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Key Points

• NFKB2 GOF mutations are
associated with CID without
endocrine or ectodermal
manifestations.

• As most autosomal-dominant
primary immunodeficiencies,
NFKB2 GOF changes
have incomplete penetrance
and variable expressivity.

NF-kB signaling through its NFKB1-dependent canonical and NFKB2-dependent non-

canonical pathways plays distinctive roles in a diverse range of immune processes.

Recently, mutations in these 2 genes have been associated with common variable

immunodeficiency (CVID). While studying patients with genetically uncharacterized

primary immunodeficiencies, we detected 2 novel nonsense gain-of-function (GOF)

NFKB2mutations (E418X and R635X) in 3 patients from 2 families, and a novel missense

change (S866R) in another patient. Their immunophenotype was assessed by flow

cytometry and protein expression; activation of canonical and noncanonical pathways

was examined in peripheral blood mononuclear cells and transfected HEK293T cells

through immunoblotting, immunohistochemistry, luciferase activity, real-time polymer-

ase chain reaction, and multiplex assays. The S866R change disrupted a C-terminal

NF-kΒ2 critical site affecting protein phosphorylation and nuclear translocation,

resulting in CVID with adrenocorticotropic hormone deficiency, growth hormone de-

ficiency, andmild ectodermal dysplasia as previously described. In contrast, the nonsensemutations E418X and R635X observed

in 3 patients led to constitutive nuclear localization and activation of both canonical and noncanonical NF-kΒ pathways, resulting

in a combined immunodeficiency (CID) without endocrine or ectodermal manifestations. These changes were also found in 2

asymptomatic relatives. Thus, these novelNFKB2GOFmutations produce a nonfully penetrant CID phenotype through a different

pathophysiologic mechanism than previously described for mutations in NFKB2. (Blood. 2017;130(13):1553-1564)

Introduction

Common variable immunodeficiency (CVID) is the most common
symptomatic primary immunodeficiency (PID). Monogenic forms of
CVID are thought to account for up to 10% of such patients; however,
the recent cumulative discovery of .20 genes associated with CVID
phenotypes, including NFKB1 and NFKB2, is likely to result in an
increased frequency of genetically defined patients with CVID.1,2

Many of the recently described CVID-associated genes are inherited in
an autosomal-dominant fashion and act either by haploinsufficiency,
dominant-negative, or dominant gain-of-function (GOF) mechanisms.
Incomplete immunologic or clinical penetrance, as well as variable
clinical expressivity (more or less severe), have been described for
several of these mutations.2-6 As defined by International Union of
Immunological Societies (IUIS) classification, “Combined immu-
nodeficiencies generally less profound than severe combined
immunodeficiency” encompasses a heterogeneous group of disorders
with quantitative and/or functional T- and B-cell defects, including

NF-kB signaling defects in NIK and IKBKB deficiency.7 Some of the
combined immunodeficiency defects can be difficult to discriminate
from the more severe CVID cases.

The NF-kB signaling pathway has an important role in regulat-
ing lymphocyte development, immune responses, inflammation, cell
proliferation, and cell death.8-10 The NF-kB family is composed of
5 related transcription factors, including NF-kB1 p50/p105, NF-kB2
p52/p100, RelA, RelB, and c-Rel. These transcription factors share an
N-terminal Rel homology domain (RHD) which also contains the
dimerization, IkB-binding, and nuclear localization signals. RelA,
RelB, and c-Rel contain aC-terminal transcriptional activation domain,
which is absent in p50 and p52. Hence, p50 and p52 homodimers are
transcriptionally repressive unless they are bound to RelA, RelB, or
c-Rel. Two signaling pathways have been described to be associated
withNF-kB:canonical andnoncanonical.Thecanonical pathwayutilizes
NF-kB1, whereas the latter pathway involves NF-kB2. In a resting
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state, NF-kB proteins are located in the cytoplasm and activation of
either pathway is followed by phosphorylation, ubiquitination, and
proteasomal processing of regulatory proteins allowing NF-kB1 and
NF-kB2 to translocate to the nucleus and bind their specific gene
targets. The canonical NF-kB pathway can be rapidly triggered by a
variety of different stimuli, is independent of protein synthesis, and
activates a spectrum of pro-inflammatory and anti-apoptotic genes.
In contrast, noncanonical NF-kB activation is restricted to a number
of agonists (eg, B-cell activating factor [BAFF], CD40L, lympho-
toxin b, and receptor activator of NF-kB ligand [RANKL]), is slow
and dependent on protein synthesis, and has a more limited but
central role in cellular differentiation and development.8-14 Germ
line mutations in BAFF receptor gene TNFRSF13C have been
associated with humoral immunodeficiency,2 and somatic mutations
activating the NF-kB2 pathway are described in hematologic
malignancies,15 both clinical features seen in patients with CVID.

Recently, germ line dominant-negative heterozygous NFKB2
mutations were identified in patients diagnosed with early-onset
CVID associated with autoimmunity, reduction in circulating B cells,
adrenocorticotropic hormone (ACTH) insufficiency and occasional
other pituitary hormone deficiencies, alopecia totalis or areata, and
trachyonychia.16-22 All reported mutations were confined to the
C-terminal region of NFKB2 leading to the disruption of p100 phos-
phorylation, inhibition of processing into the p52 active form, and
preventionof nuclear translocation.This pathophysiologicmechanism is
very similar to the one described in Nfkb2 Lym1-mutated mice con-
taining p.Y868Xmutations encoding a nonprocessable form of p100.23

Thesemice alsohavephenotypes that are similar to those seen inNIK2/2

or alymphoplasia (aly) mutant mice, severely defective in p52 gener-
ation, impaired B-cell maturation, and lymphoid organogenesis.24,25

In our study, while evaluating 4 genetically uncharacterized PID
patients from 3 unrelated families, we found 3 new heterozygous
NFKB2 mutations. Mutation S866R was detected in a patient with
CVID, endocrinopathy, and mild ectodermal dysplasia, and acting
mechanistically similar to previously reported mutations in this gene.
This contrasts with 3 patients from 2 families who presented with CID
without endocrine or ectodermalmanifestations and carryingmutations
E418X and R635X that resulted in constitutive NF-kB2 activation,
nuclear localization, andgene transcription. These patients demonstrate
that GOF mutations in NFKB2 acting through this immunopathologic
mechanism are associated with a distinctive and complex immune
disorder. Two asymptomatic relatives of the patients carrying the same
NFKB2 GOF mutations were also identified.

Materials and methods

Next-generation sequencing: targeted next-generation

sequencing and whole-exome sequencing

For targeted next-generation sequencing in familyA, capture of the target regions,
including the coding exons plus 50 flanking bases of 320 genes was performed
with reagents from a custom-designed HaloPlex Target Enrichment kit (Agilent
Technologies), according to the HaloPlex Target Enrichment System Protocol.
Capture of the target regions, including the coding exons plus 50 flanking bases
of 320 genes was performed with reagents from a custom-designed HaloPlex
Target Enrichment kit (Agilent Technologies), according to the HaloPlex Target
Enrichment System Protocol. Briefly, the protocol consisted of the following
steps: (1) digestion of genomic DNA (gDNA) with restriction enzymes; (2)
hybridizationof fragments to probeswhose ends are complementary to the target
fragments (during this step, fragments are circularized and sequencing and
barcode adapters are incorporated); (3) capture of target DNAusing streptavidin
beads and ligation of circularized fragments; and (4) polymerase chain reaction

(PCR) amplification of captured target libraries. Quality control of all libraries
was performed on the Agilent Bioanalyzer using a high-sensitivity chip.
Template dilutionswere calculated after library concentrationswere normalized
to ;100 pM using the Ion Library Equalizer kit (Life Technologies). Library
templates were clonally amplified and enriched using the Ion Chef (Life
Technologies) according to themanufacturer’s protocol. Sampleswere subjected
to the standard Ion Proton PI chip v3 (Life Technologies).

Whole-exome sequencing (WES) was performed using the Ion Torrent
AmpliSeq RDY Exome kit (Life Technologies) and the Ion Chef and Proton
instruments (Life Technologies) in family B. Briefly, 100 ng of gDNA was
used as the starting material for the AmpliSeq RDY Exome amplification step
following themanufacturer’s protocol.Library templateswere clonally amplified
and enriched using the Ion Chef and the Ion PI Hi-Q Chef kit (Chef package
version IC.4.4.2; Life Technologies), following the manufacturer’s protocol.
Enriched, templated Ion Sphere Particles were sequenced on the Ion Proton
sequencer using the Ion PI chip v3 (Life Technologies). For family C, the ACE
Clinical Exome Test (Personalis Inc) was also used. Briefly, sequence alignment
and variant calling were performed using Personalis ACE pipeline analysis.
Variants were annotated and filtered using Ingenuity (Qiagen).

Bioinformatics analysis

Read mapping and variant calling were performed using Ion Torrent Suite
software v4.4.2. In short, sequencing reads were mapped against the University
of California, Santa Cruz (UCSC) hg19 reference genome using the Torrent
Mapping Alignment Program (TMAP) map4 algorithm. Single-nucleotide
polymorphisms (SNPs) and insertions/deletions (INDELS) were called by the
Torrent Variant Caller plugin (v.4.414-1) using the “Generic-Proton-GermLine:
Low Stringency” configuration. Only reads that were unambiguously mapped
were used for variant calling. Variantswere annotated usingANNOVAR (http://
annovar.openbioinformatics.org/). Data mining, biological interpretation, and
candidate gene discovery were performed using various online tools including
The Database for Annotation, Visualization and Integrated Discovery (DAVID;
https://david.ncifcrf.gov), and GeneCards (http://www.genecards.org). Target
coveragewas evaluated using the Torrent CoverageAnalysis plugin (v.4.414-1),
and the output was further evaluated using in-house, custom Perl scripts.

Sanger sequencing

NFKB2 Sanger sequencing was performed to confirm WES-detected variants
and to screen family members. gDNA was PCR-amplified using GoTaq
polymerase (Promega) and exon-specific primers. Amplicons were bidirectly
sequenced using theBigDyeTerminator version 1.1 cycle sequencing kit and an
Applied Biosystems 3130xl Genetic Analyzer (Life Technologies).

Cell culture

Peripheral bloodmononuclear cells (PBMCs) were isolated by the use of Ficoll-
Paque Plus (GE Healthcare). PBMCs were cultured in RPMI 1640 with 10%
fetal bovine serum, 2 mM L-glutamine, 100 U/mL penicillin, and 100 mg/mL
streptomycin (Thermo Fisher Scientific) at 37°C in a humidified 5% CO2

incubator. HEK293T cells were cultured in Dulbecco modified Eagle medium
with10% fetal bovine serum.

Plasmid preparation

HumanNF-kB2 (NFKB2) andNF-kB–inducingkinase (NIK) (MAP3K14)DNA
were purchased (Dharmacon) and subcloned into the mammalian expression
vector pcDNA3-HA or pFlag-CMV2. Indicated mutants for the NFKB2 were
generated based on the site-directed mutagenesis protocol using AccuPrime Pfx
DNA Polymerase, followed by DpnI treatment (Thermo Fisher Scientific).

Immunoprecipitation and western blots

Expression vectors (pcDNA3-HA-NFKB2 wild type [WT] or mutant with or
without pFlag-CMV2-NIK)were transfected intoHEK-293Tcells usingEffectine
transfection reagent (Qiagen). Nuclear and cytosolic extracts were obtained with
NE-PER nuclear and cytoplasmic extraction reagent (Thermo Scientific),
sequentially incubated with mouse anti-hemagglutinin (HA) antibody (Covance)
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and proteinA/G-agarose beads (Pierce). Beadswerewashed, resuspended, boiled,
and separated on NuPAGE Novex 4% to 12% Bis-Tris protein gels. Subsequent
westernblot analysiswasperformedwith themouseanti-HAmonoclonal antibody
(Covance),NIK(CellSignalingTechnology),RelB (SantaCruzBiotechnology).
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and Lamin A/C
antibodies (Cell Signaling Technology) were used as controls for the purity
of the cytoplasmic and nuclear fractions, respectively.

For NF-kB2 expression from patient’s cells, total PBMCs were stimulated
with anti-CD3 (OKT3, 1 mg/mL; eBioscience) for 48 hours. Cell lysates were
prepared and analyzed with anti-phospho-NF-kB2 (S866/S870) and anti-
NF-kB2 (Cell Signaling Technology). Immunoblotting of b-actin was used as a
loading control.

Fluorescence microscopy

HEK-293T cells were seeded in 24-well plates and transfectedwith the indicated
plasmidusingEffectene (Qiagen). The cellswere sequentiallywashed,fixed, and
permeabilized before incubation with blocking buffer and mouse anti-HA
monoclonal antibody (Covance), and/or rabbit anti-Flag polyclonal affinity
antibody (Sigma). The cells were then washed and incubated with either Alexa
Fluor 488 (green color) or Alexa Fluor 568 (red color)–conjugated secondary
antibodies in blockingbuffer. Imageswere collectedusing aZOEfluorescent cell
imager (Bio-Rad).

Gene expression

Total RNA was isolated from PBMCs with the RNeasy Plus mini kit (Qiagen)
and reverse transcribed by use of the iScript complementary DNA (cDNA)
synthesis kit (Bio-Rad). Gene expressionwas analyzed by real-time PCRusing a
TaqMan probe (CXCL13 and 18S ribosomal RNA [rRNA]; Applied
Biosystems) and StepOne Plus real-time PCR (Applied Biosystems) according
to the manufacturer’s instructions. All reactions were performed in triplicate for
40cycles. 18S rRNAwasusedas the endogenous control, andgeneexpressionof
CXCL13 was quantitatively measured relative to healthy donors or control
samples. The relative quantification of CXCL13 expression was calculated with
the comparative Ct method. For each sample, the threshold cycle (Ct) was
determined, and the relative fold expressionwas calculated as follows:DCt5Ct
of target gene2Ctof 18S rRNA.ForCXCL13gene expression inT-cell receptor
(TCR)-stimulated samples fromhealthy donor controls or patients:DDCt5DCt
of each sample2 DCt of healthy donor control; for small interfering RNA
(siRNA) experiment: DDCt 5 DCt of each sample 2 DCt of control siRNA
sample; for overexpression of WT or mutant in total PBMCs: DDCt5 DCt of
each sample 2 DCt of WT. The relative fold expression was calculated
using the equation 22DDCt.

Luciferase assay

HEK-293T cells growing in 24-well plates were cotransfected with pGL4.32-
NF-kB and indicated pcDNA3-HA-NFKB2 expression vector. The next day,
cells were treated with tumor necrosis factor a (TNFa; 100 ng/mL) for 5 hours
and luciferase activities were measured using the luciferase assay kit (Promega).

Statistical analysis

When indicated, data were analyzed using GraphPad Prism software. The
differences were considered significant when P, .05.

All participants underwent the informed consent process and enrolled on an
institutional review board–approved National Institute of Allergy and Infec-
tious Diseases, National Institutes of Health research protocol. This study was
conducted in accordance with the Declaration of Helsinki.

Results

Clinical summaries

Patient A1 is a 30-year-old Caucasian man who first showed evi-
dence of a compromised immune function during infancy with severe,

recurrent pneumonias requiring several hospitalizations and immuno-
globulin G (IgG) replacement therapy. At 21 years of age, he was
diagnosed with primary sclerosing cholangitis. Splenomegaly, throm-
bocytopenia, and intermittent lymphadenopathy were also part of his
clinical manifestations. His immune phenotype was characterized by
hypogammaglobulinemia (IgG, 1.95 g/L; IgA and IgM, undetectable),
panlymphopenia (absolute lymphocyte count 0.308 3 109/L; CD31,
0.25 3 109/L, CD191, 0.02 3 109/L; CD16/561, 0.02 3 109/L) and
decreased lymphocyte proliferative responses to mitogens. His family
history is significant for his fatherwhowas asymptomatic until the age of
48 years at which time hewas diagnosedwith rheumatoid arthritis (A2).

PatientB1 is a 33-year-oldCaucasianwomanwhowas healthy until
the age of 14 yearswhen she presentedwith a severe Epstein-Barr virus
(EBV) infection and massive splenomegaly that ultimately required
splenectomy. At 19 years of age, she first developed respiratory symp-
toms. In subsequent years, caseating granulomas, cytomegalovirus
(CMV) pneumonitis, and granulomatous lymphocytic interstitial
pneumonitis with bronchiolitis obliterans were diagnosed. T-cell
large granular lymphocytic leukemiawith pure red blood cell aplasia,
CMV enteritis, warts, mucocutaneous candidiasis, and spleno-
megaly were also part of her clinical manifestations. Her immunophe-
notype is characterized by hypogammaglobulinemia (IgG, 3.18 g/L;
IgA, ,0.01 g/L; IgM, 0.31 g/L) with B-cell lymphopenia (CD191,
0.018 3 109/L), and T-cell lymphocytosis (CD31 5.845 3 109/L)
with poor T-cell proliferation to mitogens and antigens. Her family
history is significant for 1 symptomatic brother (B2, see next paragraph)
and 1 asymptomatic brother (B3).

Patient B2 is the 28-year-old younger brother of B1 who has a
history of recurrent upper and lower respiratory infections starting in
infancy; he was diagnosed with CVID at 12 years of age at which
time IVIG replacement was initiated. During adulthood, he developed
Pneumocystis jirovecii pneumonitis, mucocutaneous candidiasis, warts,
chronic noninfectious diarrhea, and splenomegaly. His immunopheno-
type is characterized by hypogammaglobulinemia (IgG, 2.65 g/L;
IgA, ,0.02 g/L; IgM, 0.24 g/L) with B-cell lymphopenia (CD191,
0.02 3 109/L), and T-cell lymphocytosis (CD31, 2.284 3 109/L)
with normal T-cell proliferations to mitogens and antigens.

Patient C1 is a 14-year-old Caucasian boy with an unremarkable
infectionhistory.HewasdiagnosedwithACTHdeficiency at 8 years of
age, and growth hormone (GH) deficiency at age 10. His immunophe-
notype is characterized by hypogammaglobulinemia (IgG, 2.41 g/L;
IgA, 0.1 g/L; IgM, 0.23 g/L) with normal B-cell numbers (CD191,
0.298 3 109/L) and vaccine responses, and T-cell lymphocytosis
(CD31, 4.494 3 109/L) with normal T-cell proliferation to mitogens
and antigens (for aggregated clinical and laboratory data, see Table 1
and supplemental Clinical Summaries [available on the Blood Web
site]).

Exome sequencing and genetic analysis

HeterozygousNFKB2mutations (NFKB2NM_001077494c.1252G.T,
p.E418X; c.1903C.T, p.R635X; and c.2596A.C, p.S866R) were
detected by next-generation sequencing. Briefly, the nonsense
variant NFKB2 c.1252G.T, p.E418X was detected by targeted
next-generation sequencing and is not reported in the ExAC or
1000G databases, and was predicted to result in nonsense-mediated
decay (NMD) as it creates a premature termination codon that
precedes an exon-exon junction by.50 to 55 nucleotides. It was
strongly predicted to be deleterious by CADD (Combined
Annotation Dependent Depletion) (phred 5 34) and DANN
(Deleterious Annotation of genetic variants using Neural Networks)
(0.984). This variant was confirmed by Sanger sequencing and
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was also identified in the proband’s unaffected father (Figure 1).
The NFKB2 c.1903C.T, p.R635X variant was detected by WES.
One heterozygous occurrence of the NFKB2 c.1903C.T, p.R635X
variant is reported in the ExAC database (rs748910652, T5 1.022e-
05, 1/97872); no homozygotes are reported. This nonsense variant
was predicted to result in NMD, and was strongly predicted to
be deleterious by CADD (phred5 38) and DANN (0.994). The
nucleotide position and region are conserved (GERP11 [Genetic

EvolutionaryRate Profiling]5 4.43, SiPhy [SIte-specific PHYlogenetic
analysis] 5 11.698). This variant was confirmed by Sanger se-
quencing and also identified in the proband’s unaffected brother.
The missense variant NFKB2 c.2596A.C, p.S866R was de-
tected by WES in the proband and not in his parents or sibling.
This variant is not reported in the ExAC or 1000G databases, and
was predicted to abrogateMAP3K14-induced phosphorylation at
serine 866.

Family B
p.R635X

Family A
p.E418X

RHD ARD DD

R853X (Chen, Brue, Lougaris)
R853AfsX29 (Brue)
K855SfsX7 (Chen)
K855X (Shi)
D865VfsX17 (Liu)
D865G (Lee, Brue)
A867CfsX19 (Lindsey)
A867V (Brue)

N GR

p52

Family C
p.S866R

B

Family A
c.1252G>T

p.E418X

Family B
c.1903C>T
p.R635X

E? WT/WT

WT/Mut WT/Mut

WT/Mut

Family C
c.2596A>C
p.S866R

WT/WT WT/WT

WT/MutWT/WT

WT/WT

WT/Mut

A

WT/WTWT/Mut

B1 B3A1 B2 C1

A2

Figure 1. Genetics and pedigrees of families with

NFKB2mutations. (A) Pedigrees and Sanger sequenc-

ing of families with NFKB2 mutations. Mutation status

of NFKB2 c.1252G.T for family A, NFKB2 c.1903C.T

for family B, and NFKB2 c.2596A.C for family C are

indicated for each individual. Pedigree with those

affected shown in black filled symbols. (B) Schematic

of NF-kB2 with the Rel homology domain (RHD), nuclear

localization signal (N), glycin-rich region (GR), ankyrin

repeat domain (ARD), and death domain (DD). The

amino acid sequence and location for affected individ-

uals are shown with arrow.

Family A
c.1252G>T

p.E418X

α-CD3

WB: NF-κB2

N

- + - + - + - +

NA1 A2

α-CD3 α-CD3

N

- + - + - + - + - + - +

NB1 B3 N C1

100 kDa

52 kDa

100 kDa

70 kDa

52 kDa

100 kDa

52 kDa

WB: p-NF-κB2
(S866/870)

WB: β-actin

Family B
c.1903C>T
p.R635X

Family C
c.2596A>C
p.S866R

*

**

A B C

Figure 2. NF-kB2 protein expression in PBMCs. (A-C) Immunoblot of wild-type and mutant NF-kB2 in PBMCs from healthy normal control and patients. Total PBMCs were

treated with a-CD3 to stimulated NF-kB2 pathway for 48 hours. Cell lysates were prepared and analyzed for phosphorylation of p100 and for full-length (p100) and active form

(p52), and mutant expression by western blotting. Immunoblotting of b-actin was used as a loading control. Red asterisks indicate mutant form of NF-kB2 in patient cells. Due

to the similar size between mutant E418X and active form of NF-kB2 (p52), it was difficult to discriminated mutant (E418X) from active form of NF-kB2 in stimulated condition

in patient A1.
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Mutant NF-kB2 protein expression in PBMCs

Whole-cell lysates from PBMCs were tested for NF-kB2 expression.
The noncanonical signaling pathway has beenwell described in B cells
and stromal cells, and known to be activated by a limited set of agonists
including lymphotoxin, RANKL, CD40L, and BAFF.14 However,
due to the low number of B cells in patients A1 and B1 (cells from B2
were not available for the study), we tested NF-kB2 expression in
TCR-stimulated-PBMCswhichare alsoknown to activate this pathway

in a later stage of an immune response.26 Although NMD was pre-
dicted, immunoblotting confirmed the expression of the mutant form
of NF-kB2, E418X (;50 kDa) and R635X (;70 kDa) (Figure 2).
Patients’ cells showed decreased phosphorylation of p100 and pro-
cessed form (p52) following activation. Cells from asymptomatic
relatives A2 and B3 also showed reduced p100 phosphorylation and
processed p52, butmutant protein expressionwas not detected inA2.
The fourth patient had a heterozygousmissensemutation in serine 866,
a critical phosphorylation site for ubiquitination and proteasomal

EV WT E418X R635X S866R R853X

60

80
110

160

50

WB: HA

WB: NIK

WB: β-actin

- + - + - + - +NIK (Flag)

p100 (HA)

- + - +

WB: p-NF-κB2 (S866/870) 

S866R

R853X

R635X

E418X

WT

A

B without NIK

DAPI a-Flag (NIK)

co-transfection with NIK

MergedMergeda-HA (NF-κB2) a-HA (NF-κB2)

Figure 3. Protein expression and localization of mutant NF-kB2 in transfected cells. (A) HEK293T cells were transiently transfected with the indicated constructs in the

presence and absence of NIK coexpression. Cell lysates were analyzed for phosphorylation of p100 and for p100, p52, and mutant expression by western blotting. E418X

mutant size was closed to the active form p52. All other mutants are failed phosphorylation and processing to p52 in the presence of NIK expression. Molecular weight

markers are indicated on the left size (kilodaltons). (B) HEK293T cells were transiently transfected indicated WT or mutant vector (pcDNA3-HA) with or without Flag-NIK.

Nucleus was labeled with DAPI (blue). Original magnification 3175. Cells were stained with anti-Flag and anti-HA antibody, followed by Alexa 488-conjugated (for HA-NF-

kB2, green) and Alexa 568-conjugated (for Flag-NIK, red) secondary antibody. Data shown are representative of 3 experiments.
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processing of p100 to generate p52. As expected, reduced phos-
phorylation of NF-kB2 and expression of p52 were detected in
patient C1 (Figure 2).

Increased nuclear translocation of mutants NFKB2 and RelB

NF-kB2 mutant constructs were tested for protein expression and
function. Human embryonic kidney (HEK) 293T-cell were transiently
transfected with the mutant constructs as well as with a construct from
the previously reported dominant-negative mutant (R853X). Non-
canonical NF-kB signaling depends on NIK (MAP3K14) accumula-
tion, which becomes stabilized by TNF superfamily signaling.27 To
mimic the activation status of the noncanonical signaling pathway, we
cotransfected NIK together with vectors expressing either the WT or
mutant NFKB2 alleles. Western blots showed that WT-p100 protein
was processed to the active form p52 upon cotransfection of NIK,
whereas the mutants R635X, S866R, and R853X failed to produce
phosphorylation preventing subsequent proteasomal processing into
active p52 (Figure 3A). Although results with the mutant E418X were
less categorical in terms of p52 processing as the predicted molecular
weight of the mutated protein overlaps that of processed p52, this
mutant failed to undergo phosphorylation. It has been previously
established that 2 serine sites (S866 andS870) in theC terminusof p100
are required for NIK-induced processing to p52 that translocates to the
nucleus.14 Therefore, we tested protein localization in the absence or
presence of NIK. As shown in Fig 3B,WTNF-kB2 was found mostly
in the cytoplasm,whereas cotransfection ofWTwith NIK induced p52
nuclear translocation.AlthoughC terminusmutantsS866RandR853X
failed nuclear translocation upon NIK vector cotransfection, mutants
E418X and R635X were readily detected exclusively in the nucleus in
the absence or presence of NIK expression. These results demonstrated
that the mutants E418X and R635X escape cytoplasmic retention and
behave like activated p52.

Under resting conditions, a p100:RelB heterodimer remains
sequestered in the cytoplasm as a result of the C-terminal IkB-like
inhibitory domain of p100.28 Activation of the noncanonical signaling
increases processing of p100 to p52, enabling the heterodimer p52:
RelB to translocate into the nucleus, where it regulates activation of
transcription. Therefore, we investigated whether nuclear-translocated
NF-kB2 mutants altered RelB localization. Without NIK expression,
the majority of RelB is localized in the cytoplasmic fraction. However,
coexpression of WT NF-kB2 and NIK induced processing of p100
to active p52 and increased translocation of RelB into the nucleus
(Figure 4). Consistent with our immunohistochemistry findings, the
mutants E418X and R635X were primarily detected in the nuclear
fraction. Increased nuclear translocation was also detected when
patient’s B1(R635X) PBMCs were tested (not shown). Also, over-
expression of these mutants increased interaction with RelB and
translocation to the nucleus in the absence of NIK expression, whereas
the dominant-negative mutants R853X and S866R resulted in retention
of RelB in the cytoplasm even in the presence of NIK (Figure 4). These
results demonstrate distinctly different activity for themutations E418X
and R635X compared with the previously reported dominant-negative
mutations.

To test for levels of noncanonical NF-kB activation upon NF-kB2:
RelB heterodimer nuclear translocation, we used reverse transcription–
PCR to assayCXCL13, a known noncanonical NF-kB target gene.26 In
TCR-stimulated PBMCs, knockdown of NFKB2 decreased CXCL13
gene expression (Figure 5A), whereas overexpression of E418X and
R635X increased CXCL13 transcription when compared with the
cells transfected with WT (Figure 5B). Consistent with the result from
the transfected cells, patient B1’s CD41 T cells showed a 20-fold in-
crease in CXCL13 gene transcription compared with healthy controls
(Figure 5C), suggesting that activated forms of mutant NF-kB2
(ie, E418X and R635X) but not a dominant-negative form (ie,
S866R) increase noncanonical NF-kB signaling and induce target gene
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activation.Cells fromasymptomatic relativesA2andB3showedCXCL13
transcription levels similar to healthy controls.

Cross-talk between noncanonical and canonical

NF-kB pathway

It has been established that NF-kB2 p100 exhibits an IkB-like
activity, which inhibits the canonical NF-kB pathway.8,29 To
examine whether different forms of the NF-kB mutants affect
the canonical pathway, we tested NF-kB luciferase activity in
HEK293T-transfected cells. TNF-a stimulation strongly increased
NF-kBactivity in the cells transfectedwith empty vector. Expression
of WT or dominant-negative mutants S866R and R853X markedly
inhibited NF-kB activity. In contrast, E418X and R635X mutants
exerted a reduced inhibitory effect on TNF-a–induced canonical
NF-kB pathway (Figure 6A). Moreover, lipopolysaccharide (LPS)-
induced interleukin 6 (IL-6) and TNF-a production was increased
about twofold in patient A1 and B1 but not in C1 (Figure 6B),
suggesting that NF-kB2 mutants lacking its C-terminal IkB-like
inhibitory domain, result in both overproduction of its p52 active
form and disruption of its inhibitory IkB-like function.

Discussion

NF-kB canonical and noncanonical signaling pathways play criti-
cal roles in B-cell differentiation and function.10,30 Nfkb1 or Nfkb2
knockout mice show defective B-cell maturation and impaired
humoral immune response31,32 and both NFKB1 and NFKB2
mutations have been identified in patients with CVID.16-22,33 Germ
line heterozygous dominant-negative NFKB2 mutations in CVID
patients that encode for C-terminal–mutated forms of nonprocess-
able p100 proteins preventing p52 formation, affecting NF-kB
noncanonical signaling and resulting in antibody deficiency,
lymphocyte dysfunction, central adrenal insufficiency, alopecia
totalis or areata, and trachyonychia were recently identified.16-22

Mutations in RELB (null, homozygous), also affecting NF-kB
noncanonical signaling, have been identified in 3 patients from a
single consanguineous family. Their phenotypewas characterized as
an early onset combined immunodeficiency presenting with failure
to thrive, lung complications (chronic cough, infections, and pneumo-
thorax), polyarthritis, ecthyma gangrenosum and mostly functional
T- and B-cell defects.34
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While studying genetically uncharacterized patients with PID, we
found a novel C-terminal S866R dominant-negativemutation affecting
1 of the 2NF-kB2 conserved serine residues (S866 and S870) involved
in NIK- and IKKa-mediated p100 processing. This CVID patient
presented with growth hormone deficiency, central adrenal defi-
ciency, andmild ectodermal dysplasia as previously reported for other
individuals carrying C-terminal NFKB2 mutations. More interest-
ingly, and distinct frompreviously describedNFKB2mutationswithin
the C terminus of p100, we identified 2 novel heterozygous nonsense
mutations (E418X and R635X) leading to constitutively active GOF
forms of NF-kB2 associated with a CID phenotype.

The NF-kB2 p100 precursor protein includes an ankyrin repeat
domain (ARD) that functions as an inhibitor of NF-kB, similar to
IkB. As a result, p100 interacts with RelA as well as RelB preventing
activation of these proteins in response to both canonical and
noncanonical stimuli.14,23 Our work shows that mutant proteins
E418X and R635X (completely or partially lacking the ARD
region), but not S866R, displayed a reduced inhibitory function
resulting in increased gene expression and cytokine generation
upon activation of both canonical and noncanonical pathways
(Figures 5C and 6B). Similar to these findings, mice carrying
homozygous C-terminal ARD deletions constitutively generate
active forms of p100, showing a dramatic increase in nuclear

kB-specific DNA-binding activity, increased T-lymphocyte pro-
liferation and cytokine production.35

Clinical and immunologic manifestations in symptomatic patients
carrying the E418X and R635X GOF mutations included hypogam-
maglobulinemia with antibody deficiency, recurrent upper and lower
respiratory bacterial infections, and lymphoproliferation, all frequently
described in CVID patients. However, the patients also developed
problems not characteristic of CVID including severe EBV and CMV
infections, warts, mucocutaneous candidiasis, P jirovecii pneumonia,
caseating pulmonary granulomas, lymphocytic interstitial pneumoni-
tis, bronchiolitis obliterans, T-cell large granular lymphocyte leuke-
mia, basal-cell carcinomas, and primary sclerosing cholangitis.
Interestingly, neither endocrine abnormalities nor ectodermal dyspla-
sia have been detected in these individuals to date. Although NFKB2
dominant-negative mutations primarily affect NF-kB noncanonical
signaling, GOF mutations affect both noncanonical and canonical
NF-kB pathways. Thus, clinical differences are not surprising
based on mechanistically different mutations (eg, dominant-negative
vs GOF) involving a particular gene.36-38 Whether the clinical dif-
ferences are intrinsically associatedwith this newly describedNF-kB2
GOFdefect or due to a small sample biaswill be determined asmore
patients are identified. In any case, although upregulated pro-
duction of p52 is known to be associated with the development of
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lymphomas in humans,15 our study demonstrates that germ line
mutations associated with upregulation of active forms of NF-kB2,
as well as their loss of regulation, can detrimentally impact immune
functions.

When direct relatives of our NF-kB2 GOF patients were evaluated
formutation segregation, 2 asymptomatic carriers (A2 andB3, carrying
mutations E418X and R635X, respectively) were detected. Even
access to blood samples and immunologic testing of the asymptomatic
individuals was somehow limited, A2 showed normal lymphocyte
immunophenotyping, normal NF-kB2–mediated CXCL13 regulation,
decreased p100 phosphorylation and p52 processing, and no expres-
sion of the mutant allele. In contrast, B3 had markedly reduced per-
cent values of T cells, normal NF-kB2–mediatedCXCL13 regulation,
decreased p100 phosphorylation and p52 processing, and positive
expression of R635X mutant protein. Although B cells were low
in all 3 of the symptomatic NF-kB2 GOF patients, they were not
decreased in the 2 asymptomatic carriers. Less clear was the
situation of natural killer (NK) cells as they were low in 2 of the
symptomatic and 1 of the asymptomatic individuals. Altogether,
these findings suggest that immunological and clinical penetrance
could be incomplete and not consistently linked to NFKB2 GOF
mutations, similar to other autosomal-dominant primary immu-
nodeficiencies recently described.39 Moreover, although NF-kB2
is a strictly controlled immunoregulatory protein, the mechanism
(s) for penetrance and expressivity for mutations resulting in GOF
is still to be elucidated.

In summary, we found 3 new NFKB2 mutations, 2 of them
nonsense, resulting in GOF and leading to increased activation of both
noncanonical and canonical NF-kB pathways in patients with a
complex and severe immunophenotype. Taken together, our findings
demonstrate that p52 plays a critical and nonredundant role in the
regulation of p100/p52 protein levels and immune functions and cause
a combined immunodeficiency syndrome.
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