ mice). This assay does not specifically measure the direct inhibitory function of Treg cells but also
takes in account their ability to expand, survive and migrate to inflamed tissues in lymphopenic

recipients. In this setting, perturbation of the NF-kB pathway has major consequences, since ablation of
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either Rela, Rel or their upstream signalling pathway abolishes the ability of Treg cells to suppress colitis

(Grinberg-Bleyer et al., 2017).

Importantly, the vast majority of these conclusions arise from studies conducted in mice, and the precise
roles of NF-kB in human Treg cells remain to be established. It was recently shown that NFKB71-deficient
human Treg cells exhibit a normal suppressive function in vitro (Ziegler et al., 2020). Interestingly,
canonical NF-kB inhibition during iTreg induction even improves their function in subsequent assays.
This highlights the need for further investigations in human cells to fully apprehend their therapeutic

potential.

Altogether, these extensive studies place NF-kB, particularly its canonical pathway, as a central
regulator of Treg development and identity, with major consequences in the suppression of pathogenic

and protective immunity.

5- NF-kB in CD8* T cells

As developed in section 3 of this chapter, NF-kB is crucial for T-cell biology. However, relatively
little is known about intracellular signalling events that specifically control the genetic programme of
CD8* T cells, as the large majority of studies have been performed in unseparated T cells or focused
only on the CD4* population. The present section will specifically focus on components of NF-kB

signalling that have been shown to impact CD8* T cell biology (Figure 4). {INSERT FIGURE 4 HERE}

5.1 The PKCO/CBM/IKK axis: of mice and men.

The role of the TCR/CBMI/IKK axis in the function of CD8* T cells in mice is relatively unclear.
In vitro, PKC6"- and Bcl10"- but not Malt1- naive CD8* T cells, fail to upregulate CD44 and CD25 and
Bcl-xL upon TCR stimulation, unless massive doses of anti-CD3 are used (Kingeter and Schaefer, 2008;
Saibil et al., 2007), and IL-2 secretion is impaired. This leads to a minor reduction in T-cell proliferation
and increased cell death, which can be rescued by either increasing the level of stimulation or adding
exogenous IL-2 to the culture. However, this intermediate phenotype does not preclude a role for
canonical NF-kB in CD8* T cells, as IkBa phosphorylation and RelA translocation to the nucleus
following TCR stimulation, is partially maintained in PKC8/CBM-deficient cells, in contrast to what is

observed in CD4* T cells. In MHCI-restricted TCR-transgenic mice, the roles of PKC8 and the CBM are
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more evident. PKC6-deficient CD8* T cells, stimulated by their cognate Ag, display reduced proliferation,
IL-2 expression and target lysis capacity in vitro. This phenotype is much more pronounced in Bcl10-
deficient cells(Deenick et al., 2010b; Zeng et al., 2008). Interestingly, the survival and proliferation, but

not the defect in cytotoxicity can be rescued by the addition of IL-2.

Downstream of the CBM complex, mice with T cell-specific ablation of /IKKB or NEMO display normal
thymocyte development but reduced numbers of CD8* T cells in spleen and lymph nodes, possibly due
to defective survival (Schmidt-Supprian et al., 2003). IKKB-deficient CD8* T-cell survival, activation and
proliferation upon polyclonal stimulation is largely maintained in in vitro assays (Schmidt-Supprian et al.,
2003; Marc Schmidt-Supprian et al., 2004). This suggests either NF-kB-independent roles of the CBM
complex, or compensatory mechanisms through other IKK members. Furthermore, administration of the
pharmacological IKKB inhibitor KINK-1, does not modify CD8* T-cell function in vivo, presumably
because NFATc1 signalling acts as a compensatory mechanism (Heuser et al.,, 2017). Finally,
expression of the IkB-SR (super-repressor) transgene in T cells, impairs CD8* T cell proliferation in vitro
(Mora et al., 1999) and increases CD8* T cell apoptosis in response to TCR stimulation (Boothby et al.,
1997). In line with this, dual co-stimulation through CD137 (4-1BB) and CD134 (OX-40), which leads to
sustained phosphorylation of IkBa and strong NF-kB activation, induces powerful ‘supereffector’ CD8*
T cells with enhanced survival, proliferation and cytotoxic function (Lee et al., 2008, 2007, 2004).
Abolition of this phenotype through the use of the IKK inhibitor Bay11 demonstrated that NF-kB activity

can be easily modulated to improve CD8* T-cell function in vivo (Lee et al., 2008).

Taken together, this suggests important functions for NF-kB in murine CD8* T cells that may in part

occur, in contrast to CD4* T cells, independently of canonical PKC6/CBM activation.

Regarding human CD8* T cells, the findings differ slightly. Patients completely deficient in BCL70 have
lower central memory CD8* TCM cells and decreased CD8* T-cell proliferation upon PHA or CD3/CD28
stimulation (Torres et al., 2014). Moreover, proliferation of human CARMA 1-deficient CD8* T cells after
CD3/CD28 stimulation is completely abolished (Stepensky et al., 2013). Finally, patients with IKKf
mutations display reduced CD8* T-cell proliferation and cytokine expression in vitro (Pannicke et al.,
2013). In contrast, patients with IKKB gain-of-function mutations, show a decrease in naive CD8* T cells

and an increase in CD8* Temwhich are more proliferative, in vitro (Cardinez et al., 2018). This phenotype
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can be recapitulated in mice harbouring the same mutation. This highlights major differences in the

activation process and NF-kB-dependency in murine and human CD8* T cells.

5.2 NF-kB subunits in CD8* T cells

A series of studies have evaluated the precise roles of the individual NF-kB transcription factors
from the classical pathway in CD8* T-cell biology. TCR-Transgenic Nfkb17- mice mount effective CTL
primary and secondary responses, with normal proliferation and function (Deenick et al., 2010b). Similar
results were obtained when using a polyclonal stimulation in vitro (Saibil et al., 2007). Interestingly, a
unique population of conventional CD8* thymocytes with memory T cell-like properties is present in the
periphery of Nfkb1-deficient mice (Gugasyan et al., 2012). In humans, contradictory results have been
reported. Indeed, one study with patients lacking NFKB1 shows decreased naive and increased effector
memory CD8 T cells, as well as an impaired proliferation in response to mitogens (Gonzalez-Granado
et al.,, 2018), whereas another study shows no alteration in CD8* T-cell phenotype or proliferation

(Tuijnenburg et al., 2018).

To study the role of RelA, Mondor and colleagues generated a truncated RelA molecule lacking
the two transactivation domains (TAD), normally present in RelA, but bearing the Rel homology domain
(RHD) (Mondor et al., 2005). TAD-deficient RelA overexpression in CD8* T cells, leads to cell death
both in vitro and in vivo, while initial T-cell activation is unaltered (Mondor et al., 2005). The
TCR/IKK/RelA axis also sustains the expression on EOMES in memory CD8* T cells (Knudson et al.,
2017). In addition, RelA is involved in the function of CD8* T cells per se. Indeed, upon stimulation, RelA
is recruited to the enhancer region in the IFNy locus, whereas the absence of RelA greatly impairs IFNy
production in CD8* T cells (Balasubramani et al., 2010). Interestingly, ‘anergic’ CD8* T cells display
decreased RelA phosphorylation and acetylation at Ser311 and Lys310, respectively, associated with
impaired gene expression (Clavijo and Frauwirth, 2012). Finally, a recent study using Genome-wide
CRISPR Screens in primary human CD8* T cells revealed that RelA is strongly implicated in CD8* T-

cell proliferation upon TCR stimulation (Shifrut et al., 2018).

Mouse CD8* T cells lacking c-Rel display a mild impairment in CD8* T-cell survival, which can be
rescued by the addition of exogenous IL-2 (Saibil et al., 2007). Intriguingly, upon in vivo administration

of their cognate Ag, TCR-transgenic Rel”- T cells exhibit a transient activation and CTL function followed
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by unresponsiveness (Deenick et al., 2010b). Therefore, c-Rel emerges as crucial for controlling T-cell
activation versus anergy in CD8* T cells. Its absence may be functionally compensated by other
subunits, as Rel- mice are able to clear viral infections (Harling-McNabb et al., 1999). However, in a
patient with a REL loss-of-expression mutation, IFNy secretion was completely abolished upon
polyclonal restimulation of PBMC, suggesting a role for c-Rel in the function of both CD4* and CD8* T

cells (Beaussant-Cohen et al., 2019).

Only sparse information is available concerning the precise role of non-canonical NF-kB signalling in
CD8* T-cell biology. Mice with NIK deficiency in T cells have a significantly reduced frequency and
number of memory CD8* T cells in the spleen (Li et al., 2016). Furthermore, patients with NIK loss-of-

function mutation show impaired function of CD8* memory T cells (Willmann et al., 2014).

Collectively, current literature suggests that canonical NF-kB regulates CD8* T-cell homeostasis and

function, whereas alternative NF-kB signalling mainly seems to be expendabile.

6-NF-kB in other T-cell subsets

6.1. Natural killer T cells

NKT cells were originally identified as TCR-expressing, NK1.1 positive, CD4-CD8- double negative cells
in the mouse thymus. They are characterised by their expression of an ‘invariant’ TCR (hence their
common denomination of ‘iNKT’ cells), as a majority of NKT cells express an identical TCRa chain
associated with a restricted set of TCRp chains. This TCR recognizes self or foreign glycolipids (such
as a-Galactosylceramide, aGalCer) presented by CD1d, an unconventional MHC molecule.
Interestingly, NKT cells, as their conventional TCRaf3 counterparts, can specialise into IFNy, IL-4 or IL-
17 producers, although this specification occurs directly in the thymus. Because of these diverse
specialisations, NKT cells can exert protective or deleterious functions in many different immune
responses, ranging from pathogen infection to autoimmunity and cancer (Bendelac et al., 2007). Of
note, because the thymic development of NKT cells is tightly associated with their function, we will

address both points in this section.

Canonical NF-kB has clearly been highlighted as critical for NKT-cell biology. PKC6” , IKKB cKO and

IkBa(AN)-Tg mice have strongly reduced NKT cell numbers in the thymus and spleen (M. Schmidt-
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Supprian et al., 2004; Stanic et al., 2004a, 2004b). Surprisingly, NKT-cell thymic development seems to
occur independently of the CBM complex, as normal proportions of peripheral NKT cells are found in
CARMA1~ (M. Schmidt-Supprian et al., 2004), Malt1* (Ruland et al., 2003) and Bc/10” (M. Schmidt-
Supprian et al., 2004) mice. However, Bcl10 deficiency reduces NKT cells in spleen, liver, and bone
marrow (BM), indicating that Bcl-10 may play a role in NKT-cell persistence (M. Schmidt-Supprian et al.,
2004). In addition to its roles in development, the PKCO/IKK/IkB axis is involved in mature NKT-cell
activation, as in vivo administration of the specific IKKf inhibitor PS-1145 reduces a-GalCer-induced
cytokine production (M. Schmidt-Supprian et al., 2004). Similarly, NKT cells from PKC6” and IkBa(AN)-
Tg mice fail to produce IL-2, IL-4 or IFNy after aGalCer administration, independently of their survival

(Stanic et al., 2004b).

Interestingly, mice expressing a constitutively active IKKB in T cells also display reduced numbers of
NKT cells in the thymus, spleen, and liver, correlated with decreased ICOS expression and increased
NKT cell death (Shen et al., 2011). As for conventional CD4* and CD8* T cells, this result highlights the

importance of a balanced activation of the NF-kB signalling pathway in NKT cells biology.

A series of reports have addressed the roles of individual NF-kB subunits in NKT-cell biology. Nfkb1-
deficiency markedly affects murine NKT-cell survival, resulting in a sharp reduction in total NKT cell
number in a cell-intrinsic manner (Sivakumar et al., 2003). This impairment is either restricted to NK1.1*
cells (Stanic et al., 2004a) or applies to all NKT cells (Stankovic et al., 2011), depending on the genetic
background. NF-kB1 is also required for human NKT-cell development as NFKB1 loss-of-function
results in decreased NKT numbers in peripheral blood (Tuijnenburg et al., 2018). In mice with conditional
RelA ablation in T cells, as well as in foetal liver chimeras, decreased NKT-cell numbers in the thymus
and peripheral organs are detected (Stankovic et al., 2011; Vallabhapurapu et al., 2008).
Mechanistically, RelA regulates NKT-cell expression of IL-15Ra and yC, which is needed for IL-15- and
IL-7-dependent proliferation of CD44MNK1.1- NKT-cell precursors (Vallabhapurapu et al., 2008). Finally,
in mice, NKT-cell homeostasis does not require c-Rel (Stankovic et al., 2011). In addition, canonical NF-
kB is critical for NKT-cell function, i.e. cytokine production. Following stimulation with aGalCer or
CD3/CD28, Nfkb1, Rela and Rel-deficient NKT cells exhibit impaired expression of IL-2, IL-4 and IFNy

(Stanic et al., 2004b; Stankovic et al., 2011).
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The numbers of NKT cells is dramatically reduced in NIK-mutant and Relb” mice (Elewaut et al., 2003;
Sivakumar et al., 2003), while Nfkb2 deficiency leads to a milder phenotype (Sivakumar et al., 2003).
However, reciprocal BM transplantations between WT and Relb”- mice revealed that RelB is needed in
stromal components but not in hematopoietic cells for NKT-cell development. To date, no cell-

autonomous role for the alternative NF-kB pathway in NKT cell biology has been reported.

Taken together, these studies reveal a complex requirement for canonical NF-kB subunits, in the

development of NKT cells and in their production of cytokines.

6.2 Gamma delta T cells

yd T cells represent a minor fraction of total T cells in lymphoid tissues but are highly abundant in
mucosal tissues, such as the skin, where they are named dendritic epidermal T cells (DETCs). Similar
to af T cells, they can secrete IFNy, IL-4 and are major producers of IL-17, properties positioning them
as first-line defence against pathogens and involving them in the pathogenesis of certain autoimmune

diseases (Chien et al., 2014).

Normal yd T-cell differentiation and function have been reported in Nfkb71-deficient mice (Powolny-
Budnicka et al., 2011). In contrast, conditional ablation of Rela in total T cells impairs IL-17+y& T (ydT17
cells) numbers (Powolny-Budnicka et al., 2011). This effect is not cell-intrinsic, but likely due to the low
expression of lymphotoxin (LT) ligands by accessory thymocytes, leading to altered LTBR activation of
yd T cell thymic precursors. In humans, patients with either IkBa gain-of-function (Courtois et al., 2003)
or IKKB loss of expression (Pannicke et al., 2013) have no circulating yd T cell. In addition, unlike mice,

patients with Nfkb1 deficiency have fewer yd T cells (Gonzalez-Granado et al., 2018).

Though there is no difference in the number of y& T cells in the thymus and peripheral organs of Nfkb2-
~ or Relb * mice, they display a reduced production of IL-17A by yd T cells upon PMA/ionomycin
stimulation (Powolny-Budnicka et al., 2011). Mechanistically, and at odds with conventional TH17 cells,
RelB seems to induce RORyt and RORa4 expression, enabling the differentiation of mature ydT17 from
thymic precursors (Powolny-Budnicka et al., 2011). Consistent with a role of the alternative NF-kB
signalling pathway in ydT17 cells, NIK-deficient CD27- yd& T cells altered IL-17 production upon
PMA/ionomycin stimulation (Mair et al., 2015). In addition to ydT17, NIK deficiency also impacts skin-
resident DETCs, but in a cell-extrinsic fashion (Mair et al., 2015).
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Although the development of yd T cells that produce IFNy relies on CD27 (Ribot et al., 2009), a member
of the tumour necrosis factor receptor superfamily (TNFRSF) that activate both NF-kB signalling
pathways (Ramakrishnan et al., 2004), the differentiation of CD27* yd T cells does not require RelA or
RelB (Powolny-Budnicka et al., 2011). Nevertheless, signalling via the CD70-CD27 axis in CD27*yd T
cells leads to p52 accumulation (Ramakrishnan et al., 2004). Thus, it remains to be determined whether

the development of this yd T-cell subset relies on other NF-kB transcription factors, such as NF-kB2.

7-NF-kB in pathological conditions: toward NF-kB-targeted therapies?

7.1 —Infectious pathogens

Patients with mutations in diverse components of NF-KB signalling pathways, are characterised by their
susceptibility to infections. However, the contribution of NF-kB subunits to T-cell responses to

pathogens, remains partially unclear and can sometimes be highly variable.
7.1.1 Bacterial infections

In contrast to the well-described effect of bacteria and bacterial products on the activation of NF-kB in
innate immune cells, little attention has been paid to the specific function of NF-kB in T cells during
pathogenic bacterial infections. It was originally suggested that PKCBO was critical for the development
of primary and secondary T-cell responses to Listeria monocytogenes (L. monocytogenes) (Sakowicz-
Burkiewicz et al., 2008). However, these conclusions were infirmed in a later report (Valenzuela et al.,
2009). Canonical NF-kB activation may still be important in this process, as improved NF-kB activity in
A20 cKO mice, leads to improved control of acute L. monocytogenes infection, though secondary
responses are altered (Just et al., 2016). In line with the latter, mice expressing a constitutively active
IKKB in T cells have impaired in vivo antigen-specific immune responses following L. monocytogenes
infection, with altered T-cell expansion and excessive contraction (Krishna et al., 2012). T-cell
autonomous alternative NF-kB activation also seems to be required for bacterial clearance. Indeed, a
compromised immune response to L. monocytogenes, characterised by reduced number and IFNy-
production by CD4* and CD8* effector T cells, was observed in mice with T-cell-specific N/IK ablation (Li
et al., 2016). This was confirmed in mice with a conditional deletion of Relb in T cells, which exhibit

impaired response to E. coli infection, presumably owing to reduced IL-17 expression by yd T cells
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(Powolny-Budnicka et al., 2011). IKBNS plays an essential role in the activation, expansion, and TH1-
cell differentiation of CD4* T cells but is dispensable for CD8* T-cell effector functions following L.
monocytogenes infection (Frentzel et al., 2019). These studies seem to highlight a prominent role for
the alternative pathway in T-cell responses to bacteria, but further studies are needed to evaluate the

selective contribution of each subunit in this process.

7.1.2 Parasitic infections

The role of NF-kB in T-cell-mediated clearance of parasites, largely depends on the pathogen species.
PKCB8 is critical for the development of TH2 immune responses after infection of mice by the helminth
Nippostrongylus brasiliensis, as illustrated by reduced IL-4-dependent IgE antibody production and IL-
5-dependent blood and airway eosinophil infiltration (Marsland et al., 2004). However, PKCH is
dispensable for IFNy production and TH1-cell-mediated resistance against Leishmania major (L. major)
(Marsland et al., 2004). Conversely, Nfkb1- (Artis et al., 2003), Rel- (Reinhard et al., 2011) and Nfkb2-
deficient animals (Speirs et al., 2002) infected with L. major develop chronic non-healing lesions
associated with persistent parasites. This is due to impaired T-cell proliferation and cytokine production,
such as IFNy and IL-17, in a process that involves both T-cell-autonomous functions of NF-kB and
cytokine production (in particular IL-12) by myeloid cells. Similarly, following Toxoplasma gondii (T.
gondii) infection, IkBa(AN)-Tg, Nfkb1+, Nfkb27- and Rel”- mice develop toxoplasmic encephalitis (TE)
and die during the chronic phase of the disease (Caamafio et al., 2000; Mason et al., 2004; Ziegler et
al., 2020). These phenotypes are all associated with defects in the T-cell compartment. NF-kB1 is
required in a T-cell intrinsic fashion for IFNy expression by CD8* T cells upon T.gondii infection, as
revealed by cell transfer experiments (Ziegler et al., 2020). TE development in Rel- and Nfkb2-deficient
mice is associated with reduced numbers of T cells in the brain, decreased T-cell activation, proliferation
and IFNy production (Caamano et al., 2000; Mason et al., 2004). Nfkb1 and Nfkb2, but not Rel-deficient
animals, also fail to mount a proper TH2 immunity against the helminth Trichuris muris (Artis et al.,
2002). Overall, these findings demonstrate a multi-layer implication of NF-kB subunits in T-cell immunity

to parasites.

7.1.3 Viral infections
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Patients harbouring mutations in the NF-kB pathway are often characterised by opportunistic viral
infections, as well as Epstein-Barr Virus (EBV) and Cytomegalovirus (CMV) reactivation, suggesting a
function for NF-kB in T-cell immunity to viruses. However, findings in mouse models differ slightly.
Indeed, PKC®O deficiency does not impair immunity to murine cytomegalovirus (MCMV) or lymphocytic
choriomeningitis virus (LCMV) (Marsland et al., 2005; Valenzuela et al., 2009), with normal virus
clearance and unimpaired CD8* T-cell priming and secondary responses. In contrast, ablation of Bc/10
or Malt1 impairs responses to LCMV and rabies (Ruland and Hartjes, 2019). Albeit, these defects may
rely on NF-kB-independent functions, as conditional ablation of Rela in T cells does not impair antigen-
specific CD8* T-cell differentiation or effector functions, as assessed by IFNy and Granzyme B
expression upon LCMV infection (Vasanthakumar et al., 2017). Similarly, c-Rel is expendable during
Influenza clearance, although the kinetics of CD8+ responses are slightly delayed in KO mice (Harling-
McNabb et al., 1999). Nevertheless, canonical NF-kB activation may be specifically required in the
context of chronic viral infections. Upon chronic LCMV infection, canonical NF-kB is involved in the
maintenance of the ‘stem-like’ phenotype of CD8+ T cells, whereas it seems to be repressed in
exhausted T cells (Jadhav et al., 2019). Moreover ‘anergic T cells’ display impaired NF-kB activation
upon polyclonal restimulation (Clavijo and Frauwirth, 2012). These data are consistent with the role of
RelA in the survival and identity of memory CD8* T cells (Knudson et al., 2017; Mondor et al., 2005).
Aside from the canonical pathway, the NIK/NF-kB2 axis may play a more prominent role in the response
to LCMV infection. NIK-mutant animals exhibit impaired memory T cells 1 to 2 months after infection
whereas the initial CD8* T-cell response remains intact (Hamdan et al., 2020; Rowe et al., 2013).

Similarly, p52 may be important for the clearance of the pathogen (Droebner et al., 2010).

Taken together, these data highlight the selective contributions of NF-kB subunits in the responses to
different pathogens. These results may pave the way for the development of novel therapeutic
approaches, for instance through the triggering of specific surface receptors of the TNFRSF family, to

activate NF-kB CD4* and/or CD8* T cells and promote pathogen clearance.

7.2 —Autoimmunity

7.2.1 Systemic autoimmunity
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NF-kB has been extensively described as a pivotal regulator of T-cell-mediated autoimmunity. This was
first demonstrated in mice harbouring a germline deletion of Relb, that die from multifocal autoimmune
syndrome only a few weeks after birth (Weih et al., 1995). This disease characterised by a strong T-cell
activation, actually relies on T-cell extrinsic mechanisms. Indeed, RelB is critical for the proper
development of the thymic medulla, and the homeostasis and maturation of medullary thymic epithelial
cells (mTECs) and medullary DCs (Burkly et al., 1995). Consequently, Relb-deficient animals exhibit a

defect in the negative selection of autoreactive clones, leading to unleashed activation in the periphery.

Numerous studies then exposed NF-kB as a positive regulator of T-cell-mediated autoimmunity. For
instance, deletion of the deubiquitinases A20, Otulin or CYLD, which negatively regulate canonical NF-
kB signalling, lead to a large spectrum of autoimmune manifestations in mice, with aberrant T-cell
activation as a hallmark (Damgaard et al., 2016; Giordano et al., 2014). However, in the case of Otulin
deficiency, increased T-cell activation is not cell-autonomous but depends on the aberrant secretion of
inflammatory cytokines by myeloid cells (Damgaard et al., 2016). In contrast, mature T-cell-restricted
deletion of A20 drives lung and liver inflammation, with increased expression of IFNy by CD8* T cells,
and elevated circulating IL-17 and TNF (Giordano et al., 2014). Similarly, ablation of the NF-«kB repressor
Foxj1 induces a TH1-cell-mediated autoimmunity (Lin et al., 2004). Consistently, constitutive activation
of canonical NF-kB in CD4¢¢|KKBCA mice, drives the spontaneous increase in IL-17 and IFNy expression
by T cells and eventually non-lethal systemic autoimmunity (Krishna et al., 2012). Mirroring these
observations, patients with loss-of-function mutations in A20 or Otulin exhibit a wide range of
autoimmune manifestations including enteritis and dermatitis, with elevated numbers of circulating TH9

and TH17 cells (Damgaard et al., 2016; Zhou et al., 2016).

Collectively, these observations highlight the central role of NF-kB in the autoimmune process, with the

implication of both T-cell-autonomous and extrinsic mechanisms.

7.2.2 Tissue-specific autoimmunity: Focus on EAE and MS

Aside from these multifocal autoimmune manifestations, T cells are also involved in the pathogenic
process of tissue-specific diseases. Owing to the functions of NF-kB subunits in the development,
maturation and identity of the different T-cell subsets described in the sections above, the implication of

canonical and alternative pathways in these conditions is undeniable.
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THA17 cells, through their expression of IL-17A/F and GM-CSF, are critical mediators of EAE symptoms
(Codarri et al., 2011). High levels of these cytokines are detected in the blood and cerebrospinal fluid of
patients with multiple sclerosis (Aram et al., 2019). Interestingly, in humans, GM-CSF producing T cells
seem to be dominated by a TH1 phenotype, suggesting that the cytokine itself, rather than the global T-
cell flavour, is the master determinant of the pathophysiological process (Rasouli et al., 2015).
Accordingly, overexpression of GM-CSF in total T cells is sufficient to drive spontaneous neuro-
inflammation in mice (Spath et al., 2017). NF-kB appears to be at the centre of the pathogenesis of EAE
and MS. Deficiency of Carma1 or Malt1 protects mice against EAE (Brustle et al., 2012; Molinero et al.,
2012) downstream of the CBM complex, and conditional ablation of IKK{ in T cells, or expression of the
IkBa-(AN)-Tg, also abolish disease symptoms (Greve et al., 2007; Molinero et al., 2012). In line with
these findings, germline deletion of Nfkb1 and Rel leads to a similar phenotype (Hilliard et al., 2002).
Aside from this critical function of canonical NF-kB members, the alternative pathway may also be
implicated in EAE pathogenesis. Indeed, germline or conditional deletion of NIK in T cells provides an
almost complete protection against the disease (Hofmann et al., 2011; Rizk et al., 2019). Similar results

were obtained with mice expressing a non-cleavable form of p100 (Yu et al., 2014).

Mechanistically, the resistance of NF-kB-deficient animals can largely be attributed to the T-cell-
autonomous function of NF-kB activation in the expression of pathogenic cytokines. Originally, NF-kB1
and c-Rel were shown to be required for the polarisation into TH1 cells in the context of EAE, by acting
both on APC and T cells themselves (Hilliard et al., 2002). These studies have now been refined and it
appears that canonical NF-kB, particularly c-Rel, is also critical for the expression of IL-17A and F (Chen
etal., 2011), and more importantly, the secretion of GM-CSF by T cells (Gerondakis et al., 1996). Indeed,
c-Rel may be involved in both chromatin remodelling of the Csf2 promoter and in the expression of the
gene (Brettingham-Moore et al., 2005). The cellular and molecular mechanisms underlying the function
of the alternative pathway are a matter of greater debated. Notably, the resistance of NIK-mutant
animals to EAE was first shown to be T-cell-extrinsic (Hofmann et al., 2011), but a later report showed
that T-cell-restricted NIK expression was sufficient to confer protection, suggesting a T-cell autonomous
function of the kinase (Li et al., 2016). In agreement with these results, a cell-autonomous role for p52
in GM-CSF expression by T cells was described. P52 can directly bind to the Csf2 promoter and induce
its expression in cell lines, independently of RelB (Yu et al., 2014). The role of RelB itself remains

unclear, as Relb” T cells transferred to lymphopenic hosts, induce a severe EAE with elevated TH17
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cytokines (Xiao et al., 2016). Interestingly, SMAC mimetics are able to abrogate TH17 polarisation and
EAE by targeting canonical NF-kB while increasing the activation of the alternative pathway, thereby
implying that activation of RelB and/or NF-kB2 is not sufficient to drive the pathogenic process (Rizk et
al., 2019). Together, this shows that while canonical NF-kB is critical for Thelper function in EAE, the

specific function of alternative NF-kB signalling remains to be clarified.

In line with these reports, emerging evidence suggests a function for NF-kB in the pathogenicity of T
cells in patients with multiple sclerosis. As such, NFKB1, NFKBIZ and RELA loci were identified among
the MS susceptibility variants (International Multiple Sclerosis Genetics Consortium (IMSGC) et al.,
2013). More specific to T cells, a constitutive translocation of NF-kB RelA is present in circulating
leukocytes from MS patients (Yan et al.,, 2018). In CD4* T cells isolated from donors carrying the
rs228614-GG susceptibility allele, TNF stimulation drives aberrant activation of canonical NF-kB
(Housley et al., 2015). Finally, transcriptome analyses of CD4* T cells show increased expression of
NF-kB-dependent genes in the relapse phase compared to remission (Satoh et al., 2008). The exact
function of NF-kB subunits in the pathogenicity of human T cells remains to be determined, but these
findings argue in favour of a conserved role for canonical NF-kB between humans and mice during

neuro-inflammation.

Of note, this critical role of NF-kB in T-cell-mediated autoimmunity, is further illustrated in other models
of organ-specific autoimmune diseases. For instance, genetic alterations of the NF-kB pathway in
lymphocytes have been emphasized in type 1 diabetes or Crohn’s disease (reviewed in Dale et al.,
2006). In agreement with this, deletion of either PKCO, IKKa or IKKB in T cells, abolishes their ability to
induce colitis when transferred to lymphopenic recipients (Anderson et al., 2006; Chen et al., 2015; Marc

Schmidt-Supprian et al., 2004).

7.2.3 The other side of the mirror: NF-kB in Treg cells is required to prevent autoimmunity

Even though extensive literature highlights the pathogenic role of NF-kB activation in the autoimmune
process, it is important to keep in mind that the same pathway is also critical for the development,
homeostasis and function of Treg cells. As described in section 4.5, conditional deletion of canonical
NF-kB or its upstream regulators in Treg cells, generally leads to systemic autoimmunity. Moreover,

such alterations render them unable to suppress autoimmune colitis. In addition, germline deletion of
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Rel in non-obese diabetic (NOD) mice, accelerates diabetes onset owing to defective Treg numbers in
the pancreas (Ramakrishnan et al., 2016). Similarly, ablation of Pdk? in T cells drives spontaneous
colitis mediated by yd T cells, due to impairment Treg development (Park et al., 2010). Interestingly, in
humans, a number of mutations of NFKB1 or NFKB2, usually leading to combined variable
immunodeficiency, are also associated with autoimmune or inflammatory syndromes with reduced
proportions of peripheral Treg cells (Kaustio et al., 2017; Klemann et al., 2019; Vasanthakumar et al.,
2017), suggesting that a primary function of NF-kB is to systematically maintain immune tolerance.
These reports underline the duality of NF-kB signalling in disease. Additional work is now required to
decipher the selective contribution of each NF-kB subunit in Treg cells during tissue-specific

autoimmunity.

7.2.4 Therapeutic applications

As a consequence of this research on NF-kB signalling in autoimmunity, different approaches have been
setup to decrease its activity in pre-clinical models. Literally each step of NF-kB activation, from antigen-
receptor triggering to posttranslational modifications, has been the subject of targeted therapies for
tissue-specific autoimmunity. These strategies have largely been described previously (Herrington et

al., 2016).

However, only a limited number of studies have directly assessed the effect of NF-kB inhibitors on TH1
and TH17 polarisation. Among these, one recurrent strategy is the use of NEMO-binding domain (NBD)
peptides that prevent the formation of the IKK complex. NBD peptides were first demonstrated to reduce
the severity of collagen-induced arthritis, a mouse model of rheumatoid arthritis in which TH17 play a
deleterious role (Jimi et al., 2004). Similarly, prolonged NBD administration significantly reduces EAE
severity and impairs peripheral T-cell phenotype (Dasgupta et al., 2004). Accordingly, NBD peptides
decrease TH17 polarisation in vitro (Bristle et al., 2012). Other IKK inhibitors, such as curcumin, PS-
1145 or 6-amino-4-(4-phenoxyphenylethylamino)quinazoline, were shown to reduce EAE severity by

decreasing TH17 cells in vivo (Greve et al., 2007; Molinero et al., 2012; Xie et al., 2009).

These studies, together with the genetic evidence supporting a pathogenic role for NF-kB activation in
autoimmunity, pave to way to NF-«kB-targeted therapies for treating patients with autoimmunity.

Tremendous efforts have been made aimed at targeting the different steps of canonical NF-kB
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activation, such as IKK/IkB proteins or the ubiquitin-proteasome system. However, these strategies
essentially modulate the canonical NF-kB pathway as a whole, which is likely to induce undesired side
effects (Baud and Karin, 2009). Consistently, an attractive approach would be to specifically target
unique NF-kB subunits, for instance using decoy oligonucleotides. Such therapies were shown to reduce
the severity of colitis or rheumatoid arthritis, when administered systemically or locally in preclinical
models (Fichtner-Feigl et al., 2005; Tomita et al., 1999). Similarly, the administration of pentoxifylline
reduces EAE symptoms and TH17 differentiation in vivo, by targeting c-Rel while leaving other subunits
unaltered (Brettingham-Moore et al., 2005; Qiu et al., 2020). The next step will likely be to design small
molecule inhibitors able to specifically target one NF-kB subunit, to ensure a tissue or Tconv (but not

Treg)-restricted effect.

7.3 NF-kB in T-cell immunity to cancer

7.3.1 The multifaceted roles of NF-kB in cancer immunity

The multiple roles of NF-kB in the homeostasis and effector function of CD4* and CD8* T cells, suggest
an implication of these transcription factors in the protective function of ‘effector’ T cells in tumour
immunity. Indeed, immunosuppression in tumours and tumour ascites is associated with decreased
RelA translocation, and peripheral anergic CD8* T cells, which resemble exhausted T cells in tumours,
exhibit impaired NF-kB p65 activation at steady-state and upon polyclonal stimulation (Clavijo and
Frauwirth, 2012). In agreement with this possible role of NF-kB in T-cell response to cancer, conditional
ablation of IKKB in T cells, leads to increased tumour growth in a highly immunogenic model of
transplantable melanoma (Caamafio et al., 2000). Conversely, constitutive activation of IKKB drives
spontaneous rejection of tumours (Evaristo et al., 2016). In the same line, ablation of A20 in TCR-
transgenic T cells strongly improves their anti-tumour potential (Giordano et al., 2014). Hence, canonical
NF-kB appears to play a critical role in T cells during cancer. However, whether this effect is due to the
influence of NF-kB in CD4* and or CD8* T cells remains unclear. In addition to ‘normal’ T-cell responses,
NF-kB may also be involved in the reinvigoration of T-cell immunity upon PD-1 immune checkpoint
blockade. First, it was demonstrated that signals through CD28 in CD8* T cells, which trigger canonical
NF-kB among other pathways, are essential for tumour clearance in mice treated with anti-PD-1 Abs
(Kamphorst et al.,, 2017). Second, the requirement for IFNy, the expression of which is NF-«kB-

dependent, for the efficacy of anti-CTLA4+anti-PD1 in mouse melanomas, suggests an involvement of
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the canonical NF-kB pathway (Shi et al., 2016). Finally, transcriptomic analyses show increased
activation of NF-kB target genes upon checkpoint-blockade therapies in mouse and human cancers
(Wei et al.,, 2017). More directly, engagement of the PD-1 receptor is thought to inhibit the TCR
“signalosome”, arguing in favour of an effect on NF-kB activation (Arasanz et al., 2017), as previously
shown in human dendritic cells from tumour biopsies (Karyampudi et al., 2016). PD-1 blockade on
activated human T cells leads to increased PDK1 phosphorylation and subsequent NF-kB activation
(Fenwick et al., 2019). Future studies are necessary to refine the specific functions of NF-kB subunits

in the helper and cytotoxic functions of T cells in cancer immunity and immunotherapy.

At odds with this apparent protective function of NF-kB in tumour immunity, canonical NF-kB plays a
well-established role in orchestrating Treg cell function in the tumour microenvironment, thereby
suggesting a multifaceted role of this signalling pathway in cancer. As described in section 4.5, Treg-
restricted ablation of members of the CBM complex, as well as c-Rel, inhibits their accumulation in
tumours and the establishment of the aTreg phenotype. Specifically, Carma- and Rel- deficient Treg
cells express aberrant levels of IFNy while losing their aTreg core signature. This mechanism is likely
responsible for the reduced tumour burden in mutant mice. To date, no function of other NF-kB subunits
in Treg cells during cancer was demonstrated, thereby suggesting a subunit-specific role for c-Rel in

this context.

7.3.2 NF-kB-targeted cancer immunotherapies: inhibition or activation? A matter of subunit.

These dual functions of canonical NF-kB in tumour immunity and tolerance raise a major question for

cancer immunotherapy: should we inhibit or rather stimulate NF-kB activity in vivo?

A series of investigations unveil NF-kB inhibition as a promising strategy to impair Treg cell function in
cancer, and therefore enhance anti-tumour immunity and decrease tumour burden. Originally, the IKK
inhibitor curcumin was highlighted for its anti-tumour effect, alone or in combination with anti-PD-1/ anti-
PD-L1 therapy. More recently, it was shown that in vivo inhibition of Malt1 using Mepazine, of IKK{ using
KINK-1, or of c-Rel using pentoxifylline or R96A, significantly reduces the growth of transplanted
melanoma or breast tumours, especially when combined to anti-PD-1 and/or chemotherapy (Di Pilato
et al., 2019; Gao et al., 2009; Grinberg-Bleyer et al., 2017; Heuser et al., 2017; Li et al., 2020). The

CBMI/IKK/c-Rel axis is therefore an attractive target for cancer therapy. This follows three decades of
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work establishing NF-kB as critical in the transformation, proliferation and metastasis potential of tumour

cells themselves.

However, another strategy may consist in re-activating NF-kB in exhausted effector T cells to potentiate
their anti-tumour function. In the last few years, a series of novel immunotherapies have emerged that
all consist in the stimulation of surface receptors of the CD28 and TNFRSF families, such as 4-1BB,
GITR, or OX-40. These receptors can be expressed both by activated effector T cells, and by Treg cells.
Agonistic Abs against these molecules potently stimulate effector CD4* and/or CD8* T cells in vivo,
leading to tumour rejection, which suggests that the triggering of effector T cells is the dominant
mechanism (Lee et al., 2004; Xiao et al., 2015). A common feature of all these receptors is the fact that
they all induce or sustain NF-kB activation in complement to TCR stimulation (Ward-Kavanagh et al.,
2016). Similarly, ICOS agonists, that are now reaching the stage of clinical application, may activate NF-
kB upon PI3K/PDK1 recruitment (Han et al., 2012). Therefore, NF-kB is likely mandatory for T-cell
reactivation upon TNFRSF engagement, but whether a specific pathway or subunit is involved in tumour
clearance remains unknown. One could speculate that these novel therapies may avoid activating c-Rel
because of its prominent immunosuppressive role. Conversely, because RelA, for instance, is
expendable for Treg function in cancer (Grinberg-Bleyer et al., 2017), it may be an appropriate target

downstream of stimulatory surface receptors.

Altogether, the discoveries of the past years on the role of NF-kB in effector and regulatory T cells,

highlight the modulation of NF-kB signalling as a promising immunotherapy strategy for cancer.

8. Concluding remarks

In this review we have largely highlighted the complexity of NF-kB transcription factors in the regulation
of T-cell identity and function. Owing to the development of high-throughput gene expression assays
and novel gene edition strategies, it is now clear that NF-kB can no longer be defined as a single entity.
Hence, we must delineate the selective contribution of each of the 5 NF-kB subunits in order to fully

understand the different layers of regulation of T-cell identity. {INSERT FIGURE 5 HERE}

It may seem overambitious to attribute a role for 5 different proteins to the dozens of different T-cell
flavours in different pathological settings. However, this seems to be a necessary step if we are to
develop targeted therapies to either enhance or dampen immune responses in a specific fashion.
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Thanks to high-throughput sequencing technologies, novel mouse models and patients carrying
mutations in the NF-kB pathways, we have in hand the strategies to overcome this complexity (Figure
5). At the era of immunotherapies, NF-kB might be the key to fully unleash or control the power of T

cells in cancer, autoimmunity and infections.

Acknowledgements

This work was supported by grants from ATIP-Avenir, the Association pour la Recherche sur le Cancer
(ARC) Foundation, the Bristol-Meyer Squibbs (BMS) Foundation and the Association pour la Recherche
sur la Sclérose en Plaques (ARSEP) Foundation. We are grateful to Brigitte Manship and Guilhem Lalle

for critical reading of the manuscript.

References

Akiba, H., Takeda, K., Kojima, Y., Usui, Y., Harada, N., Yamazaki, T., Ma, J., Tezuka, K., Yagita, H.,
Okumura, K., 2005. The Role of ICOS in the CXCR5 * Follicular B Helper T Cell Maintenance In
Vivo. J Immunol 175, 2340-2348. https://doi.org/10.4049/jimmunol.175.4.2340

Anderson, K., Fitzgerald, M., DuPont, M., Wang, T., Paz, N., Dorsch, M., Healy, A., Xu, Y., Ocain, T.,
Schopf, L., Jaffee, B., Picarella, D., 2006. Mice deficient in PKC theta demonstrate impaired in
vivo T cell activation and protection from T cell-mediated inflammatory diseases.
Autoimmunity 39, 469—-478. https://doi.org/10.1080/08916930600907954

Annemann, M., Wang, Z., Plaza-Sirvent, C., Glauben, R., Schuster, M., Ewald Sander, F., Mamareli, P.,
Kdhl, A.A., Siegmund, B., Lochner, M., Schmitz, ., 2015. IkBNS regulates murine Th17
differentiation during gut inflammation and infection. J. Immunol. 194, 2888—2898.
https://doi.org/10.4049/jimmunol.1401964

Annunziato, F., Romagnani, C., Romagnani, S., 2015. The 3 major types of innate and adaptive cell-
mediated effector immunity. J. Allergy Clin. Immunol. 135, 626—-635.
https://doi.org/10.1016/j.jaci.2014.11.001

Aram, J., Francis, A., Tanasescu, R., Constantinescu, C.S., 2019. Granulocyte-Macrophage Colony-
Stimulating Factor as a Therapeutic Target in Multiple Sclerosis. Neurol Ther 8, 45-57.
https://doi.org/10.1007/s40120-018-0120-1

Arasanz, H., Gato-Canas, M., Zuazo, M., Ibaiiez-Vea, M., Breckpot, K., Kochan, G., Escors, D., 2017.
PD1 signal transduction pathways in T cells. Oncotarget 8, 51936-51945.
https://doi.org/10.18632/oncotarget. 17232

Aronica, M.A,, Mora, A.L., Mitchell, D.B., Finn, P.W., Johnson, J.E., Sheller, J.R., Boothby, M.R., 1999.
Preferential role for NF-kappa B/Rel signaling in the type 1 but not type 2 T cell-dependent
immune response in vivo. J. Immunol. 163, 5116-5124.

Artis, D., Shapira, S., Mason, N., Speirs, K.M., Goldschmidt, M., Caamaiio, J., Liou, H.-C., Hunter, C.A,,
Scott, P., 2002. Differential requirement for NF-kappa B family members in control of
helminth infection and intestinal inflammation. J. Immunol. 169, 4481-4487.
https://doi.org/10.4049/jimmunol.169.8.4481

Artis, D., Speirs, K., Joyce, K., Goldschmidt, M., Caamafio, J., Hunter, C.A., Scott, P., 2003. NF-kB1 Is
Required for Optimal CD4 * Th1 Cell Development and Resistance to Leishmania major. J
Immunol 170, 1995-2003. https://doi.org/10.4049/jimmunol.170.4.1995

Balasubramani, A., Shibata, Y., Crawford, G.E., Baldwin, A.S., Hatton, R.D., Weaver, C.T., 2010.
Modular Utilization of Distal cis-Regulatory Elements Controls Ifng Gene Expression in T Cells

36



Activated by Distinct Stimuli. Immunity 33, 35-47.
https://doi.org/10.1016/j.immuni.2010.07.004

Barnes, T.A., Amir, E., 2017. HYPE or HOPE: the prognostic value of infiltrating immune cells in
cancer. Br. J. Cancer 117, 451-460. https://doi.org/10.1038/bjc.2017.220

Baud, V., Karin, M., 2009. Is NF-kappaB a good target for cancer therapy? Hopes and pitfalls. Nat Rev
Drug Discov 8, 33—40. https://doi.org/10.1038/nrd2781

Beaussant-Cohen, S., Jaber, F., Massaad, M.J., Weeks, S., Jones, J., Alosaimi, M.F., Wallace, J., Al-Herz,
W., Geha, R.S,, Chou, J., 2019. Combined immunodeficiency in a patient with c-Rel deficiency.
J. Allergy Clin. Immunol. 144, 606-608.e4. https://doi.org/10.1016/j.jaci.2019.05.003

Bendelac, A., Savage, P.B., Teyton, L., 2007. The biology of NKT cells. Annu. Rev. Immunol. 25, 297—-
336. https://doi.org/10.1146/annurev.immunol.25.022106.141711

Blonska, M., Joo, D., Zweidler-McKay, P.A., Zhao, Q., Lin, X., 2012. CARMA1 Controls Th2 Cell-Specific
Cytokine Expression through Regulating JunB and GATA3 Transcription Factors. J.I. 188,
3160-3168. https://doi.org/10.4049/jimmunol.1102943

Bonadies, N., Neururer, C., Steege, A., Vallabhapurapu, S., Pabst, T., Mueller, B.U., 2010. PU.1 is
regulated by NF-kB through a novel binding site in a 17 kb upstream enhancer element.
Oncogene 29, 1062—-1072. https://doi.org/10.1038/0onc.2009.371

Boothby, M.R., Mora, A.L., Scherer, D.C., Brockman, J.A., Ballard, D.W., 1997. Perturbation of the T
lymphocyte lineage in transgenic mice expressing a constitutive repressor of nuclear factor
(NF)-kappaB. J. Exp. Med. 185, 1897—1907. https://doi.org/10.1084/jem.185.11.1897

Brettingham-Moore, K.H., Rao, S., Juelich, T., Shannon, M.F., Holloway, A.F., 2005. GM-CSF promoter
chromatin remodelling and gene transcription display distinct signal and transcription factor
requirements. Nucleic Acids Res. 33, 225-234. https://doi.org/10.1093/nar/gki161

Bristle, A., Brenner, D., Knobbe, C.B., Lang, P.A., Virtanen, C., Hershenfield, B.M., Reardon, C.,
Lacher, S.M., Ruland, J., Ohashi, P.S., Mak, T.W., 2012. The NF-kB regulator MALT1
determines the encephalitogenic potential of Th17 cells. J. Clin. Invest. 122, 4698—-4709.
https://doi.org/10.1172/)Cl63528

Burkly, L., Hession, C., Ogata, L., Reilly, C., Marconi, L.A., Olson, D., Tizard, R., Cate, R., Lo, D., 1995.
Expression of relB is required for the development of thymic medulla and dendritic cells.
Nature 373, 531-536. https://doi.org/10.1038/373531a0

Caamaio, J., Tato, C., Cai, G., Villegas, E.N., Speirs, K., Craig, L., Alexander, J., Hunter, C.A., 2000.
Identification of a Role for NF-kB ; in the Regulation of Apoptosis and in Maintenance of T
Cell-Mediated Immunity to Toxoplasma gondii. ) Immunol 165, 5720-5728.
https://doi.org/10.4049/jimmunol.165.10.5720

Cao, H,, Lu, J., Dy, J,, Xia, F., Wei, S., Liu, X., Liu, T., Liu, Y., Xiang, M., 2015. TAK1 inhibition prevents
the development of autoimmune diabetes in NOD mice. Sci Rep 5, 14593.
https://doi.org/10.1038/srep14593

Cardinez, C., Miraghazadeh, B., Tanita, K., da Silva, E., Hoshino, A., Okada, S., Chand, R., Asano, T.,
Tsumura, M., Yoshida, K., Ohnishi, H., Kato, Z., Yamazaki, M., Okuno, Y., Miyano, S., Kojima,
S., Ogawa, S., Andrews, T.D., Field, M.A., Burgio, G., Morio, T., Vinuesa, C.G., Kanegane, H.,
Cook, M.C., 2018. Gain-of-function IKBKB mutation causes human combined immune
deficiency. J. Exp. Med. 215, 2715-2724. https://doi.org/10.1084/jem.20180639

Chalmin, F., Humblin, E., Ghiringhelli, F., Végran, F., 2018. Transcriptional Programs Underlying Cd4 T
Cell Differentiation and Functions. Int Rev Cell Mol Biol 341, 1-61.
https://doi.org/10.1016/bs.ircmb.2018.07.002

Chang, H.-C,, Sehra, S., Goswami, R., Yao, W., Yu, Q., Stritesky, G.L., Jabeen, R., McKinley, C., Ahyi, A.-
N., Han, L., Nguyen, E.T., Robertson, M.J., Perumal, N.B., Tepper, R.S., Nutt, S.L., Kaplan,
M.H., 2010. The transcription factor PU.1 is required for the development of IL-9-producing T
cells and allergic inflammation. Nat Immunol 11, 527-534. https://doi.org/10.1038/ni.1867

Chang, M., Lee, A.J., Fitzpatrick, L., Zhang, M., Sun, S.-C., 2009. NF-kappa B1 p105 regulates T cell
homeostasis and prevents chronic inflammation. J. Immunol. 182, 3131-3138.
https://doi.org/10.4049/jimmunol.0803637

37



Chen, G., Hardy, K., Bunting, K., Daley, S., Ma, L., Shannon, M.F., 2010. Regulation of the IL-21 gene
by the NF-kB transcription factor c-Rel. J. Immunol. 185, 2350-2359.
https://doi.org/10.4049/jimmunol.1000317

Chen, G., Hardy, K., Pagler, E., Ma, L., Lee, S., Gerondakis, S., Daley, S., Shannon, M.F., 2011. The NF-
KB Transcription Factor c-Rel Is Required for Th17 Effector Cell Development in Experimental
Autoimmune Encephalomyelitis. The Journal of Immunology 187, 4483—-4491.
https://doi.org/10.4049/jimmunol.1101757

Chen, X., Willette-Brown, J., Wu, X., Hu, Ya, Howard, O.M.Z., Hu, Yinling, Oppenheim, J.J., 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. https://doi.org/10.1096/fj.14-259564

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, 3008-3019. https://doi.org/10.4049/jimmunol.1801614

Chien, Y., Meyer, C., Bonneville, M., 2014. yb T cells: first line of defense and beyond. Annu. Rev.
Immunol. 32, 121-155. https://doi.org/10.1146/annurev-immunol-032713-120216

Clavijo, P.E., Frauwirth, K.A., 2012. Anergic CD8+ T Lymphocytes Have Impaired NF-kB Activation with
Defects in p65 Phosphorylation and Acetylation. J Immunol 188, 1213-1221.
https://doi.org/10.4049/jimmunol.1100793

Codarri, L., Gylilvészi, G., Tosevski, V., Hesske, L., Fontana, A., Magnenat, L., Suter, T., Becher, B.,
2011. RORyt drives production of the cytokine GM-CSF in helper T cells, which is essential for
the effector phase of autoimmune neuroinflammation. Nat. Immunol. 12, 560-567.
https://doi.org/10.1038/ni.2027

Corn, R.A., Aronica, M.A., Zhang, F., Tong, Y., Stanley, S.A., Kim, S.R.A., Stephenson, L., Enerson, B.,
McCarthy, S., Mora, A., Boothby, M., 2003. T cell-intrinsic requirement for NF-kappa B
induction in postdifferentiation IFN-gamma production and clonal expansion in a Thl
response. J. Immunol. 171, 1816-1824. https://doi.org/10.4049/jimmunol.171.4.1816

Corn, R.A., Hunter, C,, Liou, H.-C,, Siebenlist, U., Boothby, M.R., 2005. Opposing roles for RelB and
Bcl-3 in regulation of T-box expressed in T cells, GATA-3, and Th effector differentiation. J.
Immunol. 175, 2102-2110. https://doi.org/10.4049/jimmunol.175.4.2102

Courtois, G., Smahi, A., Reichenbach, J., Doffinger, R., Cancrini, C., Bonnet, M., Puel, A., Chable-
Bessia, C., Yamaoka, S., Feinberg, J., Dupuis-Girod, S., Bodemer, C., Livadiotti, S., Novelli, F.,
Rossi, P., Fischer, A., Israél, A., Munnich, A., Le Deist, F., Casanova, J.-L., 2003. A
hypermorphic IkappaBalpha mutation is associated with autosomal dominant anhidrotic
ectodermal dysplasia and T cell immunodeficiency. J. Clin. Invest. 112, 1108-1115.
https://doi.org/10.1172/1C118714

Crotty, S., 2019. T Follicular Helper Cell Biology: A Decade of Discovery and Diseases. Immunity 50,
1132-1148. https://doi.org/10.1016/j.immuni.2019.04.011

Dale, E., Davis, M., Faustman, D.L., 2006. A role for transcription factor NF-kappaB in autoimmunity:
possible interactions of genes, sex, and the immune response. Adv Physiol Educ 30, 152—-158.
https://doi.org/10.1152/advan.00065.2006

Damgaard, R.B., Walker, J.A., Marco-Casanova, P., Morgan, N.V., Titheradge, H.L., Elliott, P.R.,
McHale, D., Maher, E.R., McKenzie, A.N.J., Komander, D., 2016. The Deubiquitinase OTULIN Is
an Essential Negative Regulator of Inflammation and Autoimmunity. Cell 166, 1215-
1230.e20. https://doi.org/10.1016/j.cell.2016.07.019

Das, J., Chen, C.-H.,, Yang, L., Cohn, L., Ray, P., Ray, A., 2001. A critical role for NF-kB in Gata3
expression and TH2 differentiation in allergic airway inflammation. Nat Immunol 2, 45-50.
https://doi.org/10.1038/83158

Dasgupta, S., Jana, M., Zhou, Y., Fung, Y.K., Ghosh, S., Pahan, K., 2004. Antineuroinflammatory effect
of NF-kappaB essential modifier-binding domain peptides in the adoptive transfer model of
experimental allergic encephalomyelitis. J. Immunol. 173, 1344-1354.
https://doi.org/10.4049/jimmunol.173.2.1344

38



Deenick, E.K., Elford, A.R., Pellegrini, M., Hall, H., Mak, T.W., Ohashi, P.S., 2010a. c-Rel but not NF-kB1
is important for T regulatory cell development. Eur. J. Immunol. 40, 677-681.
https://doi.org/10.1002/eji.201040298

Deenick, E.K., Po, L., Chapatte, L., Murakami, K., Lu, Y.-C., Elford, A.R., Saibil, S.D., Ruland, J.,
Gerondakis, S., Mak, T.W., Ohashi, P.S., 2010b. c-Rel phenocopies PKCtheta but not Bcl-10 in
regulating CD8+ T-cell activation versus tolerance. Eur. J. Immunol. 40, 867—-877.
https://doi.org/10.1002/eji.200939445

Di Pilato, M., Kim, E.Y., Cadilha, B.L., PriBRmann, J.N., Nasrallah, M.N., Seruggia, D., Usmani, S.M.,
Misale, S., Zappulli, V., Carrizosa, E., Mani, V., Ligorio, M., Warner, R.D., Medoff, B.D.,
Marangoni, F., Villani, A.-C., Mempel, T.R., 2019. Targeting the CBM complex causes Treg
cells to prime tumours for immune checkpoint therapy. Nature 570, 112-116.
https://doi.org/10.1038/s41586-019-1215-2

Doi, T.S., Takahashi, T., Taguchi, O., Azuma, T., Obata, Y., 1997. NF-kB RelA-deficient Lymphocytes:
Normal Development of T Cells and B Cells, Impaired Production of IgA and IgG1 and
Reduced Proliferative Responses. J Exp Med 185, 953-962.

Donovan, C.E., Mark, D.A., He, H.Z,, Liou, H.C., Kobzik, L., Wang, Y., De Sanctis, G.T., Perkins, D.L.,
Finn, P.W., 1999. NF-kappa B/Rel transcription factors: c-Rel promotes airway
hyperresponsiveness and allergic pulmonary inflammation. J. Immunol. 163, 6827-6833.

Droebner, K., Klein, B., Paxian, S., Schmid, R, Stitz, L., Planz, O., 2010. The alternative NF-kappaB
signalling pathway is a prerequisite for an appropriate immune response against lymphocytic
choriomeningitis virus infection. Viral Immunol. 23, 295-308.
https://doi.org/10.1089/vim.2009.0101

Dua, P., Ingle, A., Gude, R.P., 2007. Suramin augments the antitumor and antimetastatic activity of
pentoxifylline in B16F10 melanoma. Int. J. Cancer 121, 1600-1608.
https://doi.org/10.1002/ijc.22843

Early, S.B., Huyett, P., Brown-Steinke, K., Borish, L., Steinke, J.W., 2009. Functional analysis of -351
interleukin-9 promoter polymorphism reveals an activator controlled by NF-kB. Genes
Immun 10, 341-349. https://doi.org/10.1038/gene.2009.28

Elewaut, D., Shaikh, R.B., Hammond, K.J.L., De Winter, H., Leishman, A.J., Sidobre, S., Turovskaya, O.,
Prigozy, T.l.,, Ma, L., Banks, T.A,, Lo, D., Ware, C.F., Cheroutre, H., Kronenberg, M., 2003. NIK-
dependent RelB Activation Defines a Unique Signaling Pathway for the Development of Va14i
NKT Cells. Journal of Experimental Medicine 197, 1623-1633.
https://doi.org/10.1084/jem.20030141

Evaristo, C., Spranger, S., Barnes, S.E., Miller, M.L., Molinero, L.L., Locke, F.L., Gajewski, T.F., Alegre,
M.-L., 2016. Cutting Edge: Engineering Active IKKB in T Cells Drives Tumor Rejection. J.
Immunol. 196, 2933—-2938. https://doi.org/10.4049/jimmunol.1501144

Fenwick, C., Loredo-Varela, J.-L., Joo, V., Pellaton, C., Farina, A., Rajah, N., Esteves-Leuenberger, L.,
Decaillon, T., Suffiotti, M., Noto, A., Ohmiti, K., Gottardo, R., Weissenhorn, W., Pantaleo, G.,
2019. Tumor suppression of novel anti-PD-1 antibodies mediated through CD28
costimulatory pathway. J. Exp. Med. 216, 1525-1541. https://doi.org/10.1084/jem.20182359

Fichtner-Feigl, S., Fuss, I.J., Preiss, J.C., Strober, W., Kitani, A., 2005. Treatment of murine Th1- and
Th2-mediated inflammatory bowel disease with NF-kappa B decoy oligonucleotides. J. Clin.
Invest. 115, 3057-3071. https://doi.org/10.1172/1CI24792

Frentzel, S., Katsoulis-Dimitriou, K., Jeron, A., Schmitz, I., Bruder, D., 2019. Essential role of IkBNS for
in vivo CD4+ T-cell activation, proliferation, and Th1l-cell differentiation during Listeria
monocytogenes infection in mice. Eur. J. Immunol. 49, 1391-1398.
https://doi.org/10.1002/eji.201847961

Fumagalli, S., Torri, A., Papagna, A., Citterio, S., Mainoldi, F., Foti, M., 2016. IL-22 is rapidly induced by
Pathogen Recognition Receptors Stimulation in Bone-Marrow-derived Dendritic Cells in the
Absence of IL-23. Sci Rep 6, 33900. https://doi.org/10.1038/srep33900

39



Gao, F., Cheng, Q., Liu, M., Rong, L., Liu, C-J., Zhang, X-Z., 2019. Local T regulatory cells depletion
by an integrated nanodrug system for efficient chem-immunotherapy of tumor. Sci. China
Chem. 62, 1230-1244 (2019). https://doi.org/10.1007/s11426-019-9507-x

Gerondakis, S., Strasser, A., Metcalf, D., Grigoriadis, G., Scheerlinck, J.Y., Grumont, R.J., 1996. Rel-
deficient T cells exhibit defects in production of interleukin 3 and granulocyte-macrophage
colony-stimulating factor. Proc. Natl. Acad. Sci. U.S.A. 93, 3405-3409.
https://doi.org/10.1073/pnas.93.8.3405

Giordano, M., Roncagalli, R., Bourdely, P., Chasson, L., Buferne, M., Yamasaki, S., Beyaert, R., van Loo,
G., Auphan-Anezin, N., Schmitt-Verhulst, A.-M., Verdeil, G., 2014. The tumor necrosis factor
alpha-induced protein 3 (TNFAIP3, A20) imposes a brake on antitumor activity of CD8 T cells.
Proc. Natl. Acad. Sci. U.S.A. 111, 11115-11120. https://doi.org/10.1073/pnas.1406259111

Gonzalez-Granado, L.I., Ruiz-Garcia, R., Blas-Espada, J., Moreno-Villares, J.M., German-Diaz, M.,
Lépez-Nevado, M., Paz-Artal, E., Toldos, O., Rodriguez-Gil, Y., de Inocencio, J., Dominguez-
Pinilla, N., Allende, L.M., 2018. Acquired and Innate Immunity Impairment and Severe
Disseminated Mycobacterium genavense Infection in a Patient With a NF-kB1 Deficiency.
Front Immunol 9, 3148. https://doi.org/10.3389/fimmu.2018.03148

Greve, B., Weissert, R., Hamdi, N., Bettelli, E., Sobel, R.A., Coyle, A., Kuchroo, V.K., Rajewsky, K.,
Schmidt-Supprian, M., 2007. | kappa B kinase 2/beta deficiency controls expansion of
autoreactive T cells and suppresses experimental autoimmune encephalomyelitis. J.
Immunol. 179, 179-185. https://doi.org/10.4049/jimmunol.179.1.179

Grinberg-Bleyer, Y., Caron, R., Seeley, J.J., Silva, N.S.D., Schindler, C.W., Hayden, M.S., Klein, U.,
Ghosh, S., 2018. The Alternative NF-kB Pathway in Regulatory T Cell Homeostasis and
Suppressive Function. The Journal of Immunology 200, 2362—-2371.
https://doi.org/10.4049/jimmunol.1800042

Grinberg-Bleyer, Y., Oh, H., Desrichard, A., Bhatt, D.M., Caron, R., Chan, T.A., Schmid, R.M., Klein, U.,
Hayden, M.S., Ghosh, S., 2017. NF-kB c-Rel Is Crucial for the Regulatory T Cell Immune
Checkpoint in Cancer. Cell 170, 1096-1108.e13. https://doi.org/10.1016/j.cell.2017.08.004

Grumont, R., Lock, P., Mollinari, M., Shannon, F.M., Moore, A., Gerondakis, S., 2004. The mitogen-
induced increase in T cell size involves PKC and NFAT activation of Rel/NF-kappaB-dependent
c-myc expression. Immunity 21, 19-30. https://doi.org/10.1016/j.immuni.2004.06.004

Gugasyan, R., Horat, E., Kinkel, S.A., Ross, F., Grigoriadis, G., Gray, D., O’Keeffe, M., Berzins, S.P., Belz,
G.T., Grumont, R.J., Banerjee, A., Strasser, A., Godfrey, D.l., Tsichlis, P.N., Gerondakis, S.,
2012. The NF-kB1 transcription factor prevents the intrathymic development of CD8 T cells
with memory properties. EMBO J 31, 692—706. https://doi.org/10.1038/emboj.2011.435

Hamdan, T.A,, Bhat, H., Cham, L.B., Adomati, T., Lang, J., Li, F., Murtaza, A., Hardt, C., Lang, P.A.,
Duhan, V., Lang, K.S., 2020. Map3k14 as a Regulator of Innate and Adaptive Immune
Response during Acute Viral Infection. Pathogens 9.
https://doi.org/10.3390/pathogens9020096

Han, J.M., Patterson, S.J., Levings, M.K., 2012. The Role of the PI3K Signaling Pathway in CD4(+) T Cell
Differentiation and Function. Front Immunol 3, 245.
https://doi.org/10.3389/fimmu.2012.00245

Harling-McNabb, L., Deliyannis, G., Jackson, D.C., Gerondakis, S., Grigoriadis, G., Brown, L.E., 1999.
Mice lacking the transcription factor subunit Rel can clear an influenza infection and have
functional anti-viral cytotoxic T cells but do not develop an optimal antibody response.
International Immunology 11, 1431-1439. https://doi.org/10.1093/intimm/11.9.1431

Hayden, M.S., Ghosh, S., 2011. NF-kB in immunobiology. Cell Res 21, 223-244.
https://doi.org/10.1038/cr.2011.13

He, Z., Wang, F., Zhang, J., Sen, S., Pang, Q., Luo, S., Gwack, Y., Sun, Z., 2017. Regulation of Th17
Differentiation by IKKa-Dependent and -Independent Phosphorylation of RORyt. J. Immunol.
199, 955-964. https://doi.org/10.4049/jimmunol.1700457

Henriksson, J., Chen, X., Gomes, T., Ullah, U., Meyer, K.B., Miragaia, R., Duddy, G., Pramanik, J., Yusa,
K., Lahesmaa, R., Teichmann, S.A., 2019. Genome-wide CRISPR Screens in T Helper Cells

40



Reveal Pervasive Crosstalk between Activation and Differentiation. Cell 176, 882-896.e18.
https://doi.org/10.1016/j.cell.2018.11.044

Herrington, F.D., Carmody, R.J., Goodyear, C.S., 2016. Modulation of NF-kB Signaling as a Therapeutic
Target in Autoimmunity. J Biomol Screen 21, 223-242.
https://doi.org/10.1177/1087057115617456

Hertweck, A., Evans, C.M., Eskandarpour, M., Lau, J.C.H., Oleinika, K., Jackson, I., Kelly, A., Ambrose,
J., Adamson, P., Cousins, D.J., Lavender, P., Calder, V.L., Lord, G.M., Jenner, R.G., 2016. T-bet
Activates Thl Genes through Mediator and the Super Elongation Complex. Cell Reports 15,
2756-2770. https://doi.org/10.1016/].celrep.2016.05.054

Heuser, C., Gotot, J., Piotrowski, E.C., Philipp, M.-S., Courreges, C.J.F., Otte, M.S., Guo, L., Schmid-
Burgk, J.L., Hornung, V., Heine, A., Knolle, P.A., Garbi, N., Serfling, E., Evaristo, C., Thaiss, F.,
Kurts, C., 2017. Prolonged IKKB Inhibition Improves Ongoing CTL Antitumor Responses by
Incapacitating Regulatory T Cells. Cell Rep 21, 578-586.
https://doi.org/10.1016/j.celrep.2017.09.082

Hilliard, B.A., Mason, N., Xu, L., Sun, J., Lamhamedi-Cherradi, S.-E., Liou, H.-C., Hunter, C., Chen, Y.H.,
2002. Critical roles of c-Rel in autoimmune inflammation and helper T cell differentiation. J
Clin Invest 110, 843—850. https://doi.org/10.1172/ICI15254

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, 1917-1929. https://doi.org/10.1084/jem.20110128

Housley, W.J., Fernandez, S.D., Vera, K., Murikinati, S.R., Grutzendler, J., Cuerdon, N., Glick, L., De
Jager, P.L., Mitrovic, M., Cotsapas, C., Hafler, D.A., 2015. Genetic variants associated with
autoimmunity drive NFkB signaling and responses to inflammatory stimuli. Sci Transl Med 7,
291ra93. https://doi.org/10.1126/scitranslmed.aaa9223

Hu, H., Wu, X., Jin, W., Chang, M., Cheng, X., Sun, S.-C., 2011. Noncanonical NF- B regulates inducible
costimulator (ICOS) ligand expression and T follicular helper cell development. Proceedings
of the National Academy of Sciences 108, 12827-12832.
https://doi.org/10.1073/pnas.1105774108

International Multiple Sclerosis Genetics Consortium (IMSGC), Beecham, A.H., Patsopoulos, N.A.,
Xifara, D.K., Davis, M.F., Kemppinen, A., Cotsapas, C., Shah, T.S., Spencer, C., Booth, D., Goris,
A., Oturai, A., Saarela, J., Fontaine, B., Hemmer, B., Martin, C., Zipp, F., D’Alfonso, S.,
Martinelli-Boneschi, F., Taylor, B., Harbo, H.F., Kockum, I., Hillert, J., Olsson, T., Ban, M.,
Oksenberg, J.R., Hintzen, R., Barcellos, L.F., Wellcome Trust Case Control Consortium 2
(WTCCC2), International IBD Genetics Consortium (IIBDGC), Agliardi, C., Alfredsson, L.,
Alizadeh, M., Anderson, C., Andrews, R., Séndergaard, H.B., Baker, A., Band, G., Baranzini,
S.E., Barizzone, N., Barrett, J., Bellenguez, C., Bergamaschi, L., Bernardinelli, L., Berthele, A.,
Biberacher, V., Binder, T.M.C., Blackburn, H., Bomfim, |.L., Brambilla, P., Broadley, S., Brochet,
B., Brundin, L., Buck, D., Butzkueven, H., Caillier, S.J., Camu, W., Carpentier, W., Cavalla, P.,
Celius, E.G., Coman, ., Comi, G., Corrado, L., Cosemans, L., Cournu-Rebeix, I., Cree, B.A.C.,
Cusi, D., Damotte, V., Defer, G., Delgado, S.R., Deloukas, P., di Sapio, A., Dilthey, A.T.,
Donnelly, P., Dubois, B., Duddy, M., Edkins, S., Elovaara, I., Esposito, F., Evangelou, N., Fiddes,
B., Field, J., Franke, A., Freeman, C., Frohlich, L.Y., Galimberti, D., Gieger, C., Gourraud, P.-A.,
Graetz, C., Graham, A., Grummel, V., Guaschino, C., Hadjixenofontos, A., Hakonarson, H.,
Halfpenny, C., Hall, G., Hall, P., Hamsten, A., Harley, J., Harrower, T., Hawkins, C., Hellenthal,
G., Hillier, C., Hobart, J., Hoshi, M., Hunt, S.E., Jagodic, M., Jel¢i¢, 1., Jochim, A., Kendall, B.,
Kermode, A., Kilpatrick, T., Koivisto, K., Konidari, I., Korn, T., Kronsbein, H., Langford, C.,
Larsson, M., Lathrop, M., Lebrun-Frenay, C., Lechner-Scott, J., Lee, M.H., Leone, M.A., Lepp3,
V., Liberatore, G., Lie, B.A,, Lill, C.M., Lindén, M., Link, J., Luessi, F., Lycke, J., Macciardi, F.,
Mannisto, S., Manrique, C.P., Martin, R., Martinelli, V., Mason, D., Mazibrada, G., McCabe, C.,
Mero, |.-L., Mescheriakova, J., Moutsianas, L., Myhr, K.-M., Nagels, G., Nicholas, R., Nilsson,
P., Piehl, F., Pirinen, M., Price, S.E., Quach, H., Reunanen, M., Robberecht, W., Robertson,
N.P., Rodegher, M., Rog, D., Salvetti, M., Schnetz-Boutaud, N.C., Sellebjerg, F., Selter, R.C.,

41



Schaefer, C., Shaunak, S., Shen, L., Shields, S., Siffrin, V., Slee, M., Sorensen, P.S., Sorosina,
M., Sospedra, M., Spurkland, A., Strange, A., Sundqvist, E., Thijs, V., Thorpe, J., Ticca, A.,
Tienari, P., van Duijn, C., Visser, E.M., Vucic, S., Westerlind, H., Wiley, J.S., Wilkins, A., Wilson,
J.F., Winkelmann, J., Zajicek, J., Zindler, E., Haines, J.L., Pericak-Vance, M.A,, lvinson, A.J.,
Stewart, G., Hafler, D., Hauser, S.L., Compston, A., McVean, G., De Jager, P., Sawcer, S.J.,
McCauley, J.L., 2013. Analysis of immune-related loci identifies 48 new susceptibility variants
for multiple sclerosis. Nat. Genet. 45, 1353—-1360. https://doi.org/10.1038/ng.2770

Isomura, I, Palmer, S., Grumont, R.J., Bunting, K., Hoyne, G., Wilkinson, N., Banerjee, A., Proietto, A.,
Gugasyan, R., Wu, L., McNally, A., Steptoe, R.J., Thomas, R., Shannon, M.F., Gerondakis, S.,
2009. c-Rel is required for the development of thymic Foxp3+ CD4 regulatory T cells. J Exp
Med 206, 3001-3014. https://doi.org/10.1084/jem.20091411

Jadhav, R.R., Im, S.J,, Hu, B., Hashimoto, M., Li, P., Lin, J.-X., Leonard, W.J., Greenleaf, W.J., Ahmed,
R., Goronzy, J.J., 2019. Epigenetic signature of PD-1+ TCF1+ CD8 T cells that act as resource
cells during chronic viral infection and respond to PD-1 blockade. Proc. Natl. Acad. Sci. U.S.A.
116, 14113-14118. https://doi.org/10.1073/pnas.1903520116

Jash, A,, Sahoo, A., Kim, G.-C., Chae, C.-S., Hwang, J.-S., Kim, J.-E., Im, S.-H., 2012. Nuclear factor of
activated T cells 1 (NFAT1)-induced permissive chromatin modification facilitates nuclear
factor-kB (NF-kB)-mediated interleukin-9 (IL-9) transactivation. J. Biol. Chem. 287, 15445—
15457. https://doi.org/10.1074/jbc.M112.340356

Jiang, Y., Chen, J,, Bi, E., Zhao, Y., Qin, T., Wang, Y., Wang, A., Gao, S., Yi, Q., Wang, S., 2019. TNF-a
enhances Th9 cell differentiation and antitumor immunity via TNFR2-dependent pathways. J
Immunother Cancer 7, 28. https://doi.org/10.1186/s40425-018-0494-8

Jimi, E., Aoki, K., Saito, H., D’Acquisto, F., May, M.J., Nakamura, I., Sudo, T., Kojima, T., Okamoto, F.,
Fukushima, H., Okabe, K., Ohya, K., Ghosh, S., 2004. Selective inhibition of NF-kappa B blocks
osteoclastogenesis and prevents inflammatory bone destruction in vivo. Nat. Med. 10, 617—
624. https://doi.org/10.1038/nm1054

Jin, W., Zhou, X.-F., Yu, J., Cheng, X., Sun, S.-C., 2009. Regulation of Th17 cell differentiation and EAE
induction by MAP3K NIK. Blood 113, 6603—-6610. https://doi.org/10.1182/blood-2008-12-
192914

Josefowicz, S.Z., Lu, L.-F., Rudensky, A.Y., 2012. Regulatory T cells: mechanisms of differentiation and
function. Annu. Rev. Immunol. 30, 531-564.
https://doi.org/10.1146/annurev.immunol.25.022106.141623

Just, S., Nishanth, G., Buchbinder, J.H., Wang, X., Naumann, M., Lavrik, ., Schliter, D., 2016. A20
Curtails Primary but Augments Secondary CD8+ T Cell Responses in Intracellular Bacterial
Infection. Sci Rep 6, 39796. https://doi.org/10.1038/srep39796

Kamphorst, A.O., Wieland, A., Nasti, T., Yang, S., Zhang, R., Barber, D.L., Konieczny, B.T., Daugherty,
C.Z., Koenig, L., Yu, K., Sica, G.L., Sharpe, A.H., Freeman, G.J., Blazar, B.R., Turka, L.A,,
Owonikoko, T.K., Pillai, R.N., Ramalingam, S.S., Araki, K., Ahmed, R., 2017. Rescue of
exhausted CD8 T cells by PD-1-targeted therapies is CD28-dependent. Science 355, 1423—
1427. https://doi.org/10.1126/science.aaf0683

Kaplan, M.H., 2013. Th9 cells: differentiation and disease. Immunol. Rev. 252, 104-115.
https://doi.org/10.1111/imr.12028

Karyampudi, L., Lamichhane, P., Krempski, J., Kalli, K.R., Behrens, M.D., Vargas, D.M., Hartmann, L.C.,
Janco, J.M.T., Dong, H., Hedin, K.E., Dietz, A.B., Goode, E.L., Knutson, K.L., 2016. PD-1 Blunts
the Function of Ovarian Tumor-Infiltrating Dendritic Cells by Inactivating NF-kB. Cancer Res.
76, 239-250. https://doi.org/10.1158/0008-5472.CAN-15-0748

Kaustio, M., Haapaniemi, E., G60s, H., Hautala, T., Park, G., Syrjanen, J., Einarsdottir, E., Sahu, B.,
Kilpinen, S., Rounioja, S., Fogarty, C.L., Glumoff, V., Kulmala, P., Katayama, S., Tamene, F.,
Trotta, L., Morgunova, E., Krjutskov, K., Nurmi, K., Eklund, K., Lagerstedt, A., Helminen, M.,
Martelius, T., Mustjoki, S., Taipale, J., Saarela, J., Kere, J., Varjosalo, M., Seppanen, M., 2017.
Damaging heterozygous mutations in NFKB1 lead to diverse immunologic phenotypes. J.
Allergy Clin. Immunol. 140, 782-796. https://doi.org/10.1016/j.jaci.2016.10.054

42



Khare, S.P., Shetty, A., Biradar, R., Patta, I., Chen, Z.J., Sathe, A.V., Reddy, P.C., Lahesmaa, R., Galande,
S., 2019. NF-kB Signaling and IL-4 Signaling Regulate SATB1 Expression via Alternative
Promoter Usage During Th2 Differentiation. Front Immunol 10, 667.
https://doi.org/10.3389/fimmu.2019.00667

Kingeter, L.M., Schaefer, B.C., 2008. Loss of Protein Kinase C8, Bcl10, or Malt1 Selectively Impairs
Proliferation and NF-kB Activation in the CD4 * T Cell Subset. J Immunol 181, 6244—-6254.
https://doi.org/10.4049/jimmunol.181.9.6244

Klemann, C., Camacho-Ordonez, N., Yang, L., Eskandarian, Z., Rojas-Restrepo, J.L., Frede, N.,
Bulashevska, A., Heeg, M., Al-Ddafari, M.S., Premm, J., Seidl, M., Ammann, S., Sherkat, R.,
Radhakrishnan, N., Warnatz, K., Unger, S., Kobbe, R., Hiifner, A., Leahy, T.R., Ip, W., Burns,
S.0., Fliegauf, M., Grimbacher, B., 2019. Clinical and Immunological Phenotype of Patients
With Primary Immunodeficiency Due to Damaging Mutations in NFKB2. Front Immunol 10,
297. https://doi.org/10.3389/fimmu.2019.00297

Knudson, K.M., Pritzl, C.J., Saxena, V., Altman, A., Daniels, M.A., Teixeiro, E., 2017. NFKB—Pim-1—
Eomesodermin axis is critical for maintaining CD8 T-cell memory quality. PNAS 114, E1659—
E1667. https://doi.org/10.1073/pnas.1608448114

Koéntgen, F., Grumont, R.J., Strasser, A., Metcalf, D., Li, R., Tarlinton, D., Gerondakis, S., 1995. Mice
lacking the c-rel proto-oncogene exhibit defects in lymphocyte proliferation, humoral
immunity, and interleukin-2 expression. Genes Dev. 9, 1965-1977.
https://doi.org/10.1101/gad.9.16.1965

Krishna, S., Xie, D., Gorentla, B., Shin, J., Gao, J., Zhong, X.-P., 2012. Chronic activation of the kinase
IKKB impairs T cell function and survival. J Immunol 189, 1209-1219.
https://doi.org/10.4049/jimmunol.1102429

Kwon, H.-K., Chen, H.-M., Mathis, D., Benoist, C., 2017. Different molecular complexes that mediate
transcriptional induction and repression by FoxP3. Nat Immunol 18, 1238-1248.
https://doi.org/10.1038/ni.3835

Lee, S.-J., Long, M., Adler, A.J., Mittler, R.S., Vella, A.T., 2008. The IKK-neutralizing compound Bay11
kills supereffector CD8 T cells by altering caspase-dependent activation-induced cell death.
Journal of Leukocyte Biology 85, 175-185. https://doi.org/10.1189/jlb.0408248

Lee, S.-J., Myers, L., Muralimohan, G., Dai, J., Qiao, Y., Li, Z., Mittler, R.S., Vella, A.T., 2004. 4-1BB and
0X40 Dual Costimulation Synergistically Stimulate Primary Specific CD8 T Cells for Robust
Effector Function. J Immunol 173, 3002—3012. https://doi.org/10.4049/jimmunol.173.5.3002

Lee, S.-J., Rossi, R.J., Lee, S.-K., Croft, M., Kwon, B.S., Mittler, R.S., Vella, A.T., 2007. CD134
Costimulation Couples the CD137 Pathway to Induce Production of Supereffector CD8 T Cells
That Become IL-7 Dependent. J Immunol 179, 2203-2214.
https://doi.org/10.4049/jimmunol.179.4.2203

Li, J., Chen, S., Chen, W, Ye, Q., Dou, Y., Xiao, Y., Zhang, L., Minze, L.J., Li, X.C., Xiao, X., 2018. Role of
the NF-kB Family Member RelB in Regulation of Foxp3+ Regulatory T Cells In Vivo. J.
Immunol. 200, 1325-1334. https://doi.org/10.4049/jimmunol.1701310

Li, L., Ruan, Q., Hilliard, B., DeVirgiliis, J., Karin, M., Chen, Y.H., 2011. Transcriptional regulation of the
Th17 immune response by IKKa. The Journal of Experimental Medicine 208, 787—-796.
https://doi.org/10.1084/jem.20091346

Li, T, Li, X., Zamani, A., Wang, W., Lee, C-N., Li, M., Luo, G., Eiler, E., Sun, H., Ghosh, S., Jin, J.,
Murali, R., Ruan, Q., Shi, W., Chenc, YH., 2020. c-Rel is a myeloid checkpoint for cancer
immunotherapy. Nat Cancer 1, 507-517.

Li, Y., Wang, H., Zhou, X., Xie, X., Chen, X,, lie, Z., Zou, Q., Hu, H., Zhu, L., Cheng, X., Brightbill, H.D.,
Wu, L.C., Wang, L., Sun, S.-C., 2016. Cell intrinsic role of NF-kB-inducing kinase in regulating T
cell-mediated immune and autoimmune responses. Sci Rep 6, 22115.
https://doi.org/10.1038/srep22115

Lin, L., Spoor, M.S., Gerth, A.J., Brody, S.L., Peng, S.L., 2004. Modulation of Th1 activation and
inflammation by the NF-kappaB repressor Foxjl. Science 303, 1017-1020.
https://doi.org/10.1126/science.1093889

43



Lio, C.-W.J., Hsieh, C.-S., 2008. A Two-Step Process for Thymic Regulatory T Cell Development.
Immunity 28, 100-111. https://doi.org/10.1016/j.immuni.2007.11.021

Liu, W.-H., Kang, S.G., Huang, Z., Wu, C.-J,, Jin, H.Y., Maine, C.J., Liu, Y., Shepherd, J., Sabouri-Ghomi,
M., Gonzalez-Martin, A., Xu, S., Hoffmann, A., Zheng, Y., Lu, L.-F., Xiao, N., Fu, G., Xiao, C,,
2016. A miR-155—-Pelil—c-Rel pathway controls the generation and function of T follicular
helper cells. The Journal of Experimental Medicine 213, 1901-1919.
https://doi.org/10.1084/jem.20160204

Liu, X., Li, H., Zhong, B., Blonska, M., Gorjestani, S., Yan, M., Tian, Q., Zhang, D.-E., Lin, X., Dong, C.,
2013. USP18 inhibits NF-kB and NFAT activation during Th17 differentiation by
deubiquitinating the TAK1-TAB1 complex. J. Exp. Med. 210, 1575-1590.
https://doi.org/10.1084/jem.20122327

Li-Weber, M., Giaisi, M., Baumann, S., Palfi, K., Krammer, P.H., 2004. NF-kappa B synergizes with NF-
AT and NF-IL6 in activation of the IL-4 gene in T cells. Eur. J. Immunol. 34, 1111-1118.
https://doi.org/10.1002/eji.200324687

Long, M., Park, S.-G., Strickland, I., Hayden, M.S., Ghosh, S., 2009. Nuclear Factor-kB Modulates
Regulatory T Cell Development by Directly Regulating Expression of Foxp3 Transcription
Factor. Immunity 31, 921-931. https://doi.org/10.1016/j.immuni.2009.09.022

Lu, L.-F., Gondek, D.C., Scott, Z.A., Noelle, R.J., 2005. NF kappa B-inducing kinase deficiency results in
the development of a subset of regulatory T cells, which shows a hyperproliferative activity
upon glucocorticoid-induced TNF receptor family-related gene stimulation. J. Immunol. 175,
1651-1657. https://doi.org/10.4049/jimmunol.175.3.1651

Lu, Y., Wang, Q., Xue, G., Bi, E., Ma, X., Wang, A., Qian, J., Dong, C,, Yi, Q., 2018. Th9 Cells Represent a
Unique Subset of CD4+ T Cells Endowed with the Ability to Eradicate Advanced Tumors.
Cancer Cell 33, 1048-1060.e7. https://doi.org/10.1016/j.ccell.2018.05.004

Lubrano di Ricco, M., Ronin, E., Collares, D., Divoux, J., Grégoire, S., Wajant, H., Gomes, T., Grinberg-
Bleyer, Y., Baud, V., Marodon, G., Salomon, B.L., 2020. Tumor necrosis factor receptor family
costimulation increases regulatory T-cell activation and function via NF-kB. Eur. J. Immunol.
50, 972-985. https://doi.org/10.1002/eji.201948393

Luo, C.T., Liao, W., Dadi, S., Toure, A,, Li, M.O., 2016. Graded Foxo1 activity in Treg cells differentiates
tumour immunity from spontaneous autoimmunity. Nature 529, 532-536.
https://doi.org/10.1038/nature16486

Ma, C.S., Wong, N., Rao, G., Avery, D.T., Torpy, J., Hambridge, T., Bustamante, J., Okada, S., Stoddard,
J.L., Deenick, E.K., Pelham, S.J., Payne, K., Boisson-Dupuis, S., Puel, A., Kobayashi, M.,
Arkwright, P.D., Kilic, S.S., El Baghdadi, J., Nonoyama, S., Minegishi, Y., Mahdaviani, S.A.,
Mansouri, D., Bousfiha, A., Blincoe, A.K., French, M.A,, Hsu, P., Campbell, D.E., Stormon,
M.O., Wong, M., Adelstein, S., Smart, J.M., Fulcher, D.A., Cook, M.C., Phan, T.G., Stepensky,
P., Boztug, K., Kansu, A., ikinciogullari, A., Baumann, U., Beier, R., Roscioli, T., Ziegler, J.B.,
Gray, P., Picard, C., Grimbacher, B., Warnatz, K., Holland, S.M., Casanova, J.-L., Uzel, G.,
Tangye, S.G., 2015. Monogenic mutations differentially affect the quantity and quality of T
follicular helper cells in patients with human primary immunodeficiencies. Journal of Allergy
and Clinical Immunology 136, 993-1006.e1. https://doi.org/10.1016/j.jaci.2015.05.036

Ma, C.S., Wong, N., Rao, G., Nguyen, A., Avery, D.T., Payne, K., Torpy, J., O’Young, P., Deenick, E.,
Bustamante, J., Puel, A., Okada, S., Kobayashi, M., Martinez-Barricarte, R., Elliott, M., Sebnem
Kilic, S., El Baghdadi, J., Minegishi, Y., Bousfiha, A., Robertson, N., Hambleton, S., Arkwright,
P.D., French, M., Blincoe, A.K., Hsu, P., Campbell, D.E., Stormon, M.O., Wong, M., Adelstein,
S., Fulcher, D.A., Cook, M.C., Stepensky, P., Boztug, K., Beier, R., Ikinciogullari, A., Ziegler, J.B.,
Gray, P., Picard, C., Boisson-Dupuis, S., Phan, T.G., Grimbacher, B., Warnatz, K., Holland, S.M.,
Uzel, G., Casanova, J.-L., Tangye, S.G., 2016. Unique and shared signaling pathways cooperate
to regulate the differentiation of human CD4+ T cells into distinct effector subsets. J. Exp.
Med. 213, 1589-1608. https://doi.org/10.1084/jem.20151467

Mahmud, S.A., Manlove, L.S., Schmitz, H.M., Xing, Y., Wang, Y., Owen, D.L., Schenkel, J.M., Boomer,
J.S., Green, J.M,, Yagita, H., Chi, H., Hogquist, K.A., Farrar, M.A., 2014. Costimulation via the

44



tumor-necrosis factor receptor superfamily couples TCR signal strength to the thymic
differentiation of regulatory T cells. Nat Immunol 15, 473-481.
https://doi.org/10.1038/ni.2849

Mair, F., Joller, S., Hoeppli, R., Onder, L., Hahn, M., Ludewig, B., Waisman, A., Becher, B., 2015. The
NFkB-inducing kinase is essential for the developmental programming of skin-resident and IL-
17-producing y& T cells. Elife 4. https://doi.org/10.7554/eLife.10087

Marsland, B.J., Nembrini, C., Schmitz, N., Abel, B., Krautwald, S., Bachmann, M.F., Kopf, M., 2005.
Innate signals compensate for the absence of PKC-{theta} during in vivo CD8(+) T cell effector
and memory responses. Proc. Natl. Acad. Sci. U.S.A. 102, 14374-14379.
https://doi.org/10.1073/pnas.0506250102

Marsland, B.J., Soos, T.J., Spath, G., Littman, D.R., Kopf, M., 2004. Protein kinase C theta is critical for
the development of in vivo T helper (Th)2 cell but not Th1 cell responses. J. Exp. Med. 200,
181-189. https://doi.org/10.1084/jem.20032229

Mason, N.J,, Liou, H.-C., Hunter, C.A., 2004. T Cell-Intrinsic Expression of c-Rel Regulates Th1 Cell
Responses Essential for Resistance to Toxoplasma gondii. ) Immunol 172, 3704-3711.
https://doi.org/10.4049/jimmunol.172.6.3704

McCracken, S.A., Hadfield, K., Rahimi, Z., Gallery, E.D., Morris, J.M., 2007. NF-kappaB-regulated
suppression of T-bet in T cells represses Thl immune responses in pregnancy. Eur. J.
Immunol. 37, 1386-1396. https://doi.org/10.1002/eji.200636322

Medoff, B.D., Seed, B., Jackobek, R., Zora, J., Yang, Y., Luster, A.D., Xavier, R., 2006. CARMAL s Critical
for the Development of Allergic Airway Inflammation in a Murine Model of Asthma. J
Immunol 176, 7272-7277. https://doi.org/10.4049/jimmunol.176.12.7272

Miyazaki, M., Miyazaki, K., Chen, S., Itoi, M., Miller, M., Lu, L.-F., Varki, N., Chang, A.N., Broide, D.H.,
Murre, C., 2014. 1d2 and 1d3 maintain the regulatory T cell pool to suppress inflammatory
disease. Nat. Immunol. 15, 767-776. https://doi.org/10.1038/ni.2928

Molinero, L.L., Cubre, A., Mora-Solano, C., Wang, Y., Alegre, M.-L., 2012. T cell receptor/CARMA1/NF-
kB signaling controls T-helper (Th) 17 differentiation. Proc. Natl. Acad. Sci. U.S.A. 109, 18529—
18534. https://doi.org/10.1073/pnas.1204557109

Molinero, L.L., Miller, M.L., Evaristo, C., Alegre, M.-L., 2011. High TCR stimuli prevent induced
regulatory T cell differentiation in a NF-kB-dependent manner. J. Inmunol. 186, 4609-4617.
https://doi.org/10.4049/jimmunol.1002361

Molinero, L.L., Yang, J., Gajewski, T., Abraham, C., Farrar, M.A., Alegre, M.-L., 2009. CARMA1 Controls
an Early Checkpoint in the Thymic Development of FoxP3 * Regulatory T Cells. J Immunol 182,
6736—6743. https://doi.org/10.4049/jimmunol.0900498

Mondor, I., Schmitt-Verhulst, A.-M., Guerder, S., 2005. RelA regulates the survival of activated
effector CD8 T cells. Cell Death Differ 12, 1398-1406.
https://doi.org/10.1038/sj.cdd.4401673

Mora, A.L., Chen, D., Boothby, M., Rubin, D.H., 1999. Lineage-specific differences among CD8+ T cells
in their dependence of NF-kB/Rel signaling. European Journal of Immunology 29, 2968-2980.
https://doi.org/10.1002/(SICI)1521-4141(199909)29:09<2968::AID-IMMU2968>3.0.CO;2-X

Oeckinghaus, A., Hayden, M.S., Ghosh, S., 2011. Crosstalk in NF-kB signaling pathways. Nat Immunol
12, 695-708. https://doi.org/10.1038/ni.2065

Oh, H., Grinberg-Bleyer, Y., Liao, W., Maloney, D., Wang, P., Wu, Z., Wang, J., Bhatt, D.M., Heise, N.,
Schmid, R.M., Hayden, M.S., Klein, U., Rabadan, R., Ghosh, S., 2017. An NF-kB Transcription-
Factor-Dependent Lineage-Specific Transcriptional Program Promotes Regulatory T Cell
Identity and Function. Immunity 47, 450-465.e5.
https://doi.org/10.1016/j.immuni.2017.08.010

Okamoto, K., Iwai, Y., Oh-hora, M., Yamamoto, M., Morio, T., Aoki, K., Ohya, K., Jetten, A.M., Akira,
S., Muta, T., Takayanagi, H., 2010. IkBC regulates TH17 development by cooperating with ROR
nuclear receptors. Nature 464, 1381-1385. https://doi.org/10.1038/nature08922

Pannicke, U., Baumann, B., Fuchs, S., Henneke, P., Rensing-Ehl, A., Rizzi, M., Janda, A., Hese, K.,
Schlesier, M., Holzmann, K., Borte, S., Laux, C., Rump, E.-M., Rosenberg, A., Zelinski, T.,

45



Schrezenmeier, H., Wirth, T., Ehl, S., Schroeder, M.L., Schwarz, K., 2013. Deficiency of innate
and acquired immunity caused by an IKBKB mutation. N. Engl. J. Med. 369, 2504—-2514.
https://doi.org/10.1056/NEJM0a1309199

Park, S.-G., Mathur, R., Long, M., Hosh, N., Hao, L., Hayden, M.S., Ghosh, S., 2010. T Regulatory Cells
Maintain Intestinal Homeostasis by Suppressing yo T Cells. Immunity 33, 791-803.
https://doi.org/10.1016/j.immuni.2010.10.014

Polesso, F., Sarker, M., Anderson, A., Parker, D.C., Murray, S.E., 2017. Constitutive expression of NF-
kB inducing kinase in regulatory T cells impairs suppressive function and promotes instability
and pro-inflammatory cytokine production. Sci Rep 7, 14779.
https://doi.org/10.1038/s41598-017-14965-x

Powolny-Budnicka, I., Riemann, M., Tanzer, S., Schmid, R.M., Hehlgans, T., Weih, F., 2011. RelA and
RelB Transcription Factors in Distinct Thymocyte Populations Control Lymphotoxin-
Dependent Interleukin-17 Production in y6 T Cells. Immunity 34, 364—374.
https://doi.org/10.1016/j.immuni.2011.02.019

Qiu, R, Yu, X., Wang, L., Han, Z,, Yao, C,, Cui, Y., Hou, G., Dai, D., Jin, W., Shen, N., 2020. Inhibition of
Glycolysis in Pathogenic TH17 Cells through Targeting a miR-21-Pelil-c-Rel Pathway Prevents
Autoimmunity. J. Immunol. 204, 3160-3170. https://doi.org/10.4049/jimmunol.2000060

Ramadas, R.A., Roche, M.1., Moon, J.J., Ludwig, T., Xavier, R.J., Medoff, B.D., 2011. CARMA1 Is
Necessary for Optimal T Cell Responses in a Murine Model of Allergic Asthma. J.I. 187, 6197-
6207. https://doi.org/10.4049/jimmunol.1101348

Ramakrishnan, P., Wang, W., Wallach, D., 2004. Receptor-specific signaling for both the alternative
and the canonical NF-kappaB activation pathways by NF-kappaB-inducing kinase. Immunity
21, 477-489. https://doi.org/10.1016/j.immuni.2004.08.009

Ramakrishnan, P., Yui, M.A., Tomalka, J.A., Majumdar, D., Parameswaran, R., Baltimore, D., 2016.
Deficiency of Nuclear Factor-kB c-Rel Accelerates the Development of Autoimmune Diabetes
in NOD Mice. Diabetes 65, 2367—-2379. https://doi.org/10.2337/db15-1607

Rasouli, J., Ciric, B., Imitola, J., Gonnella, P., Hwang, D., Mahajan, K., Mari, E.R., Safavi, F., Leist, T.P.,
Zhang, G.-X., Rostami, A., 2015. Expression of GM-CSF in T Cells Is Increased in Multiple
Sclerosis and Suppressed by IFN-B Therapy. J. Imnmunol. 194, 5085-5093.
https://doi.org/10.4049/jimmunol.1403243

Reinhard, K., Huber, M., Wostl, C., Hellhund, A., Toboldt, A., Abass, E., Casper, B., Joeris, T., Herr, C.,
Bals, R., Steinhoff, U., Lohoff, M., Visekruna, A., 2011. c-Rel promotes type 1 and type 17
immune responses during Leishmania major infection. Eur. J. Immunol. 41, 1388-1398.
https://doi.org/10.1002/eji.201041056

Ribot, J.C., deBarros, A., Pang, D.J., Neves, J.F., Peperzak, V., Roberts, S.J., Girardi, M., Borst, J.,
Hayday, A.C., Pennington, D.J., Silva-Santos, B., 2009. CD27 is a thymic determinant of the
balance between interferon-y- and interleukin 17—producing y6 T cell subsets. Nat Immunol
10, 427-436. https://doi.org/10.1038/ni.1717

Rizk, J., Kaplinsky, J., Agerholm, R., Kadekar, D., lvars, F., Agace, W.W., Wong, W.W.-L., Szucs, M.J,,
Myers, S.A., Carr, S.A., Waisman, A., Bekiaris, V., 2019. SMAC mimetics promote NIK-
dependent inhibition of CD4+ TH17 cell differentiation. Sci Signal 12.
https://doi.org/10.1126/scisignal.aaw3469

Rosenbaum, M., Gewies, A., Pechloff, K., Heuser, C., Engleitner, T., Gehring, T., Hartjes, L., Krebs, S.,
Krappmann, D., Kriegsmann, M., Weichert, W., Rad, R., Kurts, C., Ruland, J., 2019. Bcl10-
controlled Maltl paracaspase activity is key for the immune suppressive function of
regulatory T cells. Nat Commun 10, 2352. https://doi.org/10.1038/s41467-019-10203-2

Rowe, A.M., Murray, S.E., Raué, H.-P., Koguchi, Y., Slifka, M.K., Parker, D.C., 2013. A cell-intrinsic
requirement for NF-kB-inducing kinase in CD4 and CD8 T cell memory. J. Immunol. 191,
3663-3672. https://doi.org/10.4049/jimmunol.1301328

Ruan, Q., Kameswaran, V., Tone, Y., Li, L., Liou, H.-C., Greene, M.I., Tone, M., Chen, Y.H., 2009.
Development of Foxp3+ Regulatory T Cells Is Driven by the c-Rel Enhanceosome. Immunity
31, 932-940. https://doi.org/10.1016/j.immuni.2009.10.006

46



Ruan, Q., Kameswaran, V., Zhang, Y., Zheng, S., Sun, J., Wang, J., DeVirgiliis, J., Liou, H.-C., Beg, A.A,,
Chen, Y.H., 2011. The Th17 immune response is controlled by the Rel-RORy-RORy T
transcriptional axis. J. Exp. Med. 208, 2321-2333. https://doi.org/10.1084/jem.20110462

Ruland, J., Duncan, G.S., Wakeham, A., Mak, T.W., 2003. Differential Requirement for Maltl in T and
B Cell Antigen Receptor Signaling. Immunity 19, 749—758. https://doi.org/10.1016/51074-
7613(03)00293-0

Ruland, J., Hartjes, L., 2019. CARD-BCL-10-MALT1 signalling in protective and pathological immunity.
Nat. Rev. Immunol. 19, 118-134. https://doi.org/10.1038/s41577-018-0087-2

Saibil, S.D., Jones, R.G., Deenick, E.K., Liadis, N., Elford, A.R., Vainberg, M.G., Baerg, H., Woodgett,
J.R., Gerondakis, S., Ohashi, P.S., 2007. CD4+ and CD8+ T Cell Survival Is Regulated
Differentially by Protein Kinase C6, c-Rel, and Protein Kinase B. The Journal of Immunology
178, 2932-2939. https://doi.org/10.4049/jimmunol.178.5.2932

Sakowicz-Burkiewicz, M., Nishanth, G., Helmuth, U., Drégemdiller, K., Busch, D.H., Utermohlen, O.,
Naumann, M., Deckert, M., Schliter, D., 2008. Protein kinase C-theta critically regulates the
proliferation and survival of pathogen-specific T cells in murine listeriosis. J. Immunol. 180,
5601-5612. https://doi.org/10.4049/jimmunol.180.8.5601

Sandquist, I., Kolls, J., 2018. Update on regulation and effector functions of Th17 cells. F1000Res 7,
205. https://doi.org/10.12688/f1000research.13020.1

Satoh, J., Misawa, T., Tabunoki, H., Yamamura, T., 2008. Molecular network analysis of T-cell
transcriptome suggests aberrant regulation of gene expression by NF-kappaB as a biomarker
for relapse of multiple sclerosis. Dis. Markers 25, 27-35.
https://doi.org/10.1155/2008/824640

Schmidt-Supprian, M., Courtois, G., Tian, J., Coyle, A.J., Israél, A., Rajewsky, K., Pasparakis, M., 2003.
Mature T Cells Depend on Signaling through the IKK Complex. Immunity 19, 377-389.
https://doi.org/10.1016/51074-7613(03)00237-1

Schmidt-Supprian, M., Tian, J., Grant, E.P., Pasparakis, M., Maehr, R., Ovaa, H., Ploegh, H.L., Coyle,
A.J., Rajewsky, K., 2004. Differential dependence of CD4+CD25+ regulatory and natural killer-
like T cells on signals leading to NF- B activation. Proceedings of the National Academy of
Sciences 101, 4566—4571. https://doi.org/10.1073/pnas.0400885101

Schmidt-Supprian, Marc, Tian, J., Ji, H., Terhorst, C., Bhan, A.K., Grant, E.P., Pasparakis, M., Casola, S.,
Coyle, A.J., Rajewsky, K., 2004. IkB Kinase 2 Deficiency in T Cells Leads to Defects in Priming, B
Cell Help, Germinal Center Reactions, and Homeostatic Expansion. J Immunol 173, 1612—-
1619. https://doi.org/10.4049/jimmunol.173.3.1612

Schuster, M., Glauben, R., Plaza-Sirvent, C., Schreiber, L., Annemann, M., Floess, S., Kihl, A.A.,
Clayton, L.K., Sparwasser, T., Schulze-Osthoff, K., Pfeffer, K., Huehn, J., Siegmund, B., Schmitz,
I., 2012. IkB(NS) protein mediates regulatory T cell development via induction of the Foxp3
transcription factor. Immunity 37, 998—1008. https://doi.org/10.1016/j.immuni.2012.08.023

Serre, K., Mohr, E., Bénézech, C., Bird, R., Khan, M., Caamafio, J.H., Cunningham, A.F., Maclennan,
I.C.M., 2011. Selective effects of NF-kB1 deficiency in CD4* T cells on Th2 and TFh induction
by alum-precipitated protein vaccines. Eur. J. Immunol. 41, 1573-1582.
https://doi.org/10.1002/eji.201041126

Shapiro, V.S., Mollenauer, M.N., Greene, W.C., Weiss, A., 1996. c-rel regulation of IL-2 gene
expression may be mediated through activation of AP-1. J. Exp. Med. 184, 1663—-1669.
https://doi.org/10.1084/jem.184.5.1663

Sharma, R., Sung, S.J., Fu, S.M., Ju, S.-T., 2009. Regulation of multi-organ inflammation in the
regulatory T cell-deficient scurfy mice. J. Biomed. Sci. 16, 20. https://doi.org/10.1186/1423-
0127-16-20

Shen, S., Wu, J., Srivatsan, S., Gorentla, B.K., Shin, J., Xu, L., Zhong, X.-P., 2011. Tight Regulation of
Diacylglycerol-Mediated Signaling Is Critical for Proper Invariant NKT Cell Development. J.I.
187, 2122-2129. https://doi.org/10.4049/jimmunol.1100495

Shi, L.Z., Fu, T., Guan, B., Chen, J., Blando, J.M., Allison, J.P., Xiong, L., Subudhi, S.K., Gao, J., Sharma,
P., 2016. Interdependent IL-7 and IFN-y signalling in T-cell controls tumour eradication by

47



combined a-CTLA-4+a-PD-1 therapy. Nat Commun 7, 12335.
https://doi.org/10.1038/ncomms12335

Shifrut, E., Carnevale, J., Tobin, V., Roth, T.L., Woo, J.M., Bui, C.T., Li, P.J.,, Diolaiti, M.E., Ashworth, A.,
Marson, A., 2018. Genome-wide CRISPR Screens in Primary Human T Cells Reveal Key
Regulators of Immune Function. Cell 175, 1958-1971.e15.
https://doi.org/10.1016/j.cell.2018.10.024

Sica, A., Dorman, L., Viggiano, V., Cippitelli, M., Ghosh, P., Rice, N., Young, H.A., 1997. Interaction of
NF-kappaB and NFAT with the interferon-gamma promoter. J. Biol. Chem. 272, 30412-30420.
https://doi.org/10.1074/jbc.272.48.30412

Sivakumar, V., Hammond, K.J.L., Howells, N., Pfeffer, K., Weih, F., 2003. Differential Requirement for
Rel/Nuclear Factor kB Family Members in Natural Killer T Cell Development. Journal of
Experimental Medicine 197, 1613-1621. https://doi.org/10.1084/jem.20022234

So, T., Soroosh, P., Eun, S.-Y., Altman, A., Croft, M., 2011. Antigen-independent signalosome of
CARMAL1, PKCB, and TNF receptor-associated factor 2 (TRAF2) determines NF-kB signaling in
T cells. Proc. Natl. Acad. Sci. U.S.A. 108, 2903—-2908.
https://doi.org/10.1073/pnas.1008765108

Soligo, M., Camperio, C., Caristi, S., Scotta, C., Del Porto, P., Costanzo, A., Mantel, P.-Y., Schmidt-
Weber, C.B., Piccolella, E., 2011. CD28 costimulation regulates FOXP3 in a RelA/NF-kB-
dependent mechanism. Eur. J. Immunol. 41, 503-513.
https://doi.org/10.1002/eji.201040712

Spath, S., Komuczki, J., Hermann, M., Pelczar, P., Mair, F., Schreiner, B., Becher, B., 2017.
Dysregulation of the Cytokine GM-CSF Induces Spontaneous Phagocyte Invasion and
Immunopathology in the Central Nervous System. Immunity 46, 245—-260.
https://doi.org/10.1016/j.immuni.2017.01.007

Speirs, K., Caamano, J., Goldschmidt, M.H., Hunter, C.A., Scott, P., 2002. NF-kappa B2 is required for
optimal CD40-induced IL-12 production but dispensable for Th1 cell Differentiation. J.
Immunol. 168, 4406—4413. https://doi.org/10.4049/jimmunol.168.9.4406

Sriskantharajah, S., Belich, M.P., Papoutsopoulou, S., Janzen, J., Tybulewicz, V., Seddon, B., Ley, S.C.,
2009. Proteolysis of NF-kB1 p105 is essential for T cell antigen receptor—induced
proliferation. Nat Immunol 10, 38—47. https://doi.org/10.1038/ni.1685

Stanic, A.K., Bezbradica, J.S., Park, J.-J., Matsuki, N., Mora, A.L., Kaer, L.V., Boothby, M.R., Joyce, S.,
2004a. NF-kB Controls Cell Fate Specification, Survival, and Molecular Differentiation of
Immunoregulatory Natural T Lymphocytes. The Journal of Immunology 172, 2265-2273.
https://doi.org/10.4049/jimmunol.172.4.2265

Stanic, A.K., Bezbradica, J.S., Park, J.-J., Van Kaer, L., Boothby, M.R., Joyce, S., 2004b. Cutting edge:
the ontogeny and function of Val4Jal8 natural T lymphocytes require signal processing by
protein kinase C theta and NF-kappa B. J. Immunol. 172, 4667-4671.
https://doi.org/10.4049/jimmunol.172.8.4667

Stankovic, S., Gugasyan, R., Kyparissoudis, K., Grumont, R., Banerjee, A., Tsichlis, P., Gerondakis, S.,
Godfrey, D.l., 2011. Distinct roles in NKT cell maturation and function for the different
transcription factors in the classical NF-kB pathway. Immunol. Cell Biol. 89, 294-303.
https://doi.org/10.1038/icb.2010.93

Stepensky, P., Keller, B., Buchta, M., Kienzler, A.-K., Elpeleg, O., Somech, R., Cohen, S., Shachar, I.,
Miosge, L.A., Schlesier, M., Fuchs, I., Enders, A., Eibel, H., Grimbacher, B., Warnatz, K., 2013.
Deficiency of caspase recruitment domain family, member 11 (CARD11), causes profound
combined immunodeficiency in human subjects. Journal of Allergy and Clinical Immunology
131, 477-485.el. https://doi.org/10.1016/].jaci.2012.11.050

Tang, W., Wang, H., Claudio, E., Tassi, I., Ha, H., Saret, S., Siebenlist, U., 2014. The oncoprotein and
transcriptional regulator Bcl-3 governs plasticity and pathogenicity of autoimmune T cells.
Immunity 41, 555-566. https://doi.org/10.1016/j.immuni.2014.09.017

Tomita, T., Takeuchi, E., Tomita, N., Morishita, R., Kaneko, M., Yamamoto, K., Nakase, T., Seki, H.,
Kato, K., Kaneda, Y., Ochi, T., 1999. Suppressed severity of collagen-induced arthritis by in

48



vivo transfection of nuclear factor kappaB decoy oligodeoxynucleotides as a gene therapy.
Arthritis Rheum. 42, 2532-2542. https://doi.org/10.1002/1529-
0131(199912)42:12<2532::AID-ANR5>3.0.C0O;2-2

Tone, Y., Kidani, Y., Ogawa, C., Yamamoto, K., Tsuda, M., Peter, C., Waldmann, H., Tone, M., 2014.
Gene expression in the Gitr locus is regulated by NF-kB and Foxp3 through an enhancer. J.
Immunol. 192, 3915-3924. https://doi.org/10.4049/jimmunol.1302174

Torres, J.M., Martinez-Barricarte, R., Garcia-Gémez, S., Mazariegos, M.S., Itan, Y., Boisson, B., plvarez,
R., Jiménez-Reinoso, A., del Pino, L., Rodriguez-Pena, R., Ferreira, A., Hernandez-Jiménez, E.,
Toledano, V., Cubillos-Zapata, C., Diaz-Almirdn, M., Lopez-Collazo, E., Unzueta-Roch, J.L.,
Sanchez-Ramodn, S., Regueiro, J.R., Lopez-Granados, E., Casanova, J.-L., Pérez de Diego, R.,
2014. Inherited BCL10 deficiency impairs hematopoietic and nonhematopoietic immunity. J.
Clin. Invest. 124, 5239-5248. https://doi.org/10.1172/1C177493

Tuijnenburg, P., Lango Allen, H., Burns, S.0., Greene, D., Jansen, M.H., Staples, E., Stephens, J., Carss,
K.J., Biasci, D., Baxendale, H., Thomas, M., Chandra, A., Kiani-Alikhan, S., Longhurst, H.J.,
Seneviratne, S.L., Oksenhendler, E., Simeoni, |., de Bree, G.J., Tool, A.T.J., van Leeuwen,
E.M.M., Ebberink, E.H.T.M., Meijer, A.B., Tuna, S., Whitehorn, D., Brown, M., Turro, E.,
Thrasher, A.J., Smith, K.G.C., Thaventhiran, J.E., Kuijpers, T.W., NIHR BioResource—Rare
Diseases Consortium, 2018. Loss-of-function nuclear factor kB subunit 1 (NFKB1) variants are
the most common monogenic cause of common variable immunodeficiency in Europeans. J.
Allergy Clin. Immunol. 142, 1285-1296. https://doi.org/10.1016/].jaci.2018.01.039

Valenzuela, J.0., Iclozan, C., Hossain, M.S., Prlic, M., Hopewell, E., Bronk, C.C., Wang, J., Celis, E.,
Engelman, R.W., Blazar, B.R., Bevan, M.J., Waller, E.K., Yu, X.-Z., Beg, A.A., 2009. PKCtheta is
required for alloreactivity and GVHD but not for immune responses toward leukemia and
infection in mice. J. Clin. Invest. 119, 3774-3786. https://doi.org/10.1172/1CI39692

Vallabhapurapu, S., Powolny-Budnicka, I., Riemann, M., Schmid, R.M., Paxian, S., Pfeffer, K., Kérner,
H., Weih, F., 2008. Rel/NF-kB family member RelA regulates NK1.1- to NK1.1+ transition as
well as IL-15-induced expansion of NKT cells. Eur. J. Immunol. 38, 3508—-3519.
https://doi.org/10.1002/eji.200737830

Vang, K.B., Yang, J., Pagan, A, Li, L.-X., Wang, J., Green, J.M., Beg, A.A., Farrar, M.A., 2010. Cutting
Edge: CD28 and c-Rel-Dependent Pathways Initiate Regulatory T Cell Development. J.1. 184,
4074-4077. https://doi.org/10.4049/jimmunol.0903933

Vasanthakumar, A., Liao, Y., Teh, P., Pascutti, M.F., Oja, A.E., Garnham, A.L., Gloury, R., Tempany, J.C,,
Sidwell, T., Cuadrado, E., Tuijnenburg, P., Kuijpers, T.W., Lalaoui, N., Mielke, L.A., Bryant, V.L.,
Hodgkin, P.D., Silke, J., Smyth, G.K., Nolte, M.A,, Shi, W., Kallies, A., 2017. The TNF Receptor
Superfamily-NF-kB Axis Is Critical to Maintain Effector Regulatory T Cells in Lymphoid and
Non-lymphoid Tissues. Cell Reports 20, 2906—-2920.
https://doi.org/10.1016/j.celrep.2017.08.068

Victor, A.R., Nalin, A.P., Dong, W., McClory, S., Wei, M., Mao, C., Kladney, R.D., Youssef, Y., Chan,
W.K., Briercheck, E.L., Hughes, T., Scoville, S.D., Pitarresi, J.R., Chen, C., Manz, S., Wu, L.-C,,
Zhang, J., Ostrowski, M.C., Freud, A.G., Leone, G.W., Caligiuri, M.A., Yu, J., 2017. IL-18 Drives
ILC3 Proliferation and Promotes IL-22 Production via NF-kB. J. Immunol. 199, 2333-2342.
https://doi.org/10.4049/jimmunol.1601554

Visekruna, A., Huber, M., Hellhund, A., Bothur, E., Reinhard, K., Bollig, N., Schmidt, N., Joeris, T.,
Lohoff, M., Steinhoff, U., 2010. c-Rel is crucial for the induction of Foxp3 * regulatory CD4 * T
cells but not T 4 17 cells. Eur. J. Immunol. 40, 671-676.
https://doi.org/10.1002/eji.200940260

Walker, J.A., McKenzie, A.N.J., 2018. TH2 cell development and function. Nat. Rev. Immunol. 18, 121—-
133. https://doi.org/10.1038/nri.2017.118

Wan, Y.Y., Chi, H., Xie, M., Schneider, M.D., Flavell, R.A., 2006. The kinase TAK1 integrates antigen
and cytokine receptor signaling for T cell development, survival and function. Nat Immunol 7,
851-858. https://doi.org/10.1038/ni1355

49



Wan, Y.Y., DeGregori, J., 2003. The survival of antigen-stimulated T cells requires NFkappaB-mediated
inhibition of p73 expression. Immunity 18, 331-342. https://doi.org/10.1016/s1074-
7613(03)00053-0

Ward-Kavanagh, L.K., Lin, W.W., Sedy, J.R., Ware, C.F., 2016. The TNF Receptor Superfamily in Co-
stimulating and Co-inhibitory Responses. Immunity 44, 1005-1019.
https://doi.org/10.1016/j.immuni.2016.04.019

Wei, S.C., Levine, J.H., Cogdill, A.P., Zhao, Y., Anang, N.-A.A.S., Andrews, M.C., Sharma, P., Wang, J.,
Wargo, J.A., Pe’er, D., Allison, J.P., 2017. Distinct Cellular Mechanisms Underlie Anti-CTLA-4
and Anti-PD-1 Checkpoint Blockade. Cell 170, 1120-1133.e17.
https://doi.org/10.1016/j.cell.2017.07.024

Weih, F., Carrasco, D., Durham, S.K., Barton, D.S., Rizzo, C.A., Ryseck, R.P., Lira, S.A., Bravo, R., 1995.
Multiorgan inflammation and hematopoietic abnormalities in mice with a targeted disruption
of RelB, a member of the NF-kappa B/Rel family. Cell 80, 331-340.
https://doi.org/10.1016/0092-8674(95)90416-6

Willmann, K.L., Klaver, S., Dogu, F., Santos-Valente, E., Garncarz, W., Bilic, I., Mace, E., Salzer, E.,
Dominguez Conde, C., Sic, H., Majek, P., Banerjee, P.P., Vladimer, G.I., Haskologlu, S., Gokalp
Bolkent, M., Kiipesiz, A., Condino-Neto, A., Colinge, J., Superti-Furga, G., Pickl, W.F., van
Zelm, M.C., Eibel, H., Orange, J.S., Ikinciogullari, A., Boztug, K., 2014. Biallelic loss-of-function
mutation in NIK causes a primary immunodeficiency with multifaceted aberrant lymphoid
immunity. Nat Commun 5, 5360. https://doi.org/10.1038/ncomms6360

Xiao, X., Balasubramanian, S., Liu, W., Chu, X., Wang, H., Taparowsky, E.J., Fu, Y.-X., Choi, Y., Walsh,
M.C., Li, X.C., 2012. OX40 signaling favors the induction of TH9 cells and airway inflammation.
Nat Immunol 13, 981-990. https://doi.org/10.1038/ni.2390

Xiao, X., Fan, Y, Li, J., Zhang, X., Lou, X., Dou, Y., Shi, X., Lan, P., Xiao, Y., Minze, L., Li, X.C., 2018.
Guidance of super-enhancers in regulation of IL-9 induction and airway inflammation. J. Exp.
Med. 215, 559-574. https://doi.org/10.1084/jem.20170928

Xiao, X., Shi, X., Fan, Y., Wu, C., Zhang, X., Minze, L., Liu, W., Ghobrial, R.M., Lan, P., Li, X.C., 2016. The
Costimulatory Receptor OX40 Inhibits Interleukin-17 Expression through Activation of
Repressive Chromatin Remodeling Pathways. Immunity 44, 1271-1283.
https://doi.org/10.1016/j.immuni.2016.05.013

Xiao, X., Shi, X., Fan, Y., Zhang, X., Wu, M., Lan, P., Minze, L., Fu, Y.-X., Ghobrial, R.M., Liu, W., Li, X.C,,
2015. GITR subverts Foxp3(+) Tregs to boost Th9 immunity through regulation of histone
acetylation. Nat Commun 6, 8266. https://doi.org/10.1038/ncomms9266

Xie, L., Li, X.-K., Funeshima-Fuiji, N., Kimura, H., Matsumoto, Y., Isaka, Y., Takahara, S., 2009.
Amelioration of experimental autoimmune encephalomyelitis by curcumin treatment
through inhibition of IL-17 production. Int. Inmunopharmacol. 9, 575-581.
https://doi.org/10.1016/j.intimp.2009.01.025

Yan, J., Winterford, C.M., Catts, V.S., Pat, B.K., Pender, M.P., McCombe, P.A., Greer, J.M., 2018.
Increased constitutive activation of NF-kB p65 (RelA) in peripheral blood cells of patients with
progressive multiple sclerosis. J. Neuroimmunol. 320, 111-116.
https://doi.org/10.1016/j.jneuroim.2018.04.002

Yang, L., Cohn, L., Zhang, D.H., Homer, R., Ray, A., Ray, P., 1998. Essential role of nuclear factor
kappaB in the induction of eosinophilia in allergic airway inflammation. J. Exp. Med. 188,
1739-1750. https://doi.org/10.1084/jem.188.9.1739

Yu, J.,, Zhou, X., Nakaya, M., Jin, W., Cheng, X., Sun, S.-C., 2014. T cell-intrinsic function of the
noncanonical NF-kB pathway in the regulation of GM-CSF expression and experimental
autoimmune encephalomyelitis pathogenesis. J. Immunol. 193, 422—430.
https://doi.org/10.4049/jimmunol.1303237

Zeng, H., Chen, Y., Yu, M., Xue, L., Gao, X., Morris, S.W., Wang, D., Wen, R., 2008. T Cell Receptor-
mediated Activation of CD4 * CD44 "' T Cells Bypasses Bcl10: AN IMPLICATION OF
DIFFERENTIAL NF-kB DEPENDENCE OF NAIVE AND MEMORY T CELLS DURING T CELL

50



RECEPTOR-MEDIATED RESPONSES. J. Biol. Chem. 283, 24392-24399.
https://doi.org/10.1074/jbc.M802344200

Zheng, Y., Josefowicz, S., Chaudhry, A., Peng, X.P., Forbush, K., Rudensky, A.Y., 2010. Role of
conserved non-coding DNA elements in the Foxp3 gene in regulatory T-cell fate. Nature 463,
808-812. https://doi.org/10.1038/nature08750

Zheng, Y., Vig, M., Lyons, J., Van Parijs, L., Beg, A.A., 2003. Combined Deficiency of p50 and cRel in
CD4+ T Cells Reveals an Essential Requirement for Nuclear Factor kB in Regulating Mature T
Cell Survival and In Vivo Function. Journal of Experimental Medicine 197, 861-874.
https://doi.org/10.1084/jem.20021610

Zhou, Q., Wang, H., Schwartz, D.M., Stoffels, M., Park, Y.H., Zhang, Y., Yang, D., Demirkaya, E.,
Takeuchi, M., Tsai, W.L., Lyons, J.J., Yu, X., Ouyang, C., Chen, C., Chin, D.T., Zaal, K.,
Chandrasekharappa, S.C., Hanson, E.P., Yu, Z., Mullikin, J.C., Hasni, S.A., Wertz, |.E., Ombrello,
AK., Stone, D.L., Hoffmann, P., Jones, A., Barham, B.K., Leavis, H.L., van Royen-Kerkof, A.,
Sibley, C., Batu, E.D., Giil, A,, Siegel, R.M., Boehm, M., Milner, J.D., Ozen, S., Gadina, M., Chae,
J., Laxer, R.M., Kastner, D.L., Aksentijevich, I., 2016. Loss-of-function mutations in TNFAIP3
leading to A20 haploinsufficiency cause an early-onset autoinflammatory disease. Nat.
Genet. 48, 67-73. https://doi.org/10.1038/ng.3459

Ziegler, L.S., Gerner, M.C., Schmidt, R.L.J., Trapin, D., Steinberger, P., Pickl, W.F., Sillaber, C., Egger, G.,
Schwarzinger, I., Schmetterer, K.G., 2020. Attenuation of canonical NF-kB signaling maintains
function and stability of human Treg. FEBS J. https://doi.org/10.1111/febs.15361

51



Figure Legends

Figure 1. NF-kB signalling in T cells

This figure depicts the most common pathways involved in NF-kB activation in T cells. Other pathways
can be the triggered through the engagement of additional receptors, e.g. TLRs. Of note, a number of
studies highlight the formation of heterodimers combining subunits of the canonical and alternative

pathways; they are not shown here as the mechanisms leading to their formation remains unclear.
Figure 2: Cell-autonomous functions of NF-kB in Thelper polarisation

This figure depicts the cell-intrinsic, known roles of members of the NF-kB pathway. Green annotations
denote positive regulators, whereas red proteins are inhibitors. Protein names are placed next to the TH
subset when the role of NF-kB was attributed to the whole lineage, without distinction between the
master transcription factor and the effector cytokines. Question marks denote indirect evidence or

controversial roles for the proteins.
Figure 3: NF-kB subunits in Treg cell development and homeostasis

This figure highlights the cell-autonomous function of NF-kB subunits in Treg cells. Additional evidence
demonstrates the implication of signalling intermediates downstream of TCR, CD28 and TNFRSF
engagement, e.g. PDK1, the CBM and IKK complexes. Question marks denote unknown mechanisms
of regulation. Protein names written in red indicate deleterious functions in Treg cell homeostasis or in

disease outcome.
Figure 4. The discrete roles of the PKCO/CBM/IKK/NF-kB axis in mature CD8+ T cells

The figure highlights the commonalities and differences between human (H, in blue) and mouse (M, in

green) cell biology. TCR-Tg: evidence obtained using TCR-transgenic mouse models.

Figure 5. Global strategy to delineate the selective contributions of NF-kB subunits and highlight

novel therapeutic targets
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