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Specific antibody deficiency and autoinflammatory
disease extend the clinical and immunological spec-
trum of heterozygous NFKB1 loss-of-function muta-
tions in humans

The nuclear factor of kappa light polypeptide gene
enhancer in B-cells 1 (NF-xB1) is a master regulator of
immune and inflammatory responses."” NF-kB1 belongs
to the NF-kB/Rel family of transcription factors that con-
sists of five members in humans: NF-xB1 (p105/p50), NE-
kB2 (p100/p52), RelA, c-Rel, and RelB. The p105 and
p100 precursors are proteolytically processed by the pro-
teasome to generate the shorter p50 and p52 isoforms.
Homo- and heterodimers are formed by p50, p52 and the
Rel proteins. Unstimulated, these dimeric complexes are
sequestered in the cytoplasm by inhibitory IkB proteins
in an inactive state. Upon stimulation, the phosphoryla-
tion and subsequent degradation of IkB proteins is rapid-
ly triggered, releasing the NF-kB/Rel complexes to enter
the nucleus where they bind to DNA at kB sites and acti-
vate or repress the expression of their target genes.’

Recently, heterozygous mutations affecting the NFKB1
gene were identified in three human families.
Haploinsufficiency of NF-xB1 was causative for com-
bined variable immunodeficiency (CVID) characterized
by recurrent infections due to immunoglobulin deficiency
(pan-IgG, IgA and/or IgM).*

We report here on two pediatric patients from unrelat-
ed families with two novel NFKBI gene mutations iden-
tified by whole-exome sequencing (Figure 1A,B). Both
patients had early onset of disease during their teenage
years and presented in addition to hypogammaglobuline-
mia or selective IgA deficiency with a striking lack of spe-
cific antibodies (clinical characteristics are summarized in
Table 1 and Online Supplementary Table S1).

Patient 1 is a now 26-year old female who first present-
ed with recurrent autoimmune hemolytic anemia at the
age of 14. Hypogammaglobulinemia (IgG2 subclass defi-
ciency), deficient production of specific antibodies,
decreased class-switched and memory B cells, naive
CD4-positive and regulatory T cells, increased activated
and double-negative T cells (DNT cells, CD4CD8"
TCRo/f"), autoimmune phenomena (hemolytic anemia,
thrombocytopenia and leukopenia), lymphadenopathy,
and hepatosplenomegaly were observed. She developed
chronic lung disease with bronchiectasis, frequent respi-
ratory tract infections and pneumonia. Infections with
viral, bacterial and fungal pathogens were frequent. She
suffered from intractable abdominal pain and bloody
diarrhea without evidence of infection. After a liver biop-
sy she developed pancolitis with subsequent sepsis and
multi-organ failure and was successfully resuscitated.
The patient is being treated with intravenous
immunoglobulin. Steroids were intermittently given to
reduce pulmonary infiltrates with partial response.
Mycophenolate mofetil stabilized blood counts, but pul-
monary symptoms and infections remained.

To identify the genetic cause of disease whole exome
sequencing was performed for the patient and her family
(Online Supplementary Methods, Online Supplementary
Table 52). A heterozygous de novo NFKB1 frameshift
mutation was detected (Figure 1A). The NFKBI gene
encodes two proteins: p50 and its precursor p105. The
mutation led to early protein truncation (I147YfsX2) and
decreased expression of both protein isoforms (Figure
1B,C). RNA expression was slightly reduced.

Patient 2 is a 19-year old female from a consan-

guineous family (Figure 1A), who presented at the age of
11 with recurrent respiratory infections leading to chron-
ic lung disease with bronchiectasis. She suffered from
lymphadenopathy, splenomegaly, recurrent autoimmune
hemolytic anemia and diarrhea. Whole exome sequenc-
ing revealed an inherited heterozygous nonsense NFKB1
mutation (R157X) leading to early protein truncation
and decreased p50/p105 expression (Figure 1B,D).
NFKB1 mRNA levels were low suggesting that the muta-
tion may lead to mRNA instability and nonsense-medi-
ated decay. Sequencing of reverse transcribed mRNA
(Figure 1C,D, lower panels) indicated the absence of
mutated mRNA in cells of patient 2, but not patient 1.
Patient 2 had a selective IgA deficiency; her IgG and IgM
levels were within the normal ranges. Similar to patient
1, she lacked specific antibodies including isohemagglu-
tinins. Immunophenotyping demonstrated normal
absolute numbers of T, B and natural killer cells, but
decreased numbers of naive T cells and increased levels
of activated, DNT and TCRy/6* T cells. Her splenomegaly
and bronchiectasis are shown in Figure 1E. The father
and two siblings carry the same mutation, so far without
clinical signs except low IgM, IgG1 and IgA levels (Online
Supplementary Table S3). Elevated levels of IgG2, 1gG3
or IgG4 may compensate for lack of IgG1 in these muta-
tion carriers.

To analyze the impact of the mutations on NF-«xB
mediated signaling, we tested the response to stimuli
known to trigger the canonical NF-kB pathway (Figure
2A). We treated Epstein Barr virus-transformed B cells of
patient 2 and healthy controls with lipopolysaccharide
(LPS), tumor necrosis factor o or interleukin 1f and ana-
lyzed expression of NFKBI (itself a target of NF-kB-medi-
ated regulation). NFKBI expression was upregulated in
control, but not in R157X-mutant cells. The lack of a
measurable NFKBI transcriptional response in the het-
erozygous cells suggested a more profound effect of the
mutation than mere p50/p105 dose reduction would
explain. Upregulation of other target genes, such as
CFLAR, upon activation was deficient in R157X-mutant
cells (Figure 2B). To analyze the alteration of NF-kB-reg-
ulated gene expression in more detail we used pre-
designed real-time polymerase chain reaction assays that
include 84 NF-xB targets (Online Supplementary Figure
S1). The basal expression pattern of target genes was
largely different in wild-type compared to R157X-mutant
cells. LPS stimulation demonstrated stark differences in
inducible NF-kB target gene expression. Of the NF-«xB
genes, RELA and RELB were similarly expressed in
mutant and control cells (at baseline and stimulated),
whereas NFKB1, NFKB2 and cREL were expressed less in
mutant cells and only cREL showed inducible expression
upon LPS treatment (Online Supplementary Figure S2).
Only 12 of 79 evaluable genes showed a comparable
expression pattern in wild-type and NFKBI mutant cells
indicating compensatory regulation or independence of
p50/p105 in the presence of other NF-kB proteins. When
we compared primary T cells of patient 1 to those of two
healthy controls (Figure 2C) baseline expression of all NF-
kB genes was reduced and 40 more known targets were
differentially regulated. Both patients demonstrated dis-
turbed expression and regulation of the death receptor
FAS. Instead of downregulating FAS expression during
infection to allow for effective immune response, LPS
induced FAS upregulation (Online Supplementary Figure
S1). Accordingly, in vitro stimulation of primary T cells
with recombinant Fas ligand resulted in significantly
decreased cell death in the presence of LPS or tumor
necrosis factor o in control cells, but not in cells derived
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from both patients (Figure 2D). Both patients presented
with clinical features similar to those of the Fas signaling
pathway associated autoimmune lymphoproliferative
syndrome (increased DNT cells, hepatosplenomegaly,
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lymphadenopathy, autoimmune symptoms, low regula-
tory T cells), but Fas ligand-induced apoptosis was not
deficient, autoimmune lymphoproliferative syndrome-
associated gene defects were absent and infections were

Table 1. Clinical and laboratory characteristics of two patients with novel NFKB1 mutations.

Patient 1 Patient 2 Normal value

Mutation p.l1e47TyrfsX2 (exon 4) p-Argl57X (exon 7)

Sex Female Female

Born 1990 1997

Age 14 years (at presentation) 11 years (at presentation)

Hematology Hepatosplenomegaly, lymphadenopathy, Splenomegaly, selective IgA deficiency,
panhypogammaglobulinemia, specific antibody deficiency, increased DNT
specific antibody deficiency, increased DNT cells, and TCR y/8* T cells, decreased naive T cells
decreased B cells, naive and regulatory T cells,

SIRS after liver biopsy
Autoimmunity AIHA, ITP, pancytopenia, autoantibodies AIHA, ITP, leukopenia

Infection, inflammation

Recurrent pneumonias, URTI,
fever, chronic otitis, mastoiditis,
sinusitis, vulvovaginitis

Recurrent pneumonias, URTI

Pathogens Recurrent viral, bacterial and candida infections Streptococcus pneumonia,
(chronic EBY, recurrent Herpes zoster; vaginal: Haemophilus influenza,
HPV83, HSV, Gardnerella and group B Strep., Salmonella infections
Citrobacter braakii, Candida lusitaniae;
oral: HSV, RSV; blood: EBY, HHV®;
ear: Staph. aureus, group A Strep.; colon: Adenovirus)

Gut disease Pancolitis, recurrent idiopathic diarrhea, Recurrent diarrhea

Other clinical findings

abdominal pain, bloody stools, ascites

Chronic inflammatory lung disease,

organ infiltration (liver, lung, spleen, kidney),
nephromegaly, impaired kidney function,

intermittent proteinuria, latent hypothyreosis,

multiple ovarian cysts, lack of calcium and vitamin D,
recurrent headaches with vertigo, numbness

and paresis of left arm and hand, generalized mucositis,
recurrent aphthae and painful ulcers of mouth, esophagus
and genitalia

Chronic lung disease, bronchiectasis,
clubbing

Treatments

Surgery

IVIG, steroids, mycophenolate mofetil, antibiotics,
antiviral medication, calcium, vitamin D

Cholecystectomy, colectomy,
mastoidectomy, ulcer excision,
myringotomy and tympanostomy tube insertion

IVIG, steroids

Total immunoglobulins:
Age at examination
IgM (mg/dL)

IgG (mg/dL)
IgA (mg/dL)

Specific antibodies:

Isohemagglutinins

Anti-diphtheria toxoid

Anti-tetanus toxoid

Others

22
24
485
<6.2

Anti-Al 1:4

Anti-A2 1:4

Anti-B 122

(blood group O Rh)
< 0.1 [U/mL

< 0.1 [U/mL

19

362 34-250
1091 680-1530
<5 66-300
absent

low protection:
>0.01-0.1;
protection: >(.1
low protection:
>0.01-1.0;
protection: >1.0
Lack of antibodies against measles,
mumps, rubella, hepatitis A and B

AIHA: autoimmune hemolytic anemia; DNT: double negative T cells; EBV: Epstein Barr virus; HHV: human herpes virus; HPV: human papilloma virus; HSV: herpes simplex
virus; IgA: immunoglobulin A; ITP: idiopathic thrombocytopenia; IVIG: intravenous immunoglobulin; RSV: respiratory-syncytial-virus; SIRS: systemic inflammatory response
after surgery; Staph.: Staphylococcus; Strep.: Streptococcus; TCR: T cell receptor; URTI: upper respiratory tract infection.
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Figure 1. Two novel heterozygous NFKB1 mutations detected in two families decrease the protein levels of p105 and p50. (A) Upper left: Whole exome
sequencing identified a heterozygous NFKB1 mutation (A/-) in patient 1. The patient is the only carrier of the mutation in the family pedigree (indicated by “+”)
and the only diseased family member (indicated by a filled circle). Lower left: Capillary sequencing using genomic DNA confirmed an NFKB1 frameshift muta-
tion (c.A137del, p.l47YfsX2) in patient 1. Representative chromatograms of patient 1 and a healthy control (HC) are shown. Upper right: Patient 2 descended
from consanguineous parents and harbors an inherited heterozygous NFKB1 mutation (C/T). The patient is the only diseased family member. The father and
two siblings carry the same mutation but are not affected. Sanger sequencing of NFKB1 confirmed the heterozygous missense mutation (c.C469T, p.R157X)
in patient 2. Representative chromatograms are shown. (B) Schematic drawing of the proteins p105 and p50 and their domains which are both encoded by
the NFKB1 gene. The mutations in the Rel homology domain (RHD) identified in the two patients (red arrows) lead to early truncation of both proteins. Previously
reported heterozygous germline mutations associated with CVID are indicated on top (black arrow and brackets). ANK, ankyrin repeats; DD, death domain; P,
PEST domain enriched for proline (P), glutamic acid (E), serine (S), and threonine (T) residues. (C, D) Expression of p105 and p50 proteins is decreased in the
affected patients. (C) Primary T cells of patient 1 and healthy controls were activated by phytohemagglutinin in the presence of interleukin-2. Protein and RNA
extracts were prepared. Western blot analysis was carried out employing a specific p105/p50 antibody using B-actin as a loading control (left panel). NFKB1
mRNA expression was measured by real-time polymerase chain reaction (right panel). The fold-change in cells of the patient compared to a representative
healthy control is shown, GAPDH and B-actin expression were used as internal standards. Mean values of representative experiments performed in triplicates
and corresponding SDs are shown. Sanger sequencing using reverse transcribed mRNA of the patient demonstrates the presence of mutated NFKB1 tran-
scripts (lower panel). (D) Epstein-Barr virus-transformed B cells of patient 2 were used for protein and RNA extraction. Analysis of NFKB1 protein and RNA
expression was carried out as described in (C). Capillary sequencing of cDNA from patient 2 failed to detect the NFKB1 mutation indicating that the mutation
leads to mRNA instability (lower panel). (E) Upper panel: axial high resolution chest computer tomography image of patient 2 at the level of lung bases demon-
strating multiple areas of bronchiectasis (white arrows) and consolidation with an atelectatic component surrounding bronchiectases in the right middle lobe
(black dashed arrow). Mosaic pattern of perfusion of the lung parenchyma is noted, with multiple areas of low attenuation in the right low lobe (arrowheads).
Lower panel: axial computer tomography image of patient 2 at the level of the upper abdomen demonstrating the enlarged spleen.




too frequent.

The gastrointestinal symptoms of patient 1 were remi-
niscent of ulcerative colitis, which is acknowledged to be a
systemic autoimmune disease of unknown genetic cause.
A candidate gene is NFKB1.® Susceptibility to inflammato-
ry bowel disease can be caused by mutant NOD2, which
fails to activate NF-kB in response to bacterial infection.’
An NFKB1 promoter polymorphism (-94delATTG) leading
to lower LPS-induced gene expression was described in
inflammatory bowel disease.”

A characteristic of both presented patients was inade-
quate development of specific antibodies. The genetic
cause of specific antibody deficiency is not known, but
heterozygous deletion of IkBa led to functional NF-xB
haploinsufficiency and lack of specific antibody respons-
es after immunization.® Reduced p50 expression may
specifically play a role. Mice with targeted p50 disruption
were deficient in producing specific antibodies in
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response to vaccination,” whereas mice lacking only the
C terminal half of the p105 precursor, but expressing the
N terminal p50 protein (p1057), were not."

Immunoglobulin class switching is known to be regu-
lated by NF-kB. Mutations in the NF-«kB essential modu-
lator (NEMO) cause a class switch defective hyper-IgM
syndrome in humans.” Decreases in IgG, IgA, IgE, but
not IgM were observed in p50 knockout mice.”"" NF-xB
regulates the expression of activation-induced cytidine
deaminase (AID encoded by the AICDA gene), an
enzyme required for DNA cleavage during class switch
recombination. AICDA-knockout mice and patients with
AICDA mutations are both class switch deficient. Thus,
low levels of NF-xkB may impair AID-mediated class
switch recombination."

Loss of p105 in the patients may play a role in the
pathogenesis of infections and inflammatory disease,
lymphadenopathy and splenomegaly that were also

Figure 2. NF-xB-mediated signaling is
affected in the patients. (A) Upregulation
of NFKB1 mRNA expression in response
to NF-kB activating stimuli is deficient in
NFKB1-mutated cells. Epstein-Barr virus
(EBV)-immortalized B cells of patient 2
and of a representative healthy control
(HC) were treated for 16 h with LPS (5
ug/mL), tumor necrosis factor o (TNFa)
(50 ng/mL) or IL-1f (10 ng/mL). Fold
change of NFKB1 mRNA expression in
untreated compared to treated samples
was determined by real-time polymerase
chain reaction (PCR). The relative expres-
sion was normalized to the respective
untreated controls (=1). GAPDH and {-
actin expression were used as internal
standards. Mean values of representative
experiments performed in triplicate and
corresponding standard deviations are
shown. (B) Expression of the NF-kB target
gene CFLAR (synonymous for cFLIP) is not
induced by LPS in the NFKB1-mutated
patients’ cells. EBV-immortalized B cells
of patient 2 and healthy control cells were
treated for 16 h with LPS (5 ug/mL). Fold
change of mMRNA expression of CFLAR
was determined by real-time PCR as
described in Figure 1C. (C) Differential
expression of NF-xB target genes in
NFKB1-mutated primary T cells of patient
1 and two healthy wild-type controls.
Baseline expression of a panel of NF-xB
target genes was analyzed by real-time
PCR using predesigned arrays (NF-kB sig-
naling targets RT? Profiler PCR arrays,
Qiagen, Hilden, Germany). Mean values
of two independent assays are shown.
High gene expression is indicated in light
color, low gene expression in dark red.
The analysis was supervised and results
are shown scaled. (D) LPS does not pro-
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observed in the mouse model."” p105 knockout led to
constitutive activation of p50 homodimer repressors/acti-
vators indicating that low expression of NFKBI may
result in a severe dysregulation of the NF-xB network.

Similar to other gene defects with an impact on
immune system control, NFKB1 mutations lack complete
penetrance." In three pedigrees with 20 individuals har-
boring mutant NFKBI alleles, the age at onset of disease
varied from 2-64 years. Two gene carriers were complete-
ly healthy, while others had mild phenotypes with tran-
sient hypogammaglobulinemia or mild infections.*
Gender may be a bias, because most clinically affected
individuals were females (17 of 22 cases). In our patients,
we did not detect mutations in possible modifier genes
on the X chromosome (e.g. FOXP3, TLR”). Taking into
account that our and most of the reported cases (18 of 20)
were affected during or after puberty we could speculate
that X-linked hormonal differences may contribute to the
higher penetrance of the disease in females. In this line,
one of our patients showed reduced numbers of regulato-
ry T cells. The number of these cells can also be affected
by hormonal fluctuations.”

Our results broaden the phenotypic spectrum of
NFKB1-associated disease and have novel implications
for the diagnosis and treatment of patients harboring
NFKB1 mutations and the therapeutic application of NF-
kB directed drugs.
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