REVIEW

90
(0] '(J Journal of
L’: (] Human Immunity

Human inborn errors of the alternative NF-kB

pathway

Tom Le Voyer®>3*@, Jean-Laurent Casanova>>¢@®, and Anne Puel"2*@®

Inborn errors of the “core” components of the alternative NF-kB pathway—NIK, IKK-a, RelB, and NF-kB2—underlie various T
and/or B cell deficiencies, frequently associated with syndromic features, including ectodermal dysplasia and lymph node
hypoplasia. Their impact on medullary thymic stromal cells (mTECs) also underlies the development of autoantibodies
neutralizing type | interferons (IFNs), conferring a predisposition to severe viral diseases. Inborn errors of “upstream” ligands
or surface receptors engaging this pathway affect secondary lymphoid organ organization (LTBR), B cell development and
survival (BAFFR), T cell and antigen-presenting cell costimulation (CD40L/CD40), or osteoclast differentiation (RANK/
RANKL). Finally, inborn errors of TRAF3, a negative “regulator” of this pathway, underlie immune dysregulation, infection, and
lymphoproliferation. Various inborn errors of the human alternative NF-kB pathway have, thus, delineated the essential and
redundant roles of its components in leukocytic and non-leukocytic cells.

The alternative NF-kB pathway in mouse and human cells
The human and mouse NF-«B family comprises five transcrip-
tion factors: NF-«B1 (p105/p50), NF-«B2 (p100/p52), RelA (p65),
RelB, and c-Rel (1). These structurally related proteins exert
their biological activities by forming homo- or heterodimers. All
five members of the family are strongly expressed in blood and
lymphoid tissues, such as the spleen and lymph nodes, and their
levels are highest in T and B cells. NF-«B2 and RelB are
also strongly expressed by medullary thymic epithelial cells
(mTECs). The canonical (or classical) NF-kB pathway can be
activated by various receptors, including the T and B cell re-
ceptors (TCR and BCR), and members of the interleukin-1
receptor/toll-like receptor (TLR) and tumor necrosis factor re-
ceptor (TNFR) superfamilies. Upon activation, the inhibitor of
nuclear factor kappa-B (IxB) kinase (IKK) complex, comprising
IKK-a, IKK-B, and NEMO/IKK-y (2), phosphorylates inhibitors,
such as IkB-a and pl05. This phosphorylation promotes their
ubiquitination and targeting for proteasomal degradation,
thereby releasing free cytoplasmic p50/RelA or p50/c-Rel het-
erodimers for translocation to the nucleus, where they regulate
the transcription of genes involved in immune responses, cell
development, and survival. This pathway is tightly regulated,
resulting in rapid but transient responses (2, 3).

By contrast, the alternative (or noncanonical) NF-xB pathway
operates with slower but sustained activation (4). It is triggered
by a narrow range of receptors from the TNFR superfamily

(TNFRSF) expressed predominantly on stromal cells, such as
TNFRSF12A (TWEAK receptor) and lymphotoxin B receptor
(LTBR), or on leukocytes, including B cell-activating factor re-
ceptor (BAFFR), receptor activator of NF-kB (RANK), and CD40
(Table 1). Most of these receptors can also induce rapid and
transient activation of the canonical NF-«B pathway, thereby
mediating biological processes dependent on functional coop-
eration between the two NF-kB pathways. Mouse studies have
revealed that BAFFR is crucial for B cell development beyond the
transitional T2 stage, B cell survival, immunoglobulin (Ig) IgG
and IgM production, and initiation of the germinal centers (GCs)
reaction (5, 6). They have also shown that CD40-CD40 ligand
(CD40L) engagement provides an essential costimulatory signal
for B cell proliferation and Ig production in vitro (7, 8) and is
required for GC organization, antibody isotype switching, and
the response to T-dependent (TD) antigens in vivo (7). Finally,
these studies have demonstrated that LTPBR expression on stro-
mal cells in secondary lymphoid organs (SLOs), including lymph
nodes and Peyer’s patches, is crucial for correct structural or-
ganization (9), and that the expression of CD40 and RANK on
mTECs is required for their maturation and the expression of
AIRE (10), a key regulator of the negative selection of self-
reactive thymocytes (central tolerance).

Upon ligand binding, activation of the human noncanonical
NF-«B signaling pathway leads to the recruitment and seques-
tration of tumor necrosis factor receptor-associated factor 2
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Table 1. TNFRSF and the corresponding ligands involved in the activation of the alternative NF-kB pathway across various human tissues and

cell types
Ligand (gene) Tissue expression Cellular expression Receptor Tissue expression  Cellular expression Reference
(gene)
CD40L or SLOs and thymus ~ Leukocytes: activated CD40 or SLOs and thymus Leukocytes: B cells, (11, 12)
CD154 T cells (CD4*, CD8*, and y8), TNFRSF5 (CD40) dendritic cells, monocytes,
(CD40LG) NKT, MAIT, Tregs, also and macrophages.
detected on NK cells, mast Non-hematopoietic cells:
cells, basophils, and epithelial cells (MTECs),
eosinophils follicular dendritic cells,
endothelial cells, and
fibroblasts
LTalB2 (LTA  SLOs, thymus, and  Leukocytes: activated B and LTBR or SLOs, thymus, and Leukocytes: dendritic cells, (12, 13, 14)
and LTB) bone marrow T cells, NKT, MAIT, Tregs,and TNFRSF3 (LTBR) bone marrow monocytes, and
dendritic cells macrophages.
LIGHT Broad, including Leukocytes: T cells, NK cells, Non-hematopoietic cells: LN
(TNFSF14) bone marrow, SLOs, macrophages, monocytes, _Strom,al cells (ERCS’. .
and liver and dendritic cells including MRC,S ), epithelial
cells, endothelial cells, and
mesenchymal cells
LIGHT-R or Broad, including SLOs B and T lymphocytes, NK (12, 15)
HVEM cells, monocytes,
(TNFRSF14) macrophages, and dendritic
cells
RANKL SLOs, bone marrow, Leukocytes: activated T and  RANK Gastrointestinal tract, Hematopoietic cells: (12, 14, 16,
(TNFSF11) bones, and thymus B cells and NK cells. (TNFRSF11A) SLOs, and bones osteoclasts, macrophages,  17)
Non-hematopoietic cells: dendritic cells, and NK cells.
osteoblasts, osteocytes, LN Non-hematopoietic cells:
stromal cells (MRCs?), thymic epithelial cells
epithelial, and germ cells (mTECs), intestinal epithelial
cells (enterocytes, microfold
cells), lymphatic and
endothelial cells (LEC)
BAFF or BLys  SLOs and bone Leukocytes: monocytes, BAFFR SLOs and bone Leukocytes: mature B cells (12, 14, 18,
(TNFSF13B) marrow macrophages, dendritic cells, (TNFRSF13C) marrow (transitional, naive, GC, and ~ 19)
and neutrophils. memory B cells)
Non-hematopoietic cells: LN
stromal cells (FRCs,
including TRCs? and MRCs?)
TWEAK Broad, including Leukocytes: T and B? cells, Fnl4 or TWEAK- Broad, including SLOs Non-hematopoietic cells: (12, 20)
(TNFSF12) bone marrow, SLOs, NK cells, monocytes, R (TNFRSF12A) epithelial cells

and liver macrophages, dendritic cells,
and neutrophils
Non-hematopoietic cells:
epithelial cells and

endothelial cells

Bold typeface is used to indicate the principal cell type in which expression occurs. FRC, fibroblastic reticular cells; LEC, lymphatic endothelial cells; LN, lymph

node; MRC, marginal reticular cells; TRC, T-zone reticular cells.
2Evidence only at the mRNA level.

(TRAF2) and TRAF3 by the receptor (Fig. 1 A) (4). This stabilizes
the NF-«B-inducing kinase (NIK) protein, which is other-
wise constitutively degraded. The accumulated NIK phos-
phorylates and activates IKK-a, which in turn phosphorylates
the precursor form of NF-kB2 (p100) at Ser866/870 and Ser872
(21). Phosphorylated pl00 undergoes ubiquitination and pro-
teasomal processing to generate the active p52 subunit, leading
to preferential formation of the transcriptionally active p52/
RelB heterodimer (4). This heterodimer translocates to the
nucleus, where it binds to B sites, thereby regulating the
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transcription of multiple target genes. In the basal state, un-
processed pl00 inhibits transcription by forming a cytoplasmic
complex with p52 and RelB (known as kappaBsomes), thereby
preventing their translocation to the nucleus; this function is
referred to as the IxB8 activity of p100 (22, 23). Inborn errors of
NIK, IKK-a, RelB, NF-«kB2, and TRAF3, along with defects of
upstream receptors or their ligands, have been identified in
humans (Fig. 1 A) (24, 25, 26, 27, 28, 29). Here, we review current
knowledge from studies of human inborn errors of immunity
(IEIs) of the alternative NF-kB pathway (30) and compare the
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Figure 1. Schematic representation of the alternative NF-kB pathway and its components affected by germline mutations. (A) Components and
regulation of the alternative NF-kB signaling pathway, with the corresponding human inborn errors, indicated by red dots. (B) Schematic representation of the
proteins and their corresponding reported variants. ARD, ankyrin repeat domain; HLH, helix-loop-helix; KD, kinase domain; LZ, leucine zipper; NBD, NEMO-
binding domain; NCR, non-catalytic region; NRD, negative regulatory domain; NRS, NIK-responsive sequence; PID, processing inhibitory domain; RHD, Rel

homology domain; TAD, transactivation domain.

phenotypic profiles of patients with those of the corresponding
murine models to delineate more precisely the intrinsic con-
tributions of the stromal and leucocytic compartments.

Human inborn errors of core components of the alternative
NF-kB pathway

Autosomal recessive (AR) NIK deficiency

NIK was the first component of the noncanonical NF-kB pathway
to be identified (21). This kinase is a key upstream regulator,
controlling the phosphorylation of IKK-a and pl00 to generate
p52 (4). Biallelic loss-of-function (LOF) variants of MAP3KI4 have
been reported in eight patients from Iran, Saudi Arabia, South
Africa, and Turkey (24, 27, 31, 32) (Table 1). All variants except
the p.V345M missense variant affect the kinase domain of
NIK (AA 390-660) through truncation (p.C306Vfs*2), deletion
(c.1552+217_1972+716del), or missense (p.P565R) (24, 27, 31, 32)
mechanisms (Fig. 1 B). All the patients had combined im-
munodeficiency (CID), characterized by recurrent bacterial
sinopulmonary infections (n = 7), disseminated Bacillus
Calmette-Guérin (BCG) (n = 3), viral (CMV, n = 2; norovirus,
n = 2), fungal (chronic mucocutaneous candidiasis [CMC, n = 6]),
and parasitic (Cryptosporidium, n = 2) diseases (24, 27, 31, 32, and
Table 2). The patients lacked tonsils and displayed lymph
node hypoplasia, as shown by lymphoscintigraphy (32).
Most also had low levels of IgM (n = 7/8), IgG (n = 7/8), and IgA
(n = 8/8), with poor responses to TD vaccines. This is consistent
with mouse models, which lack SLOs and display impaired GC
formation and defective TD immune responses due to a GC-
intrinsic stromal defect (33, 34, 35, 36). Inmune phenotyping
of the patients showed that total T cell counts were normal, with
normal (n = 2/6) or high (n = 4/6) proportions of naive CD4*
T cells, normal T cell receptor excision circle (TREC) levels, and
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normal levels of T cell proliferation in response to mitogens or
antigens in vitro (24, 32). The proportion of regulatory T cells
(Tregs) was normal, whereas that of T follicular helper (Tfh) cells
was low (24). Natural killers (NK) cell proportions were low
(n=3/8) to normal (n = 5/8). B cell counts ranged from low (n = 4/8)
to normal (n = 4/8), with an abnormally small proportion of CD27*
memory B cells (n = 6/6) (24, 32). An analysis of the rearranged
IGHV of IgG and IgA isotypes revealed lower rates of somatic
hypermutation (SHM) than in HC, although as the decrease in
SHM rates was smaller than that in CD40L-deficient patients
(24). Such deficiencies are treated by IgG supplementation and
antibiotic prophylaxis. Four patients underwent hematopoietic
stem cell transplantation (HSCT), with two survivors achieving
full cellular and humoral reconstitution (24, 27, 32).
Functional testing in overexpression systems showed that the
p-P565R variant lacks kinase activity, whereas the p.V345M
variant appears to be hypomorphic (24, 31). The other alleles
(p-C306Vfs*2 and c.1552+217_1972+716del) have not undergone
functional testing. Patient-derived Epstein-Barr virus (EBV)-
immortalized B lymphoblastoid cell lines displayed an almost
total abolition of the processing of pl00 to generate p52, with
almost no p52 detected in the nucleus following BAFF stimula-
tion (24). By contrast, the response of patient B cells to CD40L
and IL-4 was only slightly weaker than that of healthy indi-
viduals, in terms of the upregulation of costimulatory molecules,
class-switch recombination (CSR), and proliferation. How-
ever, B cell proliferation in response to CD40L combined
with IL-21, and ICOSL upregulation upon CD40L stimulation,
were markedly reduced (24). In addition to playing a role in B cell
terminal differentiation and antibody affinity maturation, CD40
signaling in myeloid cells is essential for antimycobacterial im-
munity through IL-12 secretion (37, 38). This may explain the
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susceptibility to weakly virulent mycobacterial diseases ob-
served in patients with AR NIK deficiency. In addition to B, T,
and possibly myeloid cells, AR NIK deficiency also affects alter-
native NF-«B pathway activation in stromal cells, as shown in
mice (39, 40, 41). Consistently, patient fibroblasts display a se-
vere impairment of p100 phosphorylation and processing into
P52, p52 nuclear translocation, and the upregulation of VCAMI
and CCL20 transcripts in response to LTalB2 (Lt) stimulation
(24, 32). The early activation of the canonical NF-xB pathway
downstream from LTBR was also partly impaired, as shown by
the low levels of IkBa degradation and p50 translocation to the
nucleus upon Lt stimulation (24).

Consistent with the essential role of NIK in mTEC maturation
and AIRE expression demonstrated in Nik-deficient mice (39, 40,
42, 43) (Table S2), patients with AR NIK deficiency have an ab-
normal thymic architecture, with few AIRE-expressing mTEC.
AIRE is critical for T cell-mediated central tolerance to type I
IFNs in humans (44). Consequently, these patients develop au-
toantibodies neutralizing type I IFNs (AAN-I-IFNs) (27). The
persistence of AAN-I-IFNs years after transplantation suggests
that their development results from NIK deficiency in mTECs
(27). However, unlike the broader autoimmune manifestations
observed in Nik-deficient mice, human NIK deficiency is as-
sociated with a relatively narrow spectrum of autoantigens,
predominantly targeting type I IFNs, without features of organ-
specific autoimmune diseases. Despite the small number of
reported cases, studies of patients with AR NIK deficiency sug-
gest that human NIK is essential for the activation of p52/RelB
heterodimers in B and stromal cells. Mycobacterial diseases are
reported in patients with inborn errors of the canonical NF-«xB
pathway affecting the IL-12/IFN-y circuit, including X-linked
(XL) NEMO, AR IKK-B, and AR c-Rel deficiencies [37, 38, 45],
and opportunistic intestinal parasitic infections (cryptosporidi-
osis and microsporidiosis) are seen in patients with inborn
errors of IL-21 signaling (AR IL-21R deficiency) or the CD40-
dependent dendritic cell-T cell synapse (AR CD40, XL-CD40L,
AR MHC class II deficiency, AR c-Rel deficiency, and AR FLT3L
deficiency) (38, 46, 47, 48). Interestingly, such diseases have not
been reported in patients with AR RelB deficiency or IKK-a defi-
ciency, suggesting that NIK plays a broader role in host immunity,
potentially involving the canonical NF-«B pathway—either by
directly regulating canonical NF-kB dimers or through the accu-
mulation of unprocessed p100 (49, 50, 51).

AR IKKa deficiency

Human biallelic null variants of CHUK, encoding IKK-a, cause
Cocoon syndrome, an embryo-lethal encasement syndrome as-
sociated with severe developmental malformations, including
abnormally large cranial cysts, abnormal brain structure, and
hypoplastic limbs (25). This condition has been reported in two
fetuses homozygous for a nonsense (p.Q422*) CHUK variant,
resulting in a complete lack of IKK-a protein (25) (Fig. 1 B). This
phenotype closely resembles that of Ikka knockout (KO) mice,
which have multiple severe skeletal and epidermal defects and
die shortly after birth (52, 53), a phenotype not observed in Nik-
KO mice (Table S2). These observations highlight the essential,
NIK-independent role of human IKK-a in keratinocyte
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differentiation and epithelial development during embryogen-
esis. In addition, seven patients from five unrelated kindreds
homozygous (n = 3, p.G167R [54], p.Y580C [55], and c.934-2A>G
[56]) or compound heterozygous (n = 2, p.H142R/p.P190L [57, 58]
and p.R457Dfs*6/p.T463K [59]) for CHUK variants have been
reported (Fig. 1 B). These patients originated from Belgium,
Canada, Italy, Saudi Arabia, and Turkey and presented with
ectodermal dysplasia and/or immunodeficiency (54, 57, 58, 59).
Three patients had syndromic clefting, including skeletal mal-
formations and classic features of ectodermal dysplasia mani-
festing at birth, such as alopecia totalis or areata, absent or
sparse eyebrows and eyelashes, hypohidrosis, or abnormal
dental enamel (56, 57, 59). One patient homozygous for the
essential splice site c.934-2A>G variant was diagnosed with
Bartsocas-Papas syndrome (56), a milder form of Cocoon syn-
drome, and two patients compound heterozygous for the
R457Dfs*6/T463K or H142R/P190L variants were diagnosed
with Hay-Wells/ankyloblepharon-ectodermal dysplasia-clefting
syndrome (57, 59). All six patients evaluated developed CID
within their second year of life, with hypogammaglobulinemia
and recurrent bacterial diseases (e.g., otitis and respiratory
tract) (56, 57, 59) (Table S1). They were also susceptible to
viral diseases (rotavirus, coxsackievirus, respiratory syncytial
virus [RSV], SARS-CoV-2, adenovirus, bocavirus, rhinovirus,
CMV, and epidermodysplasia verruciformis; n = 7) (54, 55,
57, 59), CMC (n = 3) (54, 55), and Salmonella enterica infections
(n = 2) (54, 55). Additional features included an absence of
tonsils or palpable lymph nodes (n = 5/5), as shown by lym-
phoscintigraphy (54, 55, 57), chronic hepatitis with periportal
lymphocytic infiltration, and fibrosis (n = 5) (54, 55, 57), lead-
ing to liver transplantation (n = 2) (54, 55), autoimmune en-
teropathy (n = 2) (54, 55), and diffuse large B cell lymphoma
(DLBCL) (n = 1) (57). These phenotypes resemble those ob-
served in Ikka-deficient mice and mTEC-specific Ikka-KO mice,
which display disorganized SLOs and T cell infiltration into
organs (39, 52, 53). Three patients died (two after transplan-
tation and one after chemotherapy for DLBCL) (54, 55, 57).
HSCT was not performed. Most of the patients evaluated
(n = 5/5) had hypogammaglobulinemia, with progressive
B cell lymphopenia, low proportions of IgM*CD27* marginal
zone (MZ) and memory B cells, and high proportions of
transitional B cells (54, 55, 57). The patients’ IgM repertoire
displayed restricted diversity, skewed gene usage, and a low rate
of SHM in the rearranged IGHV regions of the IgM heavy chain
(54). The proportions of memory CD4* and CD8* T cells were
low, with low levels of clonotype diversity and altered TCR
variable gene usage (54, 55, 57). Blood counts of Tregs and Tfh
were low to normal (54, 57), a pattern also observed in mTEC-
specific Ikka- and Nik-KO mice (39). Finally, AAN-I-IFNs were
detected in all patients evaluated (n = 4 from 2 kindreds) (54, 57).

Functional studies based on overexpression showed that the
p-H142R, p.P190L, and p.Gl67R IKK-a variants of the kinase
domain were expressed but LOF in terms of kinase activity
(including autophosphorylation) (54, 57). These variants were
also impaired in their interactions with NIK or p100 (54, 57) and
in IKK-a-mediated p100 phosphorylation and processing (54,
57). By contrast, the p.Y580C variant, located in the helix-loop-
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helix domain, retained normal kinase activity and binding
to pl00, but lost its ability to bind NIK (55, 57). Patient fibroblasts
displayed severely impaired processing of pl00 into p52
(p.H142R/p.P190L, p.G167R, and p.Y580C) and defective RelB
translocation to the nucleus and DNA binding (p.H142R/p.P190L
and p.Gl67R), together with low levels of VCAMI upregulation
upon Lt stimulation (p.Y580C), as observed in fibroblasts from
patients with AR NIK deficiency (32). Interestingly, the trans-
location of p50-, RelA-, and RelB-dependent heterodimers to the
nucleus upon TNF stimulation was partly impaired in patient
SV40 fibroblasts, despite the normal degradation and phospho-
rylation of IxBa (57). This suggests that IKK-a can regulate the
canonical NF-xB pathway through p50- or RelA-dependent
dimer activation, as previously described for NIK (55). Patient
IKK-a-deficient B cells displayed impaired proliferation, class
switching to IgG, IgA, or IgE, and weaker ICOSL upregulation upon
CD40 plus IL-4 stimulation (54), reminiscent of AR NIK deficiency
(24). Together, these observations suggest that human IKK-a is
essential for the NIK-dependent activation of p52/RelB dimers in
stromal and B cells. It may also contribute to activation of the ca-
nonical NF-kB pathway through p50/RelA, at least in stromal cells,
in addition to its role in keratinocyte and bone development.

AR RelB deficiency

AR complete RelB deficiency was the first IEI reported to abolish
the function of a REL/NF-kB family member. Nine patients from
five kindreds originating from Canada (Irish descent), Israel
(Iranian Jewish descent), Turkey, and China with biallelic rare or
private variants of RELB (26, 60, 61, 62, 63) have been reported
(Table S1). They are homozygous (n = 8 patients, 4 kindreds,
p-Q72Tfs*152, p.Y397*, p.P364L, and p.Q135dup) or compound
heterozygous (n = 1 patient, p.E145K/p.P364L) for RELB variants
(Fig. 1 B). The in-frame variants are located in highly conserved
regions of RelB, within the DNA-binding (p.E145K and
p-Q135dup) or dimerization (p.P364L) domains of RelB. Like
NIK-deficient patients, these patients had CID and suffered
various infectious diseases within their first 3 years of life. They
suffered from bacterial (recurrent otitis media, upper and lower
respiratory tract infections, and Salmonella spp.), viral (HSV-1,
varicella-zoster virus [VZV], adenovirus, epidermodysplasia
verruciformis, and JC polyomavirus), and/or fungal (CMC,
Talaromyces marneffei, and Cryptococcus neoformans) diseases.
Two siblings homozygous for the P364L variant displayed T cell
infiltration into organs, with dermatitis, hepatitis, gastritis,
enteritis, and/or sclerosing cholangitis (62). One patient de-
veloped DLBCL (26). AR RelB deficiency results in an abnormal
thymic architecture, characterized by a poorly formed medulla,
a lack of Hassall's corpuscles, and an absence of AIRE-
expressing mTECs, similar to the effects observed in Relb-KO
mice (27, 64) (Table S2). Consistently, seven of the eight pa-
tients tested had AAN-I-IFNs, consistent with their viral dis-
eases, and these autoantibodies remained detectable 11 years
after HSCT (26, 27). RelB-deficient patients had low to normal
T cell counts, with impaired in vitro responses to activation
with anti-CD3 antibodies or PHA, small numbers and pro-
portions of naive T cells, low proportions of recent thymic
emigrants (RTEs), and an abnormally high proportion of Tregs
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(26, 62, 64). Unlike Relb-KO mice, which have nearly normal
mature B cell counts (65), the patients displayed a progressive
decline of B cell counts over time and low proportions of
memory B cells (61, 62, 64). IgG and IgA levels were low,
whereas three patients with AR complete RelB deficiency dis-
played transient increases in IgM levels (26, 64). All patients
had impaired responses to conjugated vaccines (26, 64). Unlike
patients with AR IKK-a and NIK deficiencies, these patients had
normal or high proportions of Tregs and Tfh cells (26, 64). In
addition, RelB-deficient patients had abnormally low pro-
portions of mucosal-associated invariant T cells (MAIT) cells
and normal proportions of y8 T cells (26).

Functional investigation of the patients’ alleles in an over-
expression system showed that the p.Q72Tfs*152 and p.Y397*
alleles were LOF in terms of p52/RelB-mediated transcriptional
activity, whereas the remaining alleles were severely hypo-
morphic (26). Consequently, three patients from two kindreds
were considered to have AR complete RelB deficiency, whereas
another five patients from three kindreds had AR partial RelB
deficiency. In patients’ fibroblasts, RelB expression was abol-
ished (p.Q72Tfs*152 or p.Y397*), reduced (p.P364L), or normal
(p.E145K/p.P364L) (26, 64), and patient leukocytes (p.Q135dup)
displayed lower levels of RelB expression than control cells (61).
All the patient fibroblasts tested displayed a severe defect of
alternative NF-«B pathway activation, with little or no p52/relB
heterodimer in the nucleus, together with weak NFKB2 and
VCAMI transcript upregulation following Lt stimulation (26). By
contrast to what was observed in NIK-deficient fibroblasts, p100
phosphorylation and processing into p52 were preserved, as
indicated by a normal p100/p52 ratio (26). In addition, upon Lt
stimulation, levels of unphosphorylated p100 were markedly
lower in RelB-deficient fibroblasts than in controls, consistent
with the role of RelB in regulating NFKB2 transcription and
stabilizing p100 (23). By contrast to NIK- and IKK-a-deficient
fibroblasts, RelB-deficient fibroblasts displayed no impairment
of the translocation of RelA and p50 to the nucleus upon TNF
stimulation, suggesting that RelB is not required for TNF-
mediated activation of the canonical NF-«xB pathway in human
fibroblasts. The patients’ T cells proliferated poorly in response
to mitogens or antigens (64). Consistent with observations for
other IEIs with T cell-intrinsic defects of IL-17 immunity, RelB-
deficient patients had abnormally small proportions of Thi7
memory T cells and impaired IL-17A and IL-22 production,
possibly accounting for their CMC (26). In vitro, B cell activation
with CD40 plus IL-21 triggered extremely low levels of Ig se-
cretion, despite normal proliferation upon CD40 engagement
(26). These findings suggest that human RelB is essential for
p52/RelB-dependent activation in B cells and stromal cells and
that it may also be critical for IL-17-dependent mucocutaneous
defense against Candida.

AD inborn errors of NF-kB2

Human AD NF-«B2 disorders were first reported in 2013 (66),
and over 130 cases in more than 27 countries have since been
described (27, 67, 68, 69). To date, 38 deleterious variants of
NFKB2 have been identified in the heterozygous state (27, 67,
68, 69). These variants can be classified into three categories
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based on their localization and specific effects on pl00 and p52
function, as determined by overexpression studies, corre-
sponding to the three allelic forms of AD inborn errors of NF-«kB2
(Fig. 1B and Table S3). The first form accounts for most reported
patients (n > 100), who are heterozygous for missense or non-
sense variants located in the C-terminal region of p100, specif-
ically affecting the NIK-responsive sequence (67). This region is
crucial for the phosphorylation of pl00 at serine residues 866
and 870 and its processing to generate p52 (21). To date,
28 C-terminal variants (including 6 missense and 22 truncating
variants) impairing the processing of pl00 to p52 have been
reported (Fig. 1 B). These variants were inherited across two or
more generations in two thirds of cases and occurred de novo in
the remaining third. Approximately one third of patients carry
the recurrent p.R853* variant, probably arising from a muta-
tional hotspot rather than a founder effect, as this variant has
been shown to occur de novo in several patients of diverse origins
(27, 66, 69, 70, 71, 72, 73). These variants typically result in
predominantly antibody deficiency (PAD) with complete pen-
etrance before the age of 10 years (27, 67, 68) (Table S1). In
addition, patients with C-terminal processing-resistant var-
iants often present with distinctive features, such as hypopi-
tuitarism (observed in 38%) and ectodermal dysplasia, such as
alopecia areata or totalis (30%), classically accompanied by ad-
ditional signs of sparse hair, eyebrows, or eyelashes, and nail
dysplasia (trachyonychia, 25%). Features of hypopituitarism and
ectodermal dysplasia usually appear during childhood, often
after the first year of life and frequently co-occur. Partial im-
provement of alopecia and nail dysplasia with JAK inhibitors has
been described in isolated cases, suggesting a potential immune
contribution (74). This constellation of clinical manifestations
has been classified as DAVID syndrome—an acronym for defi-
cient anterior pituitary with variable immune deficiency (70, 75).
In addition, 66% of these patients were markedly susceptible to
severe or recurrent viral diseases, and all of these patients were
found to have detectable AAN-I-IFNs (27, 76). The most frequent
diseases observed included life-threatening COVID-19 pneumo-
nia, severe influenza, varicella, herpes zoster, and recurrent
herpes labialis. Nine of these individuals suffered SARS-CoV-2
infection before vaccination: one (aged 23) died, and two (aged 17
and 41 years) required intensive care. This heightened viral sus-
ceptibility is strongly associated with the presence of AAN-I-IFNs,
detected in over 80% of patients with C-terminal processing-
resistant variants, supporting a causal role of these autoanti-
bodies in the severity of viral diseases in these patients. These
patients also displayed hypogammaglobulinemia and a progress-
ive decline in B cell numbers, with particularly low proportions of
memory B cells. Total T cell counts were generally normal, but
counts of memory CD4* T cells, Tregs, and Tth cells were abnor-
mally low (27, 68, 69, 77).

The second form of AD NF-«B2 disorders is caused by het-
erozygosity for truncating variants within the RHD domain
(p.A35Efs*10, p.R52¥, p.W270%, p.Y294Ifs*4, and p.K321Sfs*160) —
the domain responsible for p52 dimerization and DNA binding—
resulting in p52/pl00 haploinsufficiency (Fig. 1 B). Eight
individuals with p52/p100 haploinsufficiency have been reported
to date (Table S1) (27, 78, 79). These variants underlie PAD with
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incomplete penetrance—including four cases of common variable
immunodeficiency (CVID), one case of selective IgG2 subclass
deficiency, and three asymptomatic individuals below 46 years
of age—associated with autoimmune diseases in 50% of cases
(autoimmune gastritis, lichen planus, celiac disease, and type 1 -
diabetes). Most symptomatic patients with p52/p100 hap-
loinsufficiency had B cell lymphopenia, with normal or high
proportions of switched memory B cells. Their T cell counts were
normal, with low proportions of naive CD4* T cells and normal
frequencies of Treg and Tth cells (27, 78). The third form of AD
NF-«B2 disorders is caused by heterozygosity for variants that
truncate the ankyrin repeat domain of pl00 (p.Q539*, p.R611%,
and p.R635%), or just upstream (p.E418*), resulting in a gain of
p52 activity (p526°F) due to spontaneous nuclear translocation of
the mutant proteins (Fig. 1 B) (80). Fifteen patients from 7
kindreds have been reported to display PAD or CID with in-
complete penetrance (50%, up to 48 years old) (81, 82, 83, 84)
(Table S1). Patients have low to normal B cell counts, with ab-
normally low proportions of switched memory B cells. They have
normal proportions of naive CD4* T cells, Treg, and Tth cells and
display normal T cell proliferation (27, 82). In marked contrast to
patients with C-terminal processing-resistant pl00O variants,
none of the individuals with p52/pl00 haploinsufficiency or
p5260F variants studied to date has developed pituitary defects
or ectodermal dysplasia. These patients were also not prone to
the development of severe viral diseases, as attested by the
asymptomatic or mild SARS-CoV-2 infections observed before
vaccination in these two groups (27, 82). Furthermore, negative
results were obtained for AAN-I-IFNs in all patients with p52/
pl00 haploinsufficiency or p526°F variants tested, consistent
with their lack of severe viral disease.

These three defects have only recently been characterized
precisely at the molecular level (27). Biochemical analyses of
NFKB2 alleles assessing both the p52-mediated transcriptional
activity and the IxB8-dependent inhibitory function have
defined three distinct categories of mutants, as assessed by
overexpression: (1) p52-°F/IkB8CCF variants, which are processing-
resistant p100 variants that impair p52 production and trap RelB in
the cytoplasm via the unprocessed p100; (2) p52-°F/IxBS™F var-
iants, which disrupt both p52-dependent transcription and IkB§-
mediated inhibition, resulting in a complete LOF; and (3) p526°F/
IkBSCF variants, characterized by the constitutive transloca-
tion of truncated p52 mutant proteins into the nucleus (Fig. 2
and Table S3). The p521°F/IxB8LCF variants are not expressed
in T cells, fibroblasts, or monocyte-derived dendritic cells
(MDDCs), resulting in almost normal nuclear translocation of
WT p52/RelB heterodimer upon stimulation, causing p52/p100
haploinsufficiency (27, 78). The expression of the proteins en-
coded by the p526°F/IkBSLCF alleles has not been documented in
patients’ cells (81). Functional characterization of the fibroblasts
of patients heterozygous for p52L°F/IxB8COF variants revealed
severe defects of pl00 phosphorylation, pl00 processing to
generate p52, and the translocation of p52 into the nucleus after
stimulation. This phenotype was observed in primary B cells,
lymphoblastoid cell lines, or MDDCs stimulated with CD40L and
in primary or SV40-immortalized fibroblasts stimulated with
TWEAK or Lt, as in RelB- or NIK-deficient cells (24, 26, 27, 66,
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85, 86). In addition, the accumulation of the unprocessed pl00
mutants in the cytoplasm resulted in the formation of hetero-
multimeric complexes (kappaBsomes) sequestering RelB,
WT-pl00, and p52-containing complexes in the cytoplasm and
interfering with the phosphorylation and subsequent processing
of WT-p100 (22, 27). As a result, both p52 production and RelB
activity were severely compromised, mirroring the defects seen
in AR NIK deficiency. Among the three AD NF-kB2 IEIs, the
p52LC°F/IkB8COF variants cause the most profound impairment of
p52/RelB heterodimer activation in stromal cells, resembling the
phenotype seen in AR IKK-a and NIK deficiency.

AD TRAF3 deficiencies

TRAF3 acts, together with TRAF2 and the E3 ubiquitin ligases
cellular inhibitor of apoptosis 1 (cIAP1) and cIAP2, as a negative
regulator that constitutively degrades NIK, thereby preventing
spontaneous activation of the alternative NF-kB pathway under
resting conditions (4). TRAF3 also functions downstream from
the retinoic acid-inducible gene I-like receptors (RLRs) and the
Toll-like receptors (TLRs), such as TLR3, by mediating type I and
type III IFN induction (87). AD TRAF3 deficiency was first re-
ported in 2010 in a patient with herpes simplex virus encepha-
litis (HSE) heterozygous for the p.R118W TRAF3 variant, which is
located within the zinc-finger domain (28). The R118W allele has
dominant-negative activity, associated with impaired TRAF3-
dependent TLR3 and cytosolic dsRNA sensor responses in vitro.
Individuals heterozygous for the R118W allele have an abnor-
mally small proportion of MZ B cells and a high proportion
of CD27+CD38* antibody-secreting cells (ASCs) (28, 29). The
p-R118W variant is expressed at levels half those for the control,
and heterozygous B cells from patients produce larger amounts
of p52 than control cells (28, 29). Twelve patients from 7 unre-
lated kindreds heterozygous for truncating variants of TRAF3
have been reported (29, 88) (Table S1). They were heterozygous
for five different nonsense or frameshift TRAF3 variants
(p.Q114*, p.R163* p.S356Pfs*6, p.Q407*, and p.Y425*). These
genetic variants were inherited from affected parents or oc-
curred de novo, with complete clinical penetrance. The patients
suffered from recurrent ear and sinopulmonary diseases due to
encapsulated bacteria, including Streptococcus pneumoniae and
Haemophilus influenzae, beginning in childhood. They also dis-
played lymphoproliferative diseases (e.g., lymphadenopathy
and splenomegaly), autoimmunity (Sjégren’s syndrome and
Hashimoto’s thyroiditis), enteropathy, or atopic disorders (food
and drug allergies and high levels of IgE). None had a history of
HSE. Pathology analyses of the gastrointestinal tract, lungs,
lymph nodes, or spleen have revealed lymphoid hyperplasia
with enlarged GCs or granulomatous formations. Most patients
display hypergammaglobulinemia, with high levels of IgG and
IgM and variable levels of IgA, but four patients developed CVID
in adulthood and presented panhypogammaglobulinemia (29,
88). Regardless of their IgG levels, all patients had impaired re-
sponses to polysaccharide vaccines. Total B cell counts were
normal, but patients had high naive B cell counts and markedly
smaller than normal proportion of class-switched memory
B cells, together with normal to high proportions of CD21°
B cells and ASCs. Their T cell compartments contained
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Figure 2. Model illustrating the molecular consequences of the three forms of AD inborn errors of NF-kB2 in mTECs. In the basal state, the NF-«kB2
precursor pl00 acts as a transcriptional inhibitor by forming cytoplasmic homomultimeric complexes. These complexes, known as “kappaBsomes,” bind p52
and RelB, restricting their transcriptional activity (referred to as the “IkB§ function” of p100). When the alternative NF-«B pathway is triggered by upstream TNF
receptors (presumably RANK and/or CD40), the C-terminal part of the p100 precursor is processed into the proteasome to generate p52, the transcriptionally
active form of NF-kB2, which dimerizes with RelB to form p52/RelB heterodimers. After translocation to the nucleus, this heterodimer binds to kB sites to
regulate the transcription of targeted genes controlling mTEC development and functions, including AIRE. The p526°F/IkB6°F alleles are transcriptionally
active but lack 1kB& function, leading to spontaneous nuclear translocation. In the heterozygous state, WT-p52 and mutant-p52 (if expressed) form normal or
increased levels of transcriptionally active p52-containing homo- or heterodimers, leading to enhanced p52-dependent transcription. p52-°F/IkB8-CF alleles are
non-functional for both p52 and IkBS activities. In heterozygous cells (p52 haploinsufficiency), the pool of WT-p52- and RelB-dependent dimers is maintained at
near-normal levels by transcriptional regulation and remains sufficient to support normal AIRE transcription and function. By contrast, p52-9F/IkB&%CF alleles
are resistant to processing, resulting in a combination of impaired p52 generation, and high levels of IkB-dependent inhibitory activity of the mutant p100
against RelB and WT-p52. The amounts of WT-p52- and RelB-dependent dimers are markedly decreased, preventing sufficient AIRE-dependent central T cell
tolerance to type | IFNs and leading to the development of AAN-I-IFNs. “p52 TA” reflects the level of p52-dependent transcriptional activity (TA), whether
mediated by homodimers or heterodimers. For simplicity, only p52- homodimers or p52/RelB-containing dimers are represented. The expression of the proteins

encoded by the p5269F/IkB&-°F alleles has not been documented in patients’ cells.

abnormally small numbers of naive CD4* and CD8"* T cells (with
a corresponding increase in the proportions of memory T cells),
with normal T cell proliferation in response to anti-CD3/CD28
antibody stimulation. The patients had high proportions of
Tregs and Tth cells (29).

PBMCs from patients with truncating TRAF3 variants dis-
played markedly low levels of TRAF3 expression (~20% control
levels), which could be increased to 50% control levels by
treatment with the proteasome inhibitor MG132 (29). This sug-
gests that proteasomal degradation of the WT TRAF3 allele is
enhanced at baseline, probably due to a low TRAF3-to-TRAF2-
cIAP1/2 ratio. Patient-derived EBV-transformed B cells displayed a
spontaneous increase in NIK expression, pl00 phosphoryla-
tion, and p100 processing to p52, along with an upregulation
of MAP3K14, CHUK, NFKB2, and RELB transcript levels, indica-
tive of constitutive NF-kB2 activation (29). Consequently, B cells
from patients with truncating TRAF3 variants displayed en-
hanced responses to BAFF, which predominantly activates the
BAFFR-dependent alternative NF-xB pathway in B cells (29),
whereas CD40 and BCR signaling primarily engage the canonical
NF-«B pathway in B cells. The in vitro response of the patients’
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B cells to CD40L plus IL-21 was normal in terms of plasmablast
generation and IgG secretion. B cells heterozygous for a TRAF3-
truncating variant displayed a spontaneous upregulation of
transcript levels for TRAF6 and REL—two NF-«B proteins es-
sential for CD40-mediated signaling—ex vivo, along with an
enhanced response to anti-IgM/IL-4 or TLR9 stimulation in vitro.
These observations suggest that human TRAF3 plays a crucial
role in downregulating NIK/p52-dependent alternative NF-«B
pathway activation and in modulating T-independent (TI) Ag
responses, probably via the regulation of TLR9-dependent, BCR-
proximal, and possibly CD40-dependent signaling in human
B cells (89).

Inborn errors of TNFRs and TNFR ligands driving activation of
the alternative NF-kB pathways

AR BAFFR deficiency

BAFFR is expressed exclusively on B cells, at levels varying ac-
cording to B cell maturation stage (from transitional to mature
B cells) (Table 1) (90). Unlike TACI and BCMA, which can bind
both BAFF and APRIL, BAFFR binds only BAFF (91). AR complete
BAFFR deficiency has been reported in two siblings from a
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consanguineous family (92). They were homozygous for an in-
frame p.L89_V96del TNFRSFI3C variant removing eight amino
acids from the transmembrane region. Both patients suffered
from recurrent respiratory tract infections caused by encapsu-
lated bacteria (S. pneumoniae and H. influenzae), and one devel-
oped severe shingles at 70 years of age. The immunological
phenotype observed in patients with AR BAFFR deficiency
closely resembles that of Baffr-KO mice (5, 6) (Table S2). Serum
IgM and IgG levels are low, IgA levels are normal, and there is a
prominent population of IgA* plasma cells in the gut. Despite
multiple S. pneumoniae infections, the patients were unable to
mount an TI antibody response following pneumococcal poly-
saccharide vaccination, whereas their TD antigen response was
unaffected. Patient B cell counts were very low, with a devel-
opmental block at the transitional stage, resulting in a strong
decrease in counts of MZ B cells and low proportions of class-
switched memory B cells. Furthermore, the patients’ CD27*
B cells had lower levels of TACI than control cells, suggesting that
BAFFR signaling regulates TACI expression in CD27* B cells. The
p-L89_V96del TNFRSFI3C variant was shown to be a loss-of-ex-
pression in patient CD19* B cells or EBV-B cell lines and LOF,
losing its ability to bind BAFF (92). Overall, these data under-
score the crucial role of BAFFR signaling in the development of
mature peripheral B cells beyond the transitional B cell stage, as
demonstrated by the significantly lower number of peripheral
B cells in patients than in age-matched controls, specifically af-
fecting all mature B cell subsets without affecting the transi-
tional subsets. This developmental arrest after the transitional
cell stage strongly suggests that human BAFFR is essential for the
survival of transitional B cells and their differentiation into
follicular and MZ B cells.

XL-CD40L in AR CD40 deficiency

CD40L is a transmembrane glycoprotein expressed principally
on activated T cells. It binds to the CD40 present on B cells and
various other cell subsets, including antigen-presenting cells
(APCs), such as dendritic cells and monocytes/macrophages, as
well as endothelial cells, epithelial cells, and stromal cells, such
as mTECs (Table 1) (93). CD40 signaling induces both the ca-
nonical and alternative NF-kB pathways (94). CD40L deficiency,
first reported in 1993, causes an XL CID characterized by defects
of both humoral immunity—due to impaired CSR and SHM—
and cellular immunity, affecting APC-T cell interactions (95,
96). This condition is commonly referred to as XL hyper-IgM
(XL-HIGM) syndrome (95). More than 200 patients with XL-
CD40L deficiency have been reported worldwide, and many
more have been diagnosed, as this is a relatively common IEIL
More than 100 variants of CD40LG have been reported, most of
which are frameshift deletions, splicing, nonsense, or missense
variants affecting the extracellular domain of CD40L (93). These
variants typically result in the loss of protein expression and/or
impairment of the interaction with CD40. The disease classically
presents within the first year of life, characterized by recurrent
sinopulmonary tract infections caused by encapsulated bacteria
and heightened susceptibility to severe Pneumocystis jirovecii and
Cryptosporidium spp. infections, and, more rarely, to T. marneffei
or Cryptococcus spp. infections (97). In some cases, hypomorphic
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variants of CD40LG present with atypical clinical features, in-
cluding a later onset and a less severe clinical course than clas-
sical XL-HIGM syndrome (46). Despite the occurrence of severe
viral diseases (including diseases due to CMV, enterovirus, or
RSV) in some patients, no AAN-I-IFNs were detected, even in
adult patients who had not undergone HSCT (27). More than half
the patients display neutropenia.

There are no GCs in the lymph nodes of XL-CD40L-deficient
patients. IgG, IgA, and IgE are undetectable or present at very
low levels, whereas IgM levels are normal or high, and patients
have a poor response to TD antigens due to impaired CSR. B cell
counts are normal, but CD27* switch memory B cells are absent
or present at extremely low levels (46). T cell numbers and
proliferation in response to mitogens remain normal. AR CD40
deficiency, first described in 2001, causes an HIGM syndrome
clinically and immunologically indistinguishable from XL
CD40L deficiency, with fewer than 50 cases reported worldwide
to date (98). Twenty-eight variants of CD40 have been reported,
most of which affect essential splicing sites and impair CD40
expression on B cells (99). These phenotypes are consistent with
those of Cd40lg- or Cd40-KO mice, which display normal thymic
and SLO development but lack GC formation and have an im-
paired TD antigen response (Table S2) (7, 8). Together, these data
demonstrate that CD40L/CD40 activation is essential for GC
formation and antibody isotype switching and that SHM is re-
quired for antigen affinity maturation and to support the gen-
eration of memory B cells in vivo.

AR LTBR deficiency

LTPR is mostly expressed on stromal cells, including lymph node
stromal cells (Table 1) (13). It binds LTa1P2, a ligand specific for
LTBR (100), and LIGHT (TNFSF14), which also binds LIGHT-R/
HVEM (101). These ligands are mostly expressed on activated
lymphocytes (13). LTBR activates both the canonical and non-
canonical NF-«kB pathways, but with a stronger effect on the
noncanonical pathway (102). AR complete LTBR deficiency has
recently been reported in three patients from two unrelated
consanguineous Turkish families (100). These patients were
homozygous for the p.Q31* or p.R120P variants located in the
extracellular domain of LTBR. The clinical manifestations ob-
served in these patients included early-onset recurrent upper
and lower respiratory tract infections, predominantly of bacte-
rial origin. One patient developed S. pneumoniae meningitis,
another had an episode of acute hepatitis with biliary destruc-
tion, and an older brother with similar disease manifestations
died from complications. One patient suffered from flat warts,
but none developed overt autoimmune diseases, unlike Ltbr-KO
mice (Table S2) (9). Lymphoscintigraphy revealed lymph node
aplasia and an absence of tonsils despite recurrent infections.
The spleen was of normal size and morphology, but the presence
of Howell-Jolly bodies in peripheral blood smears indicated
functional asplenia. This is consistent with the findings for Ltbr-
KO mice, which lack peripheral lymph nodes and Peyer’s patches
(9). Patients had low levels of circulating IgG and IgA, with low to
normal IgM levels. They had normal ranges of total leukocyte
and lymphocyte counts. Despite their normal counts of total
CD19* cells, the patients had low levels of GC-like B cells and an
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almost total absence of class-switched and unswitched memory
B cells, and of IgA* or IgG* B cells, with normal numbers of
T-bethighCD21'" B cells. However, upon in vitro stimulation with
CD40L and IL-4 or IL-21, B cells showed normal CD40L-
dependent activation and proliferation and were able to un-
dergo class switching to IgA- or IgG-positive cells. TREC levels
were lower than those in age-matched controls, but the pro-
portions of RTE and naive CD4* T cells and the total numbers of
T cells and CD4* T cells were normal. However, a lower level of
TCR diversity was observed.

In vitro, T cell proliferation upon mitogen activation was
normal. The proportions of Tregs and Tfh cells were low (100).
The preserved functions of the patients’ lymphocytes in vitro,
despite impaired differentiation in vivo, suggest that the defects
are not intrinsic to the lymphocytes, instead stemming from
alterations to the stromal compartments and the SLOs. No AAN-
I-IFNs were detected in the single patient tested, consistent with
the normal Aire expression observed in Ltbr-KO mice (103, 104).
The primary fibroblasts of the patients displayed no LTPR ex-
pression and failed to upregulate p52 after LTalB2 stimulation,
both these defects being corrected by genetic rescue. B cell de-
velopment was normal up to the naive B cell stage, as was B cell
repertoire diversity, but the proportions of GC and memory
B cells were low, as were levels of SHM, suggesting a defect of the
GC reaction. Consistent with the role of LTBR signaling in the
development and organization of SLOs, the levels of CXCL13—a
chemokine produced by GC stromal cells under the control of
LTBR—in patient plasma were low. When cocultured with ac-
tivated MDDCs and stromal cells to reconstitute the GC archi-
tecture ex vivo, patient B cells differentiated into CD27* memory
B cells and upregulated activation-induced cytidine deaminase
(AID), the enzyme that initiates SHM. Human LTBR signaling is,
thus, essential for SLO development and stroma-intrinsic ter-
minal B cell maturation in the GC. However, it appears to be
redundant for AIRE-dependent central tolerance.

AR RANK and RANKL deficiencies

RANK (TNFRSFIIA), which is expressed on cells of the myeloid
lineage, including osteoclasts, interacts with RANKL (TNFSF1I),
which is expressed on cells of the mesenchymal lineage (osteo-
blasts) in bones. AR RANKL deficiency has been reported in nine
patients from seven unrelated kindreds suffering from osteo-
petrosis caused by homozygosity for variants of the TNFSFII gene
predicted to be deleterious (105, 106). AR RANK deficiency has
been reported in 23 patients with osteopetrosis from 14 kindreds
homozygous or compound heterozygous for 17 variants of the
TNFRSFIIA gene (107). Patients with both conditions present
early-onset osteoclast-poor osteopetrosis, characterized by
dense bones and osteosclerosing dysplasia leading to fractures,
visual impairment, and neurological defects, with an absence of
osteoclasts in bone tissues. They lack palpable lymph nodes and
occasionally suffer from hepatomegaly and/or recurrent res-
piratory tract infections (107). Some RANK-deficient patients
display mild hypogammaglobulinemia, a lack of antibody re-
sponse to tetanus toxoid vaccination, with low proportions of
IgD-CD27* memory B cells in the four cases evaluated. Osteo-
petrosis is occasionally observed in patients with XL-NEMO
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deficiency (OL-EDA-ID, osteopetrosis, lymphedema, hypohi-
drotic ectodermal dysplasia, and immunodeficiency), but not in
patients with inborn errors of IKK-a, NIK, RelB, or NF-kB2.
This suggests that RANK signaling operates, at least in part,
through the canonical NF-kB pathway to support osteoclast
development and function. HSCT remains the only curative
treatment for RANK deficiency. However, it has no beneficial
effect on disease progression in patients with AR RANKL de-
ficiency, due to the stromal origin of the defect, with insuffi-
cient donor stromal precursors or mesenchymal stem cells.
These observations highlight the essential nature of the RANK-
RANKL axis for osteoclast differentiation, with an apparent
redundancy in humoral immunity. They also suggest that NF-
kB2 and RelB are functionally redundant for osteoclast differ-
entiation in humans. In mice, Rank controls the development of
Aire* mTECs (10). The role of the RANKL-RANK axis in AIRE*
mTEC maturation and the consequences of its deficiency in
terms of AAN-I-IFN development remain unknown in humans.

Conclusions and perspectives
Inborn errors of the core components of the alternative NF-kB
pathway (NIK, IKK-a, RelB, and NF-kB2), their negative regu-
lator (TRAF3), four related TNFRs (BAFFR, CD40, RANK, and
LTBR), and two of their ligands (CD40L and RANKL) have been
described in humans (Table 2). The corresponding mouse
models generally display a similar phenotype. Mice deficient for
Ltbr, Map3ki4, Chuk, Relb, or Nfkb2 display impaired GC devel-
opment (43, 65, 108, 109), whereas mice deficient for Baffr,
Map3ki4, Relb, or Nfkb2 display various degrees of B cell lym-
phopenia (43, 65, 110, 111, 112). These models closely mirror the
SLO hypoplasia and humoral immunodeficiency reported in
human inborn errors of LTBR and BAFFR, respectively, and in
human inborn errors of MAP3KI4, CHUK, RELB, and NFKB2.
Furthermore, Map3ki4-, Chuk-, Relb-, Nfkb2, and Rank-deficient
mice display defective mTEC development, leading to impaired
Aire-dependent central T cell tolerance and organ-specific au-
toimmunity (10, 40, 113, 114). These defects are mTEC intrinsic,
as further confirmed by studies of mTEC-specific KO models
targeting Map3kl4, Chuk, and Relb (39, 115). This finding is con-
sistent with the development of AAN-I-IFNs in patients with
inborn errors of NIK, IKK-a, RelB, and NF-«kB2, in whom p52/
RelB heterodimer activity is severely disrupted. Conversely,
mouse models with constitutive activation of the alternative NF-
¥B pathway (Traf3-KO) in B cells display SLO hyperplasia and
enhanced B cell survival (116, 117, 118, 119, 120), mirroring fea-
tures observed in patients with AD TRAF3 haploinsufficiency.
Despite the significant contribution of animal models to our
understanding of the essential role of the alternative NF-«xB
pathway, several limitations can be highlighted, concerning, in
particular, the specific transcriptional activity of p52, one of the
central components of the NF-«kB pathway. Since its initial
cloning in 1991 (121), most studies aiming to elucidate the func-
tion of NF-«kB2 in mice have been based on complete or condi-
tional Nfkb2-KO models. These models display an effective
abolition of p52-dependent transcriptional activity, but they also
present a simultaneous elimination of the I«B§ inhibitory reg-
ulator, potentially affecting the transcription of a broader range
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of targeted genes through release of the cytoplasmic retention of
cRel, RelA, or RelB (22, 23, 122). This dual disruption makes it
difficult to determine the specific contribution of the p52-
dependent heterodimer, thereby hindering a comprehensive
understanding of its essential role (109, 112, 123). Mouse models
with a selective abolition of IxB8 function (Nfkb2ACT/ACT  cop-
responding to human p52°F/IxkB8F) (124), or a selective in-
crease in this activity due to a pl00 processing-resistant mutant
(Lyml mouse, p521°F/IkB8CCF) (114, 125), have helped to distin-
guish between these two functions. However, there is still no
mouse model in which p52 function is specifically abolished with
no effect on IkB8 regulatory function (p52-°F/IxBSWT),

Experiments in mice have also revealed key immunological
differences, even in knock-in models accurately reconstructing
the human allelic variants (126). Studies of mouse models
of p52L°F/IkB8SOF human mutants and of Relb-, Nik-, and
Ikka-deficient mice, have confirmed the mTEC-intrinsic defect
in central tolerance, characterized by lower levels of medulla
formation, mTEC developmental defects, and impaired AIRE
expression (27, 40, 113, 114, 125). However, despite the devel-
opment in these mice of severe systemic autoimmunity with
T cell infiltration, contrary to humans with the equivalent de-
fect, these mice do not produce AAN-I-IFNs (27, 114, 125). This
finding is reminiscent of those for mouse models of APS-1, such
as Aire-KO mice, which fail to develop autoantibodies against
type I IFNs (127, 128), whereas such autoantibodies are detected
in Aire-KO rat models, regardless of genetic background (129, 130).
However, the immunological and clinical phenotypes of patients
with inborn errors of the alternative NF-«B pathway may differ
significantly from those of the corresponding mutant mice. For
example, mice heterozygous for a null Nfkb2 allele (Nfkb2*/-) or for
an Nfkb2 C-terminal deletion (Nfkb2*/2CT) have no overt immune
phenotype, unlike patients with AD p52/p100 haploinsufficiency
or AD p526°F (27, 78, 114). Similarly, mouse models of human
P52LOF/IkBSCOF mutants do not develop the ectodermal and pi-
tuitary defects observed in about 25% of human patients (114, 125),
making it difficult to determine whether these features result
from intrinsic developmental defects or from the impact of leu-
kocytic abnormalities (74, 131). Conversely, mouse models have
been instrumental in analyses of the role of the alternative NF-«xB
pathway in cells and tissues not accessible in human patients. In
particular, they have made a significant contribution to our un-
derstanding of the stroma- versus hematopoietic cell-intrinsic
roles of most components of this pathway through adoptive
transfer experiments and conditional KO models (Table S2).

The description of inborn errors of the alternative NF-«B
pathway has helped to reveal the essential role of this pathway in
human immunity (1, 30). No case of human AR complete NF-«B2
deficiency (p52L°F/IkB8LOF) has yet been reported. Identifying
such a defect, or a defect selectively abolishing p52 function (AR
p52L9F/1kBSWT), would provide insight into the nonredundant
role of p52-dependent dimers involving RelB or other NF-«B
transcription factors, including p52 itself. The identification of
such a defects would therefore help to determine whether the
clinical manifestations observed in patients with AD p52-CF/
IkBSCOF variants, such as ectodermal and pituitary defects, and
the production of AAN-I-IFNs are due exclusively to the loss of
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p52-dependent transcriptional activity or whether they are due
to enhanced I«BS inhibitory effects on other NF-«kB2 binding
partners. In addition, the discovery of other allelic forms of in-
born errors at known loci, such as GOF variants of MAP3Kl4,
RELB, or CHUK, or AR complete TRAF3 deficiency (if not
embryo-lethal in humans), would shed additional light on the
mechanisms regulating the alternative NF-xB pathway. The
identification of IEIs affecting adaptor proteins regulating TNFR
signaling, such as TRAF6 or TRAF2, regulators, such as cIAP1 or
cIAP2, and TNFRs, such as TNFR2—all previously implicated in
p52/RelB signaling—will be crucial to decipher the essential, cell-
intrinsic roles of these components, their upstream receptors, and
ligands in controlling p52/RelB heterodimer activity. For example,
the identification of patients with deficiencies of LTa,f3, or LIGHT
(both binding to LTBR), or BAFF (which can bind BAFFR, TACI,
and BCMA), would provide insight into the essential or redundant
roles of these ligands in stromal and hematopoietic human im-
munity, respectively. In addition, the TNFRs and corresponding
ligands controlling AIRE-dependent maturation and the devel-
opment of AAN-I-IFNs remain to be discovered. Finally, identi-
fying autoimmune phenocopies of these IEIs due to neutralizing
autoantibodies against circulating cytokines (such as soluble
CD40L, Lt, or BAFF) would also shed light on the clinical con-
sequences of the corresponding deficiencies.

An understanding of the molecular mechanisms underlying
the immunological and clinical phenotypes of patients is es-
sential to guide therapeutic interventions. The stroma-intrinsic
defects of patients with inborn errors of the alternative NF-«xB
pathway render them vulnerable to severe viral diseases
throughout life, due to the persistence of AAN-I-IFNs, and pos-
sibly other autoimmune diseases resulting from defective cen-
tral tolerance (26, 27). Therefore, while HSCT can cure the
hematopoietic defect causing CID in patients with AR IKK-a,
NIK, or RelB deficiency, this procedure is associated with very
high post-transplant mortality in patients with AD p52tCF/
IkB8SOF disorder (Table S1) (24, 27, 60). Moreover, stromal-
intrinsic defects affecting lymphoid organogenesis in these
patients may compromise engraftment, limit immune reconsti-
tution, and adversely affect HSCT outcome (60). For some of these
patients, alternative strategies, such as allogeneic thymus im-
plantation or the development of induced pluripotent stem cell
-derived mTECs may be possible options for treatment (132, 133).
Finally, as about 30% of patients with B cell or plasma cell neo-
plasia carry somatic variants, somatic copy number variations, or
translocations of genes from the alternative NF-«B pathway
(NFKB2, MAP3K14, or TRAF3 loci) (134), pharmacological inter-
ventions targeting this pathway, such as small molecules in-
hibiting NIK (NIK inhibitors) or inactivating cIAPs (SMAC
mimetics), may open up promising new avenues for treatment
in patients with inborn errors of the alternative NF-«B pathway.

Online supplemental material

Table S1 shows clinical and immunological features of patients with
inborn errors of the “core” proteins of the alternative NF-«B path-
way. Table S2 shows main features of mouse models of inborn errors
of the alternative NF-«B pathway. Table S3 shows NFKB2 variant
nomenclature and functional consequences.

Journal of Human Immunity
https://doi.org/10.70962/jhi.20250104

920z Atenuged 0| uo 3senb Aq 4pd-y0106202 Ul/Zr6£56L/701052028/ L/Z/Pd-8lone/yl/Bio sseidny/:dny woy papeojumoq

12 of 17



Acknowledgments
We thank Shen-Ying Zhang and Jeremie Rosain for helpful

discussions.

The Laboratory of Human Genetics of Infectious Diseases
is supported by the Howard Hughes Medical Institute, The
Rockefeller University, the St. Giles Foundation, the Stavros
Niarchos Foundation (SNF) as part of its grant to the SNF In-
stitute for Global Infectious Disease Research at The Rockefeller
University, the National Institutes of Health (NIH) (RO1AI163029
and RO1AI127564), the National Center for Advancing Transla-
tional Sciences, the NIH Clinical and Translational Science
Award program (ULITR001866), the Fisher Center for Alz-
heimer’s Research Foundation, the Meyer Foundation, the JPB
Foundation, the “Investissement d’Avenir” program launched by
the French Government and implemented by the Agence Na-
tionale de la Recherche (ANR) (ANR-10-IAHU-01), the Integra-
tive Biology of Emerging Infectious Diseases Laboratory of
Excellence (ANR-10-LABX-62-IBEID), the French Foundation for
Medical Research (EQU202503020018), ANR GENVIR (ANR-20-
CE93-003), ANR AI2D (ANR-22-CE15-0046), GENFLU (ANR-22-
CE92-0004), and ANR AAILC (ANR-21-LIBA-0002) projects,
the HORIZON-HLTH-2021-DISEASE-04 program under grant
agreement 101057100 (UNDINE), the ANR-RHU COVIFERON
Program (21-RHUS-0008), the Square Foundation, Grandir -
Fonds de solidarité pour I'enfance, the Fondation du Souffle, the
SCOR Corporate Foundation for Science, the Battersea & Bowery
Advisory Group, William E. Ford, General Atlantic’s Chairman and
Chief Executive Officer, Gabriel Caillaux, General Atlantic’s Co-
President, Managing Director and Head of Business in EMEA, and
the General Atlantic Foundation, the French Ministry of Higher
Education, Research, and Innovation (MESRI-COVID-19), Institut
national de la santé et de la recherche médicale (INSERM), RE-
ACTing-INSERM, Paris Cité University, and the Imagine Institute.
Tom Le Voyer is supported by the MD-PhD program of the
Imagine Institute (with support from the Fondation Bettencourt-
Schueller) and a “Poste CCA-INSERM-Bettencourt” (with support
from the Fondation Bettencourt-Schueller).

Author contributions: Tom Le Voyer: conceptualization and
writing—original draft, review, and editing. Jean-Laurent Ca-
sanova: funding acquisition, project administration, resources,
supervision, and writing—review and editing. Anne Puel: con-
ceptualization, funding acquisition, supervision, and writing—
original draft, review, and editing.

Disclosures: The authors declare no competing interests exist.

Submitted: 20 May 2025
Revised: 8 August 2025
Accepted: 20 October 2025

References

1. Zhang, Q., M.J. Lenardo, and D. Baltimore. 2017. 30 Years of NF-«B: A
blossoming of relevance to human pathobiology. Cell. 168:37-57. https://
doi.org/10.1016/j.cell.2016.12.012

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

Le Voyer et al.
Human inborn errors of the alternative NF-«B pathway

7.

10.

1

ey

12.

13.

14.

15.

16.

17.

19.

20.

21.

22.

. Shih, V.F.-S., R. Tsui, A. Caldwell, and A. Hoffmann. 2011. A single NFxB

system for both canonical and non-canonical signaling. Cell Res. 21:
86-102. https://doi.org/10.1038/cr.2010.161

. Rodriguez, B.N., H. Huang, J.J. Chia, and A. Hoffmann. 2024. The non-

canonical NF«xB pathway: Regulatory mechanisms in health and disease.
WIREs Mech. Dis. 16:e1646. https://doi.org/10.1002/wsbm.1646

. Shulga-Morskaya, S., M. Dobles, M.E. Walsh, L.G. Ng, F. MacKay, S.P.

Rao, S.L. Kalled, and M.L. Scott. 2004. B cell-activating factor belonging
to the TNF family acts through separate receptors to support B cell
survival and T cell-independent antibody formation. J. Immunol. 173:
2331-2341. https://doi.org/10.4049/jimmunol.173.4.2331

. Sasaki, Y., S. Casola, J.L. Kutok, K. Rajewsky, and M. Schmidt-Supprian.

2004. TNF family member B cell-activating factor (BAFF) receptor-
dependent and -independent roles for BAFF in B cell physiology.
J. Immunol. 173:2245-2252. https://doi.org/10.4049/jimmunol.173.4.2245
Kawabe, T., T. Naka, K. Yoshida, T. Tanaka, H. Fujiwara, S. Suematsu, N.
Yoshida, T. Kishimoto, and H. Kikutani. 1994. The immune responses in
CD40-deficient mice: Impaired immunoglobulin class switching and
germinal center formation. Immunity. 1:167-178. https://doi.org/10
.1016/1074-7613(94)90095-7

. Renshaw, B.R.,, W.C. Fanslow 3rd, RJ. Armitage, K.A. Campbell, D.

Liggitt, B. Wright, B.L. Davison, and C.R. Maliszewski. 1994. Humoral
immune responses in CD40 ligand-deficient mice. J. Exp. Med. 180:
1889-1900. https://doi.org/10.1084/jem.180.5.1889

. Fiitterer, A., K. Mink, A. Luz, M.H. Kosco-Vilbois, and K. Pfeffer. 1998.

The lymphotoxin B receptor controls organogenesis and affinity mat-
uration in peripheral lymphoid tissues. Immunity. 9:59-70. https://doi
.org/10.1016/51074-7613(00)80588-9

Akiyama, T., Y. Shimo, H. Yanai, J. Qin, D. Ohshima, Y. Maruyama, Y.
Asaumi, J. Kitazawa, H. Takayanagi, ].M. Penninger, et al. 2008. The
tumor necrosis factor family receptors RANK and CD40 cooperatively
establish the thymic medullary microenvironment and self-tolerance.
Immunity. 29:423-437. https://doi.org/10.1016/j.immuni.2008.06.015

. van Kooten, C., and J. Banchereau. 2000. CD40-CD40 ligand. J. Leukoc.

Biol. 67:2-17. https://doi.org/10.1002/jlb.67.1.2

Uhlén, M., L. Fagerberg, B.M. Hallstrom, C. Lindskog, P. Oksvold, A.
Mardinoglu, A. Sivertsson, C. Kampf, E. Sjéstedt, A. Asplund, et al. 2015.
Tissue-based map of the human proteome. Science. 347:1260419. https://
doi.org/10.1126/science.1260419

Murphy, M., B.N. Walter, L. Pike-Nobile, N.A. Fanger, P.M. Guyre, J.L.
Browning, C.F. Ware, and L.B. Epstein. 1998. Expression of the lym-
photoxin beta receptor on follicular stromal cells in human lymphoid
tissues. Cell Death Differ. 5:497-505. https://doi.org/10.1038/sj.cdd
4400374

Heesters, B.A., K. van Megesen, I. Tomris, R.P. de Vries, G. Magri, and H.
Spits. 2021. Characterization of human FDCs reveals regulation of T cells
and antigen presentation to B cells. J. Exp. Med. 218:¢20210790. https://
doi.org/10.1084/jem.20210790

D’Ignazio, L., M. Batie, and S. Rocha. 2018. TNFSF14/LIGHT, a Non-
Canonical NF-«B Stimulus, Induces the HIF Pathway. Cells. 7:102.
https://doi.org/10.3390/cells7080102

Anderson, D.M., E. Maraskovsky, W.L. Billingsley, W.C. Dougall, M.E.
Tometsko, E.R. Roux, M.C. Teepe, R.F. DuBose, D. Cosman, and L. Ga-
libert. 1997. A homologue of the TNF receptor and its ligand enhance
T-cell growth and dendritic-cell function. Nature. 390:175-179. https://
doi.org/10.1038/36593

Ono, T., M. Hayashi, F. Sasaki, and T. Nakashima. 2020. RANKL biology:
bone metabolism, the immune system, and beyond. Inflamm. Regen. 40:
2. https://doi.org/10.1186/541232-019-0111-3

. Nardelli, B., O. Belvedere, V. Roschke, P.A. Moore, H.S. Olsen, T.S.

Migone, S. Sosnovtseva, J.A. Carrell, P. Feng, J.G. Giri, et al. 2001.
Synthesis and release of B-lymphocyte stimulator from myeloid cells.
Blood. 97:198-204. https://doi.org/10.1182/blood.V97.1.198

Tangye, S.G., V.L. Bryant, A.K. Cuss, and K.L. Good. 2006. BAFF, APRIL
and human B cell disorders. Semin. Immunol. 18:305-317. https://doi
.org/10.1016/j.smim.2006.04.004

Wiley, S.R., and J.A. Winkles. 2003. TWEAK, a member of the TNF
superfamily, is a multifunctional cytokine that binds the TweakR/Fnl4
receptor. Cytokine & Growth Factor Rev. 14:241-249. https://doi.org/10
.1016/S1359-6101(03)00019-4

Xiao, G., E.W. Harhaj, and S.-C. Sun. 2001. NF-kappaB-inducing kinase
regulates the processing of NF-kappaB2 pl00. Mol. Cell. 7:401-409.
https://doi.org/10.1016/51097-2765(01)00187-3

Tao, Z., A. Fusco, D.-B. Huang, K. Gupta, D. Young Kim, C.F. Ware, G.D.
Van Duyne, and G. Ghosh. 2014. p100/IxBS§ sequesters and inhibits NF-

Journal of Human Immunity
https://doi.org/10.70962/jhi.20250104

920z Atenuged 0| uo 3senb Aq 4pd-y0106202 Ul/Zr6£56L/701052028/ L/Z/Pd-8lone/yl/Bio sseidny/:dny woy papeojumoq

13 of 17


https://doi.org/10.1016/j.cell.2016.12.012
https://doi.org/10.1016/j.cell.2016.12.012
https://doi.org/10.1038/cr.2011.13
https://doi.org/10.1038/cr.2010.161
https://doi.org/10.1002/wsbm.1646
https://doi.org/10.4049/jimmunol.173.4.2331
https://doi.org/10.4049/jimmunol.173.4.2245
https://doi.org/10.1016/1074-7613(94)90095-7
https://doi.org/10.1016/1074-7613(94)90095-7
https://doi.org/10.1084/jem.180.5.1889
https://doi.org/10.1016/s1074-7613(00)80588-9
https://doi.org/10.1016/s1074-7613(00)80588-9
https://doi.org/10.1016/j.immuni.2008.06.015
https://doi.org/10.1002/jlb.67.1.2
https://doi.org/10.1126/science.1260419
https://doi.org/10.1126/science.1260419
https://doi.org/10.1038/sj.cdd.4400374
https://doi.org/10.1038/sj.cdd.4400374
https://doi.org/10.1084/jem.20210790
https://doi.org/10.1084/jem.20210790
https://doi.org/10.3390/cells7080102
https://doi.org/10.1038/36593
https://doi.org/10.1038/36593
https://doi.org/10.1186/s41232-019-0111-3
https://doi.org/10.1182/blood.V97.1.198
https://doi.org/10.1016/j.smim.2006.04.004
https://doi.org/10.1016/j.smim.2006.04.004
https://doi.org/10.1016/S1359-6101(03)00019-4
https://doi.org/10.1016/S1359-6101(03)00019-4
https://doi.org/10.1016/s1097-2765(01)00187-3

23.

24.

25.

26.

27.

28.

29.

30.

31

—

32.

33.

34,

35.

36.

37.

38.

«B through kappaBsome formation. Proc. Natl. Acad. Sci. USA. 11l:
15946-15951. https://doi.org/10.1073/pnas.1408552111

Fusco, AJ., A. Mazumder, V.Y.-F. Wang, Z. Tao, C. Ware, and G. Ghosh.
2016. The NF-kB subunit RelB controls p100 processing by competing
with the kinases NIK and IKK1 for binding to p100. Sci. Signal. 9:ra%96.
https://doi.org/10.1126/scisignal.aad9413

Willmann, K.L., S. Klaver, F. Dogu, E. Santos-Valente, W. Garncarz, 1.
Bilic, E. Mace, E. Salzer, C.D. Conde, H. Sic, et al. 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

Lahtela, J., H.O. Nousiainen, V. Stefanovic, J. Tallila, H. Viskari, R.
Karikoski, M. Gentile, C. Saloranta, T. Varilo, R. Salonen, and M. Kestila.
2010. Mutant CHUK and severe fetal encasement malformation. N. Engl.
J. Med. 363:1631-1637. https://doi.org/10.1056/NEJMo0a0911698

Le Voyer, T., M.R.L. Maglorius Renkilaraj, K. Moriya, M. Pérez Lorenzo,
T. Nguyen, L. Gao, T. Rubin, A. Cederholm, M. Ogishi, C.A. Arango-
Franco, et al. 2024. Inherited human RelB deficiency impairs innate and
adaptive immunity to infection. Proc. Natl. Acad. Sci. USA. 121:
€2321794121. https://doi.org/10.1073/pnas.2321794121

Le Voyer, T., A.V. Parent, X. Liu, A. Cederholm, A. Gervais, J. Rosain, T.
Nguyen, M. Perez Lorenzo, E. Rackaityte, D. Rinchai, et al. 2023. Au-
toantibodies against type I IFNs in humans with alternative NF-«B
pathway deficiency. Nature. 623:803-813. https://doi.org/10.1038/
541586-023-06717-x

Pérez de Diego, R., V. Sancho-Shimizu, L. Lorenzo, A. Puel, S. Plan-
coulaine, C. Picard, M. Herman, A. Cardon, A. Durandy, ]. Bustamante,
et al. 2010. Human TRAF3 adaptor molecule deficiency leads to im-
paired toll-like receptor 3 response and susceptibility to herpes simplex
encephalitis. Immunity. 33:400-411. https://doi.org/10.1016/j.immuni
.2010.08.014

Rae, W., ].M. Sowerby, D. Verhoeven, M. Youssef, P. Kotagiri, N. Savi-
nykh, E.L. Coomber, A. Boneparth, A. Chan, C. Gong, et al. 2022. Im-
munodeficiency, autoimmunity, and increased risk of B cell malignancy
in humans with TRAF3 mutations. Sci. Immunol. 7:eabn3800. https://doi
.org/10.1126/sciimmunol.abn3800

Casanova, J.-L. 2025. Human immunity. J. Hum. Immun. 1:e20250001.
https://doi.org/10.70962/jhi.20250001

Schlechter, N., B. Glanzmann, E.G. Hoal, M. Schoeman, B.-S. Petersen,
A.Franke, Y.-L. Lau, M. Urban, P.D. van Helden, M.M. Esser, et al. 2017.
Exome sequencing identifies a novel MAP3K14 mutation in recessive
atypical combined immunodeficiency. Front. Immunol. 8:1624. https://
doi.org/10.3389/fimmu.2017.01624

Farhat, K.B., M.F. Alosaimi, H. Shendi, S. Al-Hammadi, J. Jones, K.
Schwarz, A. Schulz, L.S. Alawdah, S. Burchett, S. Albuhairi, et al. 2019.
Immunologic reconstitution following hematopoietic stem cell trans-
plantation despite lymph node paucity in NF-kB-inducing kinase defi-
ciency. J. Allergy Clin. Immunol. 143:1240-1243.e4. https://doi.org/10
1016/}.jaci.2018.11.003

Karrer, U., A. Althage, B. Odermatt, H. Hengartner, and R.M. Zinker-
nagel. 2000. Immunodeficiency of alymphoplasia mice (aly/aly) in vivo:
Structural defect of secondary lymphoid organs and functional B cell
defect. Eur. ]. Immunol. 30:2799-2807. https://doi.org/10.1002/1521
-4141(200010)30:10<2799::AID-IMMU279953.0.CO;2-2.

Miyawaki, S., Y. Nakamura, H. Suzuka, M. Koba, R. Yasumizu, S. Ike-
hara, and Y. Shibata. 1994. A new mutation, aly, that induces a gener-
alized lack of lymph nodes accompanied by immunodeficiency in mice.
Eur. J. Immunol. 24:429-434. https://doi.org/10.1002/€ji.1830240224
Koike, R., T. Nishimura, R. Yasumizu, H. Tanaka, Y. Hataba, Y. Hataba,
T. Watanabe, S. Miyawaki, and M. Miyasaka. 1996. The splenic marginal
zone is absent in alymphoplastic aly mutant mice. Eur. J. Inmunol. 26:
669-675. https://doi.org/10.1002/¢ji.1830260324

Koike, R., T. Watanabe, H. Satoh, C.S. Hee, K. Kitada, T. Kuramoto, T.
Serikawa, S. Miyawaki, and M. Miyasaka. 1997. Analysis of expression
of lymphocyte homing-related adhesion molecules in ALY mice defi-
cient in lymph nodes and Peyer’s patches. Cell. Immunol. 180:62-69.
https://doi.org/10.1006/cimm.1997.1177

Filipe-Santos, O., . Bustamante, M.H. Haverkamp, E. Vinolo, C.-L. Ku,
A. Puel, D.M. Frucht, K. Christel, H. von Bernuth, E. Jouanguy, et al.
2006. X-linked susceptibility to mycobacteria is caused by mutations in
NEMO impairing CD40-dependent IL-12 production. J. Exp. Med. 203:
1745-1759. https://doi.org/10.1084/jem.20060085

Lévy, R., D. Langlais, V. Béziat, F. Rapaport, G. Rao, T. Lazarov, M.
Bourgey, Y.J. Zhou, C. Briand, K. Moriya, et al. 2021. Inherited human
c-Rel deficiency disrupts myeloid and lymphoid immunity to multiple

Le Voyer et al.

Human inborn errors of the alternative NF-«B pathway

39.

40.

41.

—_

42.

43.

44.

45.

46.

47.

48.

49.

50.

5

—

52.

53.

54.

55.

infectious agents. J. Clin. Invest. 131:e150143. https://doi.org/10.1172/
JCI150143

Shen, H., Y. Ji, Y. Xiong, H. Kim, X. Zhong, M.G. Jin, Y.M. Shah, M.B.
Omary, Y. Liu, L. Qi, and L. Rui. 2019. Medullary thymic epithelial NF-
kB-inducing kinase (NIK)/IKKa pathway shapes autoimmunity and
liver and lung homeostasis in mice. Proc. Natl. Acad. Sci. USA. 116:
19090-19097. https://doi.org/10.1073/pnas.1901056116

Kajiura, F., S. Sun, T. Nomura, K. Izumi, T. Ueno, Y. Bando, N. Kuroda, H.
Han, Y. Li, A. Matsushima, et al. 2004. NF-kappa B-inducing kinase es-
tablishes self-tolerance in a thymic stroma-dependent manner. J. Immunol.
172:2067-2075. https://doi.org/10.4049/jimmunol.172.4.2067

Shen, H., L. Sheng, Y. Xiong, Y.-H. Kim, L. Jiang, Z. Chen, Y. Liu, K.
Pyaram, C.-H. Chang, and L. Rui. 2017. Thymic NF-kB-inducing kinase
regulates CD4* T cell-elicited liver injury and fibrosis in mice. J. Hepatol.
67:100-109. https://doi.org/10.1016/j.jhep.2017.02.025

Yin, L., L. Wu, H. Wesche, C.D. Arthur, .M. White, D.V. Goeddel, and
R.D. Schreiber. 2001. Defective lymphotoxin-beta receptor-induced NF-
kappaB transcriptional activity in NIK-deficient mice. Science. 291:
2162-2165. https://doi.org/10.1126/science.1058453

Shinkura, R., K. Kitada, F. Matsuda, K. Tashiro, K. Ikuta, M. Suzuki, K.
Kogishi, T. Serikawa, and T. Honjo. 1999. Alymphoplasia is caused by a
point mutation in the mouse gene encoding Nf-kappa b-inducing ki-
nase. Nat. Genet. 22:74-77. https://doi.org/10.1038/8780

Casanova, J.-L., and M.S. Anderson. 2023. Unlocking life-threatening
COVID-19 through two types of inborn errors of type I IFNs. J. Clin. In-
vest. 133:€166283. https://doi.org/10.1172/JCI166283

Picard, C., J.-L. Casanova, and A. Puel. 2011. Infectious diseases in pa-
tients with IRAK-4, MyD88, NEMO, or IxBa deficiency. Clin. Microbiol.
Rev. 24:490-497. https://doi.org/10.1128/CMR.00001-11

Lee, W.-I, T.R. Torgerson, M.J. Schumacher, L. Yel, Q. Zhu, and H.D.
Ochs. 2005. Molecular analysis of a large cohort of patients with the
hyper immunoglobulin M (IgM) syndrome. Blood. 105:1881-1890.
https://doi.org/10.1182/blood-2003-12-4420

Momenilandi, M., R. Lévy, S. Sobrino, J. Li, C. Lagresle-Peyrou, H. Es-
maeilzadeh, A. Fayand, C. Le Floc’h, A. Guérin, E. Della Mina, et al. 2024.
FLT3L governs the development of partially overlapping hematopoietic
lineages in humans and mice. Cell. 187:2817-2837.e31. https://doi.org/10
.1016/j.cell.2024.04.009

Ouederni, M., Q.B. Vincent, P. Frange, F. Touzot, S. Scerra, M. Bejaoui,
A. Bousfiha, Y. Levy, B. Lisowska-Grospierre, D. Canioni, et al. 2011.
Major histocompatibility complex class II expression deficiency caused
by a RFXANK founder mutation: A survey of 35 patients. Blood. 118:
5108-5118. https://doi.org/10.1182/blood-2011-05-352716

Yamada, T., T. Mitani, K. Yorita, D. Uchida, A. Matsushima, K. Iwamasa,
S. Fujita, and M. Matsumoto. 2000. Abnormal immune function of
hemopoietic cells from alymphoplasia (aly) mice, a natural strain with
mutant NF-kappa B-inducing kinase. J. Immunol. 165:804-812. https://
doi.org/10.4049/jimmunol.165.2.804

Garceau, N., Y. Kosaka, S. Masters, J. Hambor, R. Shinkura, T. Honjo,
and R.J. Noelle. 2000. Lineage-restricted function of nuclear factor
kappaB-inducing kinase (NIK) in transducing signals via CD40. J. Exp.
Med. 191:381-386. https://doi.org/10.1084/jem.191.2.381

. Sanchez-Valdepefias, C., A.G. Martin, P. Ramakrishnan, D. Wallach, and

M. Fresno. 2006. NF-kappaB-inducing kinase is involved in the acti-
vation of the CD28 responsive element through phosphorylation of c-Rel
and regulation of its transactivating activity. J. Immunol. Baltim Md. 176:
4666-4674. https://doi.org/10.4049/jimmunol.176.8.4666

Hu, Y., V. Baud, M. Delhase, P. Zhang, T. Deerinck, M. Ellisman, R.
Johnson, and M. Karin. 1999. Abnormal morphogenesis but intact IKK
activation in mice lacking the IKKalpha subunit of lkappaB kinase.
Science. 284:316-320. https://doi.org/10.1126/science.284.5412.316
Takeda, K., O. Takeuchi, T. Tsujimura, S. Itami, O. Adachi, T. Kawai, H.
Sanjo, K. Yoshikawa, N. Terada, and S. Akira. 1999. Limb and skin ab-
normalities in mice lacking IKKalpha. Science. 284:313-316. https://doi
.org/10.1126/science.284.5412.313

Cildir, G., U. Aba, D. Pehlivan, D. Tvorogov, N.I. Warnock, C. Ipsir, E.
Arik, C.H. Kok, C. Bozkurt, S. Tekeoglu, et al. 2024. Defective kinase
activity of IKKa leads to combined immunodeficiency and disruption of
immune tolerance in humans. Nat. Commun. 15:9944. https://doi.org/10
.1038/541467-024-54345-4

Bainter, W., V. Lougaris, ].G. Wallace, Y. Badran, R. Hoyos-Bachiloglu, Z.
Peters, H. Wilkie, M. Das, E. Janssen, A. Beano, et al. 2021. Combined
immunodeficiency with autoimmunity caused by a homozygous mis-
sense mutation in inhibitor of nuclear factor kB kinase alpha (IKKa). Sci.
Immunol. 6:eabf6723. https://doi.org/10.1126/sciimmunol.abf6723

Journal of Human Immunity
https://doi.org/10.70962/jhi.20250104

920z Atenuged 0| uo 3senb Aq 4pd-y0106202 Ul/Zr6£56L/701052028/ L/Z/Pd-8lone/yl/Bio sseidny/:dny woy papeojumoq

14 of 17


https://doi.org/10.1073/pnas.1408552111
https://doi.org/10.1126/scisignal.aad9413
https://doi.org/10.1038/ncomms6360
https://doi.org/10.1056/NEJMoa0911698
https://doi.org/10.1073/pnas.2321794121
https://doi.org/10.1038/s41586-023-06717-x
https://doi.org/10.1038/s41586-023-06717-x
https://doi.org/10.1016/j.immuni.2010.08.014
https://doi.org/10.1016/j.immuni.2010.08.014
https://doi.org/10.1126/sciimmunol.abn3800
https://doi.org/10.1126/sciimmunol.abn3800
https://doi.org/10.70962/jhi.20250001
https://doi.org/10.3389/fimmu.2017.01624
https://doi.org/10.3389/fimmu.2017.01624
https://doi.org/10.1016/j.jaci.2018.11.003
https://doi.org/10.1016/j.jaci.2018.11.003
https://doi.org/10.1002/1521-4141(200010)30:10%3c2799::AID-IMMU2799%3e3.0.CO;2-2
https://doi.org/10.1002/1521-4141(200010)30:10%3c2799::AID-IMMU2799%3e3.0.CO;2-2
https://doi.org/10.1002/eji.1830240224
https://doi.org/10.1002/eji.1830260324
https://doi.org/10.1006/cimm.1997.1177
https://doi.org/10.1084/jem.20060085
https://doi.org/10.1172/JCI150143
https://doi.org/10.1172/JCI150143
https://doi.org/10.1073/pnas.1901056116
https://doi.org/10.4049/jimmunol.172.4.2067
https://doi.org/10.1016/j.jhep.2017.02.025
https://doi.org/10.1126/science.1058453
https://doi.org/10.1038/8780
https://doi.org/10.1172/JCI166283
https://doi.org/10.1128/CMR.00001-11
https://doi.org/10.1182/blood-2003-12-4420
https://doi.org/10.1016/j.cell.2024.04.009
https://doi.org/10.1016/j.cell.2024.04.009
https://doi.org/10.1182/blood-2011-05-352716
https://doi.org/10.4049/jimmunol.165.2.804
https://doi.org/10.4049/jimmunol.165.2.804
https://doi.org/10.1084/jem.191.2.381
https://doi.org/10.4049/jimmunol.176.8.4666
https://doi.org/10.1126/science.284.5412.316
https://doi.org/10.1126/science.284.5412.313
https://doi.org/10.1126/science.284.5412.313
https://doi.org/10.1038/s41467-024-54345-4
https://doi.org/10.1038/s41467-024-54345-4
https://doi.org/10.1126/sciimmunol.abf6723

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

—

Leslie, EJ., J. O’'Sullivan, M.L. Cunningham, A. Singh, S.L. Goudy, F.
Ababneh, L. Alsubaie, G.-S. Ch’'ng, .M.B.H. van der Laar, A.J.M. Hoo-
geboom, et al. 2015. Expanding the genetic and phenotypic spectrum of
popliteal pterygium disorders. Am. J. Med. Genet. A. 167A:545-552.
https://doi.org/10.1002/ajmg.a.36896

Riller, Q., B. Sorin, C. Courteille, D. Ho-Nhat, T. Le Voyer, ].-C. Debray,
M.-C. Stolzenberg, M. Schmutz, O. Pell¢, T. Becquard, et al. 2025. Mu-
tations disrupting the kinase domain of IKKa lead to immunodeficiency
and immune dysregulation in humans. J. Exp. Med. 222:e20240843.
https://doi.org/10.1084/jem.20240843

Khandelwal, K.D., C.W. Ockeloen, H. Venselaar, C. Boulanger, B. Bri-
chard, E. Sokal, R. Pfundt, T. Rinne, E. van Beusekom, M. Bloemen, et al.
2017. Identification of a de novo variant in CHUK in a patient with an
EEC/AEC syndrome-like phenotype and hypogammaglobulinemia. Am.
J. Med. Genet. A. 173:1813-1820. https://doi.org/10.1002/ajmg.a.38274
Cadieux-Dion, M., N.P. Safina, K. Engleman, C. Saunders, E. Repnikova,
N. Raje, K. Canty, E. Farrow, N. Miller, L. Zellmer, and I. Thiffault. 2018.
Novel heterozygous pathogenic variants in CHUK in a patient with AEC-
like phenotype, immune deficiencies and 1q21.1 microdeletion syn-
drome: A case report. BVIC Med. Genet. 19:41. https://doi.org/10.1186/
512881-018-0556-2

Ovadia, A., Y. Dinur Schejter, E. Grunebaum, V.H.-D. Kim, B. Reid, T.
Schechter, E. Pope, and C.M. Roifman. 2017. Hematopoietic stem cell
transplantation for RelB deficiency. J. Allergy Clin. Immunol. 140:
1199-1201.e3. https://doi.org/10.1016/j.jaci.2017.05.007

Ding, X., H. Huang, L. Zhong, M. Chen, F. Peng, B. Zhang, X. Cui, and X.-
A. Yang. 2021. Disseminated Talaromyces marneffei infection in a non-
HIV infant with a homozygous private variant of RELB. Front. Cell. Infect.
Microbiol. 11:605589. https://doi.org/10.3389/fcimb.2021.605589
Sharfe, N., I. Dalal, Z. Naghdi, D. Lefaudeux, L. Vong, H. Dadi, H. Nav-
arro, D. Tasher, A. Ovadia, T. Zangen, et al. 2023. NF«B pathway dys-
regulation due to reduced RelB expression leads to severe autoimmune
disorders and declining immunity. J. Autoimmun. 137:102946. https://
doi.org/10.1016/j.jaut.2022.102946

Merico, D., N. Sharfe, P. Hu, J.-A. Herbrick, and C.M. Roifman. 2015.
RelB deficiency causes combined immunodeficiency. LymphoSign J. 2:
147-155. https://doi.org/10.14785/lpsn-2015-0005

Sharfe, N., D. Merico, A. Karanxha, C. Macdonald, H. Dadi, B. Ngan, J.-A.
Herbrick, and C.M. Roifman. 2015. The effects of RelB deficiency on
lymphocyte development and function. J. Autoimmun. 65:90-100.
https://doi.org/10.1016/j.jaut.2015.09.001

Weih, F., D. Carrasco, S.K. Durham, D.S. Barton, C.A. Rizzo, R.-P. Ry-
seck, S.A. Lira, and R. Bravo. 1995. Multiorgan inflammation and he-
matopoietic 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

Chen, K., E.M. Coonrod, A. Kumanovics, Z.F. Franks, ].D. Durtschi, R.L.
Margraf, W. Wu, N.M. Heikal, N.H. Augustine, P.G. Ridge, et al. 2013.
Germline mutations in NFKB2 implicate the noncanonical NF-«B
pathway in the pathogenesis of common variable immunodeficiency.
Am. J. Hum. Genet. 93:812-824. https://doi.org/10.1016/j.ajhg.2013.09
.009

Fathi, N., M. Nirouei, Z. Salimian Rizi, S. Fekrvand, H. Abolhassani, F.
Salami, A.H.M.E. Ketabforoush, G. Azizi, A. Saghazadeh, M. Esmaeili,
et al. 2024. Clinical, immunological, and genetic features in patients
with NFKBI1 and NFKB2 mutations: A systematic review. J. Clin. Im-
munol. 44:160. https://doi.org/10.1007/s10875-024-01763-0

Meissner, J., M. Fliegauf, B. Grimbacher, and C. Klemann. 2025. Type-
specific impacts of protein defects in pathogenic NFKB2 variants: Novel
clinical findings from 138 patients. J. Allergy Clin. Immunol. Pract. 13:
192-201. https://doi.org/10.1016/j.jaip.2024.10.015

Klemann, C., N. Camacho-Ordonez, L. Yang, Z. Eskandarian, ].L. Rojas-
Restrepo, N. Frede, A. Bulashevska, M. Heeg, M.S. Al-Ddafari, ]. Premm,
et al. 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
Brue, T., M.-H. Quentien, K. Khetchoumian, M. Bensa, J.-M. Capo-
Chichi, B. Delemer, A. Balsalobre, C. Nassif, D.T. Papadimitriou, A.
Pagnier, et al. 2014. Mutations in NFKB2 and potential genetic hetero-
geneity in patients with DAVID syndrome, having variable endocrine
and immune deficiencies. BMC Med. Genet. 15:139. https://doi.org/10
.1186/512881-014-0139-9

Lougaris, V., D. Moratto, M. Baronio, T. Lorenzini, S. Rossi, L. Gazzur-
elli, M.P. Bondioni, and A. Plebani. 2019. Early B cell developmental
impairment with progressive B cell deficiency in NFKB2 mutated CVID

Le Voyer et al.

Human inborn errors of the alternative NF-«B pathway

72.

73.

74.

75.

76.

77.

78.

79.

80.

8l

—_

82.

83.

84.

85.

86.

8

~

disease without autoimmunity. Clin. Immunol. 205:153-155. https://doi
.org/10.1016/j.clim.2018.11.014

Nogueira, M., M. Pinheiro, R. Maia, R.S. Silva, C. Costa, T. Campos, M.
Ledo, A.B. Vitor, C. Castro-Correia, and M. Fontoura. 2020. Sympto-
matic hypoglycemia in a child with common variable immunodefi-
ciency: Deficient anterior pituitary with variable immune deficiency
(DAVID) syndrome. Clin. Pediatr. Endocrinol. 29:111-113. https://doi.org/
10.1297/cpe.29.111

Nagai, M., Y. Imai, and K. Yamanishi. 2019. Psoriasiform dermatitis
associated with common variable immunodeficiency 10 due to an
Arg853* mutation in the NFKB2 gene. J. Dermatol. 46:e24-e26. https://
doi.org/10.1111/1346-8138.14524

Blokhuis, C., T.R. Leahy, A.D. Irvine, F. Browne, and A.M. Flinn. 2025.
Baricitinib-induced remission of alopecia universalis in a child with
NFKB2-associated immune dysregulation. J. Clin. Immunol. 45:62.
https://doi.org/10.1007/s10875-024-01852-0

Quentien, M.-H., B. Delemer, D.T. Papadimitriou, P.-F. Souchon, R.
Jaussaud, A. Pagnier, M. Munzer, N. Jullien, R. Reynaud, N. Galon-
Faure, et al. 2012. Deficit in anterior pituitary function and variable
immune deficiency (DAVID) in children presenting with adrenocorti-
cotropin deficiency and severe infections. J. Clin. Endocrinol. Metab. 97:
E121-E128. https://doi.org/10.1210/jc.2011-0407

Baran, A., A. Atilgan Lillecioglu, L. Gao, Y.Y. Yazici, F. Demirel, A. Metin,
J.-L. Casanova, A. Puel, T.L. Voyer, S. Beyaz, and S. Belkaya. 2024. A
novel heterozygous NFKB2 variant in a multiplex family with common
variable immune deficiency and autoantibodies against type I IFNs.
J. Clin. Immunol. 45:48. https://doi.org/10.1007/510875-024-01843-1

De Leo, P., L. Gazzurelli, M. Baronio, D. Montin, S. Di Cesare, C. Gian-
cotta, F. Licciardi, C. Cancrini, A. Aiuti, A. Plebani, et al. 2020. NFKB2
regulates human Tth and Tfr pool formation and germinal center po-
tential. Clin. Immunol. 210:108309. https://doi.org/10.1016/j.clim.2019
.108309

Kuehn, H.S., A. Bernasconi, J.E. Niemela, M.B. Almejun, W.A.F. Gallego,
S. Goel, ].L. Stoddard, R.G.P. Sanchez, C.A.A. Franco, M. Oleastro, et al.
2020. A nonsense N -terminus NFKB2 mutation leading to hap-
loinsufficiency in a patient with a predominantly antibody deficiency.
J. Clin. Immunol. 40:1093-1101. https://doi.org/10.1007/510875-020
-00842-2

Nagata, T., K. Nakagawa, F. Tsurumi, K. Watanabe, T. Endo, and A. Hata.
2024. A case of novel NFKB2 variant with hypertensive emergency and
nephrotic syndrome leading to CKD 5D. Pediatr. Nephrol. 39:2637-2640.
https://doi.org/10.1007/s00467-024-06334-4

Derudder, E., A. Laferté, V. Ferreira, Z. Mishal, V. Baud, N. Tarantino,
and M. Kérner. 2003. Identification and characterization of pl0OHB, a
new mutant form of p100/NF-kB2. Biochem. Biophys. Res. Commun. 308:
744-749. https://doi.org/10.1016/s0006-291x(03)01474-8

Kuehn, H.S., ].E. Niemela, K. Sreedhara, ].L. Stoddard, J. Grossman, C.A.
Wysocki, M.T. de la Morena, M. Garofalo, J. Inlora, M.P. Snyder, et al.
2017. Novel nonsense gain-of-function NFKB2 mutations associated
with a combined immunodeficiency phenotype. Blood. 130:1553-1564.
https://doi.org/10.1182/blood-2017-05-782177

Tuijnenburg, P., H. Lango Allen, G.J. de Bree, S. Savic, M.H. Jansen, C.
Stockdale, I. Simeoni, I.J.M. Ten Berge, E.M.M. van Leeuwen, NIHR
BioResource, et al. 2019. Pathogenic NFKB2 variant in the ankyrin re-
peat domain (R635X) causes a variable antibody deficiency. Clin. Im-
munol. 203:23-27. https://doi.org/10.1016/j.clim.2019.03.010
Kotlinowski, J., K. Bukowska-Strakova, A. Koppolu, ]. Kosinska, N. Py-
dyn, P. Stawinski, M. Wilamowski, W. Nowak, A. J6zkowicz, J. Baran,
et al. 2019. A novel monoallelic nonsense mutation in the NFKB2 gene
does not cause a clinical manifestation. Front. Genet. 10:140. https://doi
.org/10.3389/fgene.2019.00140

Rezaei, A., P. Shirmast, and M.H. Eslamian. 2019. NFKB2 mutation in a
patient with lymphopenia and extreme cold sensitivity (a case report).
Immunol. Genet. J. 2:207-212

Sundaram, K., M. Ferro, Inborn Errors of Immunity Functional Diag-
nostics Consortium, G. Hayman, and M.A.A. Ibrahim. 2023. Novel
NFKB2 pathogenic variants in two unrelated patients with common
variable immunodeficiency. J. Clin. Immunol. 43:1159-1164. https://doi
.org/10.1007/s10875-023-01491-x

Liu, Y., S. Hanson, P. Gurugama, A. Jones, B. Clark, and M.A.A. Ibrahim.
2014. Novel NFKB2 mutation in early-onset CVID. J. Clin. Immunol. 34:
686-690. https://doi.org/10.1007/s10875-014-0064-x

. Zhang, S.-Y., and J.-L. Casanova. 2024. Genetic defects of brain immu-

nity in childhood herpes simplex encephalitis. Nature. 635:563-573.
https://doi.org/10.1038/s41586-024-08119-z

Journal of Human Immunity
https://doi.org/10.70962/jhi.20250104

920z Atenuged 0| uo 3senb Aq 4pd-y0106202 Ul/Zr6£56L/701052028/ L/Z/Pd-8lone/yl/Bio sseidny/:dny woy papeojumoq

15 of 17


https://doi.org/10.1002/ajmg.a.36896
https://doi.org/10.1084/jem.20240843
https://doi.org/10.1002/ajmg.a.38274
https://doi.org/10.1186/s12881-018-0556-2
https://doi.org/10.1186/s12881-018-0556-2
https://doi.org/10.1016/j.jaci.2017.05.007
https://doi.org/10.3389/fcimb.2021.605589
https://doi.org/10.1016/j.jaut.2022.102946
https://doi.org/10.1016/j.jaut.2022.102946
https://doi.org/10.14785/lpsn-2015-0005
https://doi.org/10.1016/j.jaut.2015.09.001
https://doi.org/10.1016/0092-8674(95)90416-6
https://doi.org/10.1016/0092-8674(95)90416-6
https://doi.org/10.1016/j.ajhg.2013.09.009
https://doi.org/10.1016/j.ajhg.2013.09.009
https://doi.org/10.1007/s10875-024-01763-0
https://doi.org/10.1016/j.jaip.2024.10.015
https://doi.org/10.3389/fimmu.2019.00297
https://doi.org/10.1186/s12881-014-0139-9
https://doi.org/10.1186/s12881-014-0139-9
https://doi.org/10.1016/j.clim.2018.11.014
https://doi.org/10.1016/j.clim.2018.11.014
https://doi.org/10.1297/cpe.29.111
https://doi.org/10.1297/cpe.29.111
https://doi.org/10.1111/1346-8138.14524
https://doi.org/10.1111/1346-8138.14524
https://doi.org/10.1007/s10875-024-01852-0
https://doi.org/10.1210/jc.2011-0407
https://doi.org/10.1007/s10875-024-01843-1
https://doi.org/10.1016/j.clim.2019.108309
https://doi.org/10.1016/j.clim.2019.108309
https://doi.org/10.1007/s10875-020-00842-2
https://doi.org/10.1007/s10875-020-00842-2
https://doi.org/10.1007/s00467-024-06334-4
https://doi.org/10.1016/s0006-291x(03)01474-8
https://doi.org/10.1182/blood-2017-05-782177
https://doi.org/10.1016/j.clim.2019.03.010
https://doi.org/10.3389/fgene.2019.00140
https://doi.org/10.3389/fgene.2019.00140
https://doi.org/10.1007/s10875-023-01491-x
https://doi.org/10.1007/s10875-023-01491-x
https://doi.org/10.1007/s10875-014-0064-x
https://doi.org/10.1038/s41586-024-08119-z

88.

89.

90.

9

—

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

—_

102.

103.

104.

Urban, B., L. Batlle-Mas§, J. Perurena-Prieto, M. Garcia-Prat, A. Parra-
Martinez, A. Aguilé-Cucurull, et al. 2025. Heterozygous predicted loss-
of-function variants of TRAF3 in patients with common variable im-
munodeficiency. J. Clin. Immunol. 45:1-10.

Xie, P., J. Poovassery, L.L. Stunz, S.M. Smith, M.L. Schultz, L.E. Carlin,
and G.A. Bishop. 2011. Enhanced Toll-like receptor (TLR) responses of
TNFR-associated factor 3 (TRAF3)-deficient B lymphocytes. J. Leukoc.
Biol. 90:1149-1157. https://doi.org/10.1189/jlb.0111044

Mihalcik, S.A., P.M. Huddleston, X. Wu, and D.F. Jelinek. 2010. The
structure of the TNFRSF13C promoter enables differential expression of
BAFF-R during B cell ontogeny and terminal differentiation. J. Immunol.
Baltim Md. 185:1045-1054. https://doi.org/10.4049/jimmunol.1001120

. Mackay, F., P. Schneider, P. Rennert, and J. Browning. 2003. Baff AND

APRIL: A tutorial on B cell survival. Annu. Rev. Immunol. 21:231-264.
https://doi.org/10.1146/annurev.immunol.21.120601.141152

Warnatz, K., U. Salzer, M. Rizzi, B. Fischer, S. Gutenberger, J. Bohm,
A.-K. Kienzler, Q. Pan-Hammarstrém, L. Hammarstrom, M. Rakh-
manov, et al. 2009. B-cell activating factor receptor deficiency is
associated with an adult-onset antibody deficiency syndrome in
humans. Proc. Natl. Acad. Sci. USA. 106:13945-13950. https://doi.org/
10.1073/pnas.0903543106

Etzioni, A., and H.D. Ochs. 2004. The hyper IgM syndrome-an evolving
story. Pediatr. Res. 56:519-525. https://doi.org/10.1203/01.PDR
.0000139318.65842.4A

Coope, H.J., P.G.P. Atkinson, B. Huhse, M. Belich, J. Janzen, M.J. Holman,
G.G.B. Klaus, L.H. Johnston, and S.C. Ley. 2002. CD40 regulates the
processing of NF-kappaB2 pl00 to p52. EMBO J. 21:5375-5385. https://
doi.org/10.1093/emboj/cdf542

Aruffo, A., M. Farrington, D. Hollenbaugh, X. Li, A. Milatovich, S.
Nonoyama, J. Bajorath, L.S. Grosmaire, R. Stenkamp, and M. Neubauer.
1993. The CD40 ligand, gp39, is defective in activated T cells from pa-
tients with X-linked hyper-IgM syndrome. Cell. 72:291-300. https://doi
.0rg/10.1016/0092-8674(93)90668-g

Allen, R.C., RJ. Armitage, M.E. Conley, H. Rosenblatt, N.A. Jenkins, N.G.
Copeland, M.A. Bedell, S. Edelhoff, C.M. Disteche, and D.K. Simoneaux.
1993. CD40 ligand gene defects responsible for X-linked hyper-IgM
syndrome. Science. 259:990-993.  https://doi.org/10.1126/science
7679801

Du, X., W. Tang, X. Chen, T. Zeng, Y. Wang, Z. Chen, T. Xu, L. Zhou, X.
Tang, Y. An, and X. Zhao. 2019. Clinical, genetic and immunological
characteristics of 40 Chinese patients with CD40 ligand deficiency.
Scand. J. Immunol. 90:€12798. https://doi.org/10.1111/sji.12798

Ferrari, S., S. Giliani, A. Insalaco, A. Al-Ghonaium, A.R. Soresina, M.
Loubser, M.A. Avanzini, M. Marconi, R. Badolato, A.G. Ugazio, et al.
2001. Mutations of CD40 gene cause an autosomal recessive form of
immunodeficiency with hyper IgM. Proc. Natl. Acad. Sci. USA. 98:
12614-12619. https://doi.org/10.1073/pnas.221456898

Banday, A.Z., R. Nisar, P.K. Patra, A. Kaur, R. Sadanand, C. Chaudhry,
S.T.A. Bukhari, S.Z. Banday, D. Bhattarai, and L.D. Notarangelo. 2023.
Clinical and immunological features, genetic variants, and outcomes of
patients with CD40 deficiency. J. Clin. Immunol. 44:17. https://doi.org/10
.1007/510875-023-01633-1

Ransmayr, B., S.K. Bal, M. Thian, M. Svaton, C. van de Wetering, C.
Hafemeister, A. Segarra-Roca, J. Block, A. Frohne, A. Krolo, et al. 2024.
LTPR deficiency causes lymph node aplasia and impaired B cell differ-
entiation. Sci. Immunol. 9:eadq8796. https://doi.org/10.1126/sciimmunol
.adq8796

Dejardin, E. 2006. The alternative NF-kappaB pathway from biochem-
istry to biology: Pitfalls and promises for future drug development.
Biochem. Pharmacol. 72:1161-1179. https://doi.org/10.1016/j.bcp.2006.08
.007

Dejardin, E., N.M. Droin, M. Delhase, E. Haas, Y. Cao, C. Makris, Z.-W.
Li, M. Karin, C.F. Ware, and D.R. Green. 2002. The lymphotoxin-beta
receptor induces different patterns of gene expression via two NF-
kappaB pathways. Immunity. 17:525-535. https://doi.org/10.1016/s1074
-7613(02)00423-5

Rossi, S.W., M.-Y. Kim, A. Leibbrandt, S.M. Parnell, W.E. Jenkinson,
S.H. Glanville, F.M. McConnell, H.S. Scott, ].M. Penninger, E.J. Jenkin-
son, et al. 2007. RANK signals from CD4(+)3(-) inducer cells regulate
development of Aire-expressing epithelial cells in the thymic medulla.
J. Exp. Med. 204:1267-1272. https://doi.org/10.1084/jem.20062497
Boehm, T., S. Scheu, K. Pfeffer, and C.C. Bleul. 2003. Thymic medullary
epithelial cell differentiation, thymocyte emigration, and the control of
autoimmunity require lympho-epithelial cross talk via LTbetaR. J. Exp.
Med. 198:757-769. https://doi.org/10.1084/jem.20030794

Le Voyer et al.

Human inborn errors of the alternative NF-«B pathway

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

Sobacchi, C., A. Frattini, M.M. Guerrini, M. Abinun, A. Pangrazio, L.
Susani, R. Bredius, G. Mancini, A. Cant, N. Bishop, et al. 2007.
Osteoclast-poor human osteopetrosis due to mutations in the gene en-
coding RANKL. Nat. Genet. 39:960-962. https://doi.org/10.1038/ng2076
Lo, LN., A. Pangrazio, M. Abinun, R. Bredius, M. Zecca, H.C. Blair, P.
Vezzoni, A. Villa, and C. Sobacchi. 2013. RANKL cytokine: From pioneer
of the osteoimmunology Era to cure for a rare disease. Clin. Dev. Im-
munol. 2013:412768. https://doi.org/10.1155/2013/412768

Guerrini, M.M., C. Sobacchi, B. Cassani, M. Abinun, S.S. Kilic, A. Pan-
grazio, D. Moratto, E. Mazzolari, J. Clayton-Smith, P. Orchard, et al.
2008. Human osteoclast-poor osteopetrosis with hypogammaglobulin-
emia due to TNFRSF11A (RANK) mutations. Am. J. Hum. Genet. 83:64-76.
https://doi.org/10.1016/j.ajhg.2008.06.015

Kaisho, T., K. Takeda, T. Tsujimura, T. Kawai, F. Nomura, N. Terada, and
S. Akira. 2001. IkappaB kinase alpha is essential for mature B cell de-
velopment and function. J. Exp. Med. 193:417-426. https://doi.org/10
.1084/jem.193.4.417

Franzoso, G., L. Carlson, L. Poljak, E.W. Shores, S. Epstein, A. Leonardi, A.
Grinberg, T. Tran, T. Scharton-Kersten, M. Anver, et al. 1998. Mice defi-
cient in nuclear factor (NF)-kappa B/p52 present with defects in humoral
responses, germinal center reactions, and splenic microarchitecture.
J. Exp. Med. 187:147-159. https://doi.org/10.1084/jem.187.2.147
Schiemann, B., J.L. Gommerman, K. Vora, T.G. Cachero, S. Shulga-
Morskaya, M. Dobles, E. Frew, and M.L. Scott. 2001. An essential role for
BAFF in the normal development of B cells through a BCMA-
independent pathway. Science. 293:2111-2114. https://doi.org/10.1126/
science.1061964

Thompson, ].S., S.A. Bixler, F. Qian, K. Vora, M.L. Scott, T.G. Cachero, C.
Hession, P. Schneider, 1.D. Sizing, C. Mullen, et al. 2001. BAFF-R, a
newly identified TNF receptor that specifically interacts with BAFF.
Science. 293:2108-2111. https://doi.org/10.1126/science.1061965
Caamafio, J.H., C.A. Rizzo, S.K. Durham, D.S. Barton, C. Raventés-
Suérez, C.M. Snapper, and R. Bravo. 1998. Nuclear factor (NF)-«xB2
(p100/p52) is required for normal splenic microarchitecture and B cell-
mediated immune responses. J. Exp. Med. 187:185-196. https://doi.org/
10.1084/jem.187.2.185

Kinoshita, D., F. Hirota, T. Kaisho, M. Kasai, K. Izumi, Y. Bando, Y.
Mouri, A. Matsushima, S. Niki, H. Han, et al. 2006. Essential role of
IkappaB kinase alpha in thymic organogenesis required for the estab-
lishment of self-tolerance. J. Immunol. 176:3995-4002. https://doi.org/
10.4049/jimmunol.176.7.3995

Wirasinha, R.C., A.R. Davies, M. Srivastava, ].M. Sheridan, X.Y.X. Sng,
O.M. Delmonte, K. Dobbs, K.L. Loh, L.A. Miosge, C.E. Lee, et al. 2021.
Nfkb2 variants reveal a p100-degradation threshold that defines auto-
immune susceptibility. J. Exp. Med. 218:e20200476. https://doi.org/10
.1084/jem.20200476

Riemann, M., N. Andreas, M. Fedoseeva, E. Meier, D. Weih, H. Freytag,
R. Schmidt-Ullrich, U. Klein, Z.-Q. Wang, and F. Weih. 2017. Central
immune tolerance depends on crosstalk between the classical and al-
ternative NF-«B pathways in medullary thymic epithelial cells.
J. Autoimmun. 81:56-67. https://doi.org/10.1016/j.jaut.2017.03.007
Sasaki, Y., D.P. Calado, E. Derudder, B. Zhang, Y. Shimizu, F. Mackay, S.-
I. Nishikawa, K. Rajewsky, and M. Schmidt-Supprian. 2008. NIK
overexpression amplifies, whereas ablation of its TRAF3-binding do-
main replaces BAFF:BAFF-R-mediated survival signals in B cells. Proc.
Natl. Acad. Sci. USA. 105:10883-10888. https://doi.org/10.1073/pnas
.0805186105

Xie, P., L.L. Stunz, K.D. Larison, B. Yang, and G.A. Bishop. 2007. Tumor
necrosis factor receptor-associated factor 3 is a critical regulator of B cell
homeostasis in secondary lymphoid organs. Immunity. 27:253-267.
https://doi.org/10.1016/j.immuni.2007.07.012

Sasaki, Y., E. Derudder, E. Hobeika, R. Pelanda, M. Reth, K. Rajewsky,
and M. Schmidt-Supprian. 2006. Canonical NF-kappaB activity, dis-
pensable for B cell development, replaces BAFF-receptor signals and
promotes B cell proliferation upon activation. Immunity. 24:729-739.
https://doi.org/10.1016/j.immuni.2006.04.005

Mackay, F., S.A. Woodcock, P. Lawton, C. Ambrose, M. Baetscher, P.
Schneider, J. Tschopp, and J.L. Browning. 1999. Mice transgenic for Baff
develop lymphocytic disorders along with autoimmune manifestations.
J. Exp. Med. 190:1697-1710. https://doi.org/10.1084/jem.190.11.1697
Enzler, T., G. Bonizzi, G.J. Silverman, D.C. Otero, G.F. Widhopf, A. An-
zelon-Mills, R.C. Rickert, and M. Karin. 2006. Alternative and classical
NF-kappa B signaling retain autoreactive B cells in the splenic marginal
zone and result in lupus-like disease. Immunity. 25:403-415. https://doi
.org/10.1016/j.immuni.2006.07.010

Journal of Human Immunity
https://doi.org/10.70962/jhi.20250104

920z Atenuged 0| uo 3senb Aq 4pd-y0106202 Ul/Zr6£56L/701052028/ L/Z/Pd-8lone/yl/Bio sseidny/:dny woy papeojumoq

16 of 17


https://doi.org/10.1189/jlb.0111044
https://doi.org/10.4049/jimmunol.1001120
https://doi.org/10.1146/annurev.immunol.21.120601.141152
https://doi.org/10.1073/pnas.0903543106
https://doi.org/10.1073/pnas.0903543106
https://doi.org/10.1203/01.PDR.0000139318.65842.4A
https://doi.org/10.1203/01.PDR.0000139318.65842.4A
https://doi.org/10.1093/emboj/cdf542
https://doi.org/10.1093/emboj/cdf542
https://doi.org/10.1016/0092-8674(93)90668-g
https://doi.org/10.1016/0092-8674(93)90668-g
https://doi.org/10.1126/science.7679801
https://doi.org/10.1126/science.7679801
https://doi.org/10.1111/sji.12798
https://doi.org/10.1073/pnas.221456898
https://doi.org/10.1007/s10875-023-01633-1
https://doi.org/10.1007/s10875-023-01633-1
https://doi.org/10.1126/sciimmunol.adq8796
https://doi.org/10.1126/sciimmunol.adq8796
https://doi.org/10.1016/j.bcp.2006.08.007
https://doi.org/10.1016/j.bcp.2006.08.007
https://doi.org/10.1016/s1074-7613(02)00423-5
https://doi.org/10.1016/s1074-7613(02)00423-5
https://doi.org/10.1084/jem.20062497
https://doi.org/10.1084/jem.20030794
https://doi.org/10.1038/ng2076
https://doi.org/10.1155/2013/412768
https://doi.org/10.1016/j.ajhg.2008.06.015
https://doi.org/10.1084/jem.193.4.417
https://doi.org/10.1084/jem.193.4.417
https://doi.org/10.1084/jem.187.2.147
https://doi.org/10.1126/science.1061964
https://doi.org/10.1126/science.1061964
https://doi.org/10.1126/science.1061965
https://doi.org/10.1084/jem.187.2.185
https://doi.org/10.1084/jem.187.2.185
https://doi.org/10.4049/jimmunol.176.7.3995
https://doi.org/10.4049/jimmunol.176.7.3995
https://doi.org/10.1084/jem.20200476
https://doi.org/10.1084/jem.20200476
https://doi.org/10.1016/j.jaut.2017.03.007
https://doi.org/10.1073/pnas.0805186105
https://doi.org/10.1073/pnas.0805186105
https://doi.org/10.1016/j.immuni.2007.07.012
https://doi.org/10.1016/j.immuni.2006.04.005
https://doi.org/10.1084/jem.190.11.1697
https://doi.org/10.1016/j.immuni.2006.07.010
https://doi.org/10.1016/j.immuni.2006.07.010

12

—

122.

123.

124.

125.

126.

127.

128.

129.

130.

13

—

132.

133.

134.

135.

136.

. Schmid, R.M., N.D. Perkins, C.S. Duckett, P.C. Andrews, and G.]. Nabel.

1991. Cloning of an NF-kappa B subunit which stimulates HIV tran-
scription in synergy with p65. Nature. 352:733-736. https://doi.org/10
.1038/352733a0

Basak, S., H. Kim, ].D. Kearns, V. Tergaonkar, E. O'Dea, S.L. Werner, C.A.
Benedict, C.F. Ware, G. Ghosh, .M. Verma, and A. Hoffmann. 2007. A
fourth IkappaB protein within the NF-kappaB signaling module. Cell.
128:369-381. https://doi.org/10.1016/j.cell.2006.12.033

Poljak, L., L. Carlson, K. Cunningham, M.H. Kosco-Vilbois, and U. Sie-
benlist. 1999. Distinct activities of p52/NF-kappa B required for proper
secondary lymphoid organ microarchitecture: Functions enhanced by
Bcl-3. J. Immunol. 163:6581-6588.

Ishikawa, H., D. Carrasco, E. Claudio, R.-P. Ryseck, and R. Bravo. 1997.
Gastric hyperplasia and increased proliferative responses of lymphocytes
in mice lacking the COOH-terminal ankyrin domain of NF-kappaB2. J. Exp.
Med. 186:999-1014. https://doi.org/10.1084/jem.186.7.999

Tucker, E., K. O'Donnell, M. Fuchsberger, A.A. Hilton, D. Metcalf, K.
Greig, N.A. Sims, J.M. Quinn, W.S. Alexander, D.J. Hilton, et al. 2007. A
novel mutation in the Nfkb2 gene generates an NF-kappa B2 “super
repressor’. J. Immunol. 179:7514-7522. https://doi.org/10.4049/
jimmunol.179.11.7514

Gros, P., and J.-L. Casanova. 2023. Reconciling mouse and human im-
munology at the altar of genetics. Annu. Rev. Immunol. 41:39-71. https://
doi.org/10.1146/annurev-immunol-101721-065201

Karner, J., A. Meager, M. Laan, ]. Maslovskaja, M. Pihlap, A. Remm, E.
Juronen, A.S.B. Wolff, E.S. Husebye, K.T. Podkrajsek, et al. 2013. Anti-
cytokine autoantibodies suggest pathogenetic links with autoimmune
regulator deficiency in humans and mice. Clin. Exp. Immunol. 171:
263-272. https://doi.org/10.1111/cei.12024

Hubert, F.-X., S.A. Kinkel, P.E. Crewther, P.Z.F. Cannon, K.E. Webster,
M. Link, R. Uibo, M.K. O'Bryan, A. Meager, S.P. Forehan, et al. 2009.
Aire-deficient C57BL/6 mice mimicking the common human 13-base
pair deletion mutation present with only a mild autoimmune pheno-
type. J. Immunol. 182:3902-3918. https://doi.org/10.4049/jimmunol
.0802124

Besnard, M., F. Padonou, N. Provin, M. Giraud, and C. Guillonneau.
2021. AIRE deficiency, from preclinical models to human APECED dis-
ease. Dis. Model. Mech. 14:dmm046359. https://doi.org/10.1242/dmm
.046359

Stoljar, A., M. Zarodniuk, R. Bichele, E.H. Armulik, U. Haljasorg, R.
Humeau, M. Besnard, L. Haljasmagi, L. Tserel, M. Peltser, et al. 2025.
Impaired Aire-dependent IFN signaling in the thymus precedes the
protective autoantibodies to IFNa. J. Exp. Med. 222:¢20241403. https://
doi.org/10.1084/jem.20241403

. Mac, T.T., T. Fauquier, N. Jullien, P. Romanet, H. Etchevers, A. Barlier, F.

Castinetti, and T. Brue. 2024. Modeling corticotroph deficiency with
pituitary organoids supports the functional role of NFKB2 in human
pituitary differentiation. Elife. 12:RP90875. https://doi.org/10.7554/
eLife.90875

Lim, S., G.J.F. van Son, N.L.W.E. Yanti, A. Andersson-Rolf, S. Willemsen,
J. Korving, H.G. Lee, H. Begthel, and H. Clevers. 2024. Derivation of
functional thymic epithelial organoid lines from adult murine thymus.
Cell Rep. 43:114019. https://doi.org/10.1016/j.celrep.2024.114019
Ragazzini, R., S. Boeing, L. Zanieri, M. Green, G. D’Agostino, K. Barto-
lovic, A. Agua-Doce, M. Greco, S.A. Watson, A. Batsivari, et al. 2023.
Defining the identity and the niches of epithelial stem cells with highly
pleiotropic multilineage potency in the human thymus. Dev. Cell. 58:
2428-2446.€9. https://doi.org/10.1016/j.devcel.2023.08.017

Li, M.Y., L.C. Chong, G. Duns, A. Lytle, B. Woolcock, A. Jiang, A. Tele-
nius, S. Ben-Neriah, W. Nawaz, G.W. Slack, et al. 2024. TRAF3 loss-of-
function reveals the noncanonical NF-«kB pathway as a therapeutic
target in diffuse large B cell lymphoma. Proc. Natl. Acad. Sci. USA. 121:
€2320421121. https://doi.org/10.1073/pnas.2320421121

Bainter, W., V. Lougaris, ].G. Wallace, Y. Badran, R. Hoyos-Bachiloglu, Z.
Peters, H. Wilkie, M. Das, E. Janssen, A. Beano, et al. 2021. Combined
immunodeficiency with autoimmunity caused by a homozygous mis-
sense mutation in inhibitor of nuclear factor kB kinase alpha (IKKa). Sci.
Immunol. 6:eabf6723. https://doi.org/10.1126/sciimmunol.abf6723

Ben Farhat, K., M.F. Alosaimi, H. Shendi, S. Al-Hammadji, ]. Jones,
K. Schwarz, A. Schulz, L.S. Alawdah, S. Burchett, S. Albuhairi, et al.
2019. Immunologic reconstitution following hematopoietic stem cell

Le Voyer et al.

Human inborn errors of the alternative NF-«B pathway

137.

138.

139.

140.

141.

—

142.

143.

144.

145.

146.

147.

148.

149.

150.

transplantation despite lymph node paucity in NF-«B-inducing kinase
deficiency. J. Allergy Clin. Inmunol. 143:1240-1243.e4. https://doi.org/10
1016/}.jaci.2018.11.003

Cadieux-Dion, M., N.P. Safina, K. Engleman, C. Saunders, E. Repnikova,
N. Raje, K. Canty, E. Farrow, N. Miller, L. Zellmer, et al. 2018. Novel
heterozygous pathogenic variants in CHUK in a patient with AEC-like
phenotype, immune deficiencies and 1q21.1 microdeletion syndrome: a
case report. BMIC Med. Genet. 19:41. https://doi.org/10.1186/512881-018
-0556-2

Cildir, G., U. Aba, D. Pehlivan, D. Tvorogov, N.I. Warnock, C. Ipsir, E.
Arik, C.H. Kok, C. Bozkurt, S. Tekeoglu, et al. 2024. Defective kinase
activity of IKKa leads to combined immunodeficiency and disruption of
immune tolerance in humans. Nat. Commun. 15:9944. https://doi.org/10
.1038/541467-024-54345-4

Ding, X., H. Huang, L. Zhong, M. Chen, F. Peng, B. Zhang, X. Cui, and X.-
A. Yang. 2021. Disseminated Talaromyces marneffei Infection in a Non-
HIV Infant With a Homozygous Private Variant of RELB. Front. Cell.
Infect. Microbiol. 11. https://doi.org/10.3389/fcimb.2021.605589

Fathi, N., M. Nirouei, Z. Salimian Rizi, S. Fekrvand, H. Abolhassani, F.
Salami, A.H.M.E. Ketabforoush, G. Azizi, A. Saghazadeh, M. Esmaeili,
et al. 2024. Clinical, Immunological, and Genetic Features in Patients
with NFKBI and NFKB2 Mutations: a Systematic Review. J. Clin. Im-
munol. 44:160. https://doi.org/10.1007/s10875-024-01763-0

Le Voyer, T., M.R.L. Maglorius Renkilaraj, K. Moriya, M. Pérez Lorenzo,
T. Nguyen, L. Gao, T. Rubin, A. Cederholm, M. Ogishi, C.A. Arango-
Franco, et al. 2024. Inherited human RelB deficiency impairs innate and
adaptive immunity to infection. Proc. Natl. Acad. Sci. U.S.A. 121:
€2321794121. https://doi.org/10.1073/pnas.2321794121

Le Voyer, T., A.V. Parent, X. Liu, A. Cederholm, A. Gervais, J. Rosain, T.
Nguyen, M. Perez Lorenzo, E. Rackaityte, D. Rinchai, et al. NF-xB
Consortium, COVID Human Genetic Effort2023. Autoantibodies against
type I IFNs in humans with alternative NF-«B pathway deficiency.
Nature. 623:803-813. https://doi.org/10.1038/541586-023-06717-x
Meissner, J., M. Fliegauf, B. Grimbacher, and C. Klemann. 2025. Type-
Specific Impacts of Protein Defects in Pathogenic NFKB2 Variants:
Novel Clinical Findings From 138 Patients. J. Allergy Clin. Immunol. Pract.
13:192-201. https://doi.org/10.1016/j.jaip.2024.10.015

Merico, D., N. Sharfe, P. Hu, J.-A. Herbrick, and C.M. Roifman. 2015.
RelB deficiency causes combined immunodeficiency. LymphoSign J. 2:
147-155. https://doi.org/10.14785/lpsn-2015-0005

Rae, W., ].M. Sowerby, D. Verhoeven, M. Youssef, P. Kotagiri, N. Savi-
nykh, E.L. Coomber, A. Boneparth, A. Chan, C. Gong, et al. 2022. Im-
munodeficiency, autoimmunity, and increased risk of B cell malignancy
in humans with TRAF3 mutations. Sci. Immunol. 7:eabn3800. https://doi
.org/10.1126/sciimmunol.abn3800

Riller, Q., B. Sorin, C. Courteille, D. Ho-Nhat, T. Le Voyer, ].-C. Debray,
M.-C. Stolzenberg, M. Schmutz, O. Pellé, T. Becquard, et al. 2025. Mu-
tations disrupting the kinase domain of IKKa lead to immunodeficiency
and immune dysregulation in humans. J. Exp. Med. 222:e20240843.
https://doi.org/10.1084/jem.20240843

Schlechter, N., B. Glanzmann, E.G. Hoal, M. Schoeman, B.-S. Petersen,
A.Franke, Y.-L. Lau, M. Urban, P.D. van Helden, M.M. Esser, et al. 2017.
Exome Sequencing Identifies a Novel MAP3K14 Mutation in Recessive
Atypical Combined Immunodeficiency. Front. Immunol. 8. https://doi
.org/10.3389/fimmu.2017.01624

Sharfe, N., I. Dalal, Z. Naghdi, D. Lefaudeux, L. Vong, H. Dadi, H. Nav-
arro, D. Tasher, A. Ovadia, T. Zangen, et al. 2023. NF«B pathway dys-
regulation due to reduced RelB expression leads to severe autoimmune
disorders and declining immunity. J. Autoimmun. 137:102946. https://
doi.org/10.1016/j.jaut.2022.102946

Urban, B., L. Batlle-Mas0, J. Perurena-Prieto, M. Garcia-Prat, A. Parra-
Martinez, A. Aguil6-Cucurull, M. Martinez-Gallo, L. Moushib, M.
Antolin, J.G. Riviére, et al. 2024. Heterozygous Predicted Loss-of-func-
tion Variants of TRAF3 in Patients with Common Variable Immunode-
ficiency. J. Clin. Immunol. 45:47. https://doi.org/10.1007/s10875-024
-01833-3

Willmann, K.L., S. Klaver, F. Dogu, E. Santos-Valente, W. Garncarz, 1.
Bilic, E. Mace, E. Salzer, C. Dominguez Conde, H. Sic, et al. 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

Journal of Human Immunity
https://doi.org/10.70962/jhi.20250104

920z Atenuged 0| uo 3senb Aq 4pd-y0106202 Ul/Zr6£56L/701052028/ L/Z/Pd-8lone/yl/Bio sseidny/:dny woy papeojumoq

17 of 17


https://doi.org/10.1038/352733a0
https://doi.org/10.1038/352733a0
https://doi.org/10.1016/j.cell.2006.12.033
https://doi.org/10.1084/jem.186.7.999
https://doi.org/10.4049/jimmunol.179.11.7514
https://doi.org/10.4049/jimmunol.179.11.7514
https://doi.org/10.1146/annurev-immunol-101721-065201
https://doi.org/10.1146/annurev-immunol-101721-065201
https://doi.org/10.1111/cei.12024
https://doi.org/10.4049/jimmunol.0802124
https://doi.org/10.4049/jimmunol.0802124
https://doi.org/10.1242/dmm.046359
https://doi.org/10.1242/dmm.046359
https://doi.org/10.1084/jem.20241403
https://doi.org/10.1084/jem.20241403
https://doi.org/10.7554/eLife.90875
https://doi.org/10.7554/eLife.90875
https://doi.org/10.1016/j.celrep.2024.114019
https://doi.org/10.1016/j.devcel.2023.08.017
https://doi.org/10.1073/pnas.2320421121
https://doi.org/10.1126/sciimmunol.abf6723
https://doi.org/10.1016/j.jaci.2018.11.003
https://doi.org/10.1016/j.jaci.2018.11.003
https://doi.org/10.1186/s12881-018-0556-2
https://doi.org/10.1186/s12881-018-0556-2
https://doi.org/10.1038/s41467-024-54345-4
https://doi.org/10.1038/s41467-024-54345-4
https://doi.org/10.3389/fcimb.2021.605589
https://doi.org/10.1007/s10875-024-01763-0
https://doi.org/10.1073/pnas.2321794121
https://doi.org/10.1038/s41586-023-06717-x
https://doi.org/10.1016/j.jaip.2024.10.015
https://doi.org/10.14785/lpsn-2015-0005
https://doi.org/10.1126/sciimmunol.abn3800
https://doi.org/10.1126/sciimmunol.abn3800
https://doi.org/10.1084/jem.20240843
https://doi.org/10.3389/fimmu.2017.01624
https://doi.org/10.3389/fimmu.2017.01624
https://doi.org/10.1016/j.jaut.2022.102946
https://doi.org/10.1016/j.jaut.2022.102946
https://doi.org/10.1007/s10875-024-01833-3
https://doi.org/10.1007/s10875-024-01833-3
https://doi.org/10.1038/ncomms6360

Supplemental material

Provided online are Table S1, Table S2, and Table S3. Table S1 shows clinical and immunological features of patients with inborn
errors of the “core” proteins of the alternative NF-kB pathway. Table S2 shows main features of mouse models of inborn errors of
the alternative NF-kB pathway. Table S3 shows NFKB2 variant nomenclature and functional consequences.
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