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"The phenotype of NFKB1 insufficiency”

Aphthous ulcerations (17.8%)

Lymphoproliferation:
- Lymphadenopathy (35.3%)

Liver:
- Hepatomegaly (24.7%)
- Liver disease (19.5%)

- Gastrointestinal infections (28.6%)

Malignancies (16.8%):
- Lymphoma (11.1%)
- Solid organ cancer (4.6%)

Alopecia

- Upper respiratory tract infections (83.0%)

- Pneumonia (59.0%)

- Bronchiectasis (25.6%)

- Granulomatous-lymphocytic interstitial
lung disesase (GLILD) (7.4%)

Cardiovascular system:

- Cardiovascular complications (17.8%)
- Behget's disease (5.6%)

- Vasculitis (4.6%)

Spleen:

- Autoimmune enteropathy (13.9%)

- Celiac-like disease (9.3%) a
- IBD-like disease (5.6%)

- Diarrhea of unknown etiology (8.3%)

- Atrophic gastritis (4.6%)

Skin:

- Skin infections (37.7%)

- Rosacea

- Autoimmune (14.9%)

- Psoriasis

- Eczema

- Necrotizing fasciitis

- Splenomegaly (48.5%)
- Splenectomy (11.9%)

Bone/Joints:

- Osteopenia (12.9%)

- Arthritis (10.3%)

- Enthesiopathy

Bone marrow:

- Antibody deficiency (88.9%)
- Low IgA (87.4%)

- Low I9G (74.4%)
- Low IgM (70.9%)
- Cytopenia (43.9%)
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Background: An increasing number of NFKBI variants are
being identified in patients with heterogeneous immunologic
phenotypes.

Objective: To characterize the clinical and cellular phenotype as
well as the management of patients with heterozygous NFKB1
mutations.

Methods: In a worldwide collaborative effort, we evaluated 231
individuals harboring 105 distinct heterozygous NFKB1
variants. To provide evidence for pathogenicity, each variant
was assessed in silico; in addition, 32 variants were assessed by
functional in vitro testing of nuclear factor of kappa light
polypeptide gene enhancer in B cells (NF-kB) signaling.
Results: We classified 56 of the 105 distinct NFKBI variants in
157 individuals from 68 unrelated families as pathogenic.
Incomplete clinical penetrance (70%) and age-dependent
severity of NFKBI-related phenotypes were observed. The
phenotype included hypogammaglobulinemia (88.9%), reduced
switched memory B cells (60.3%), and respiratory (83%) and
gastrointestinal (28.6%) infections, thus characterizing the
disorder as primary immunodeficiency. However, the high
frequency of autoimmunity (57.4%), lymphoproliferation
(52.4%), noninfectious enteropathy (23.1%), opportunistic
infections (15.7%), autoinflammation (29.6 %), and malignancy
(16.8%) identified NF-kB1-related disease as an inborn error of
immunity with immune dysregulation, rather than a mere
primary immunodeficiency. Current treatment includes
immunoglobulin replacement and immunosuppressive agents.
Conclusions: We present a comprehensive clinical overview of
the NF-kB1-related phenotype, which includes
immunodeficiency, autoimmunity, autoinflammation, and
cancer. Because of its multisystem involvement, clinicians from
each and every medical discipline need to be made aware of this
autosomal-dominant disease. Hematopoietic stem cell
transplantation and NF-kB1 pathway-targeted therapeutic
strategies should be considered in the future. (J Allergy Clin
Immunol 2020;146:901-11.)

Key words: NFKB1 variant, NFKB1 mutation, common variable
immunodeficiency, reduced penetrance, NF-kB1-related phenotype,
autosomal dominant

The nuclear factor of kappa light polypeptide gene enhancer in
B cells (NF-kB) signaling pathway has been implicated in several
biological processes, including cell survival and proliferation,
inflammation, and the adaptive immune response.' Its activation
in lymphocytes is triggered by antigens, molecular patterns,
and cytokines. NF-kB transcription factors can form various
homo- or heterodimers containing the following 5 subunits:
NF-kB1 (also known as pl105, which is processed to p50),
NF-kB2 (also known as p100, processed to p52), RelA, RelB,
and c-Rel.

In unstimulated cells, p5S0 predominantly assembles with RelA,
and remains inactive in the cytoplasm when complexed with the
inhibitor NF-kappa-B alpha. On stimulation of the canonical (NF-
kB1) pathway, the inhibitory inhibitor NF-kappa-B alpha protein
is phosphorylated and degraded by the 26S proteasome, thereby
releasing the active transcription factor heterodimer p50-RelA,
which enters the nucleus and regulates the expression of its target
genes. The noncanonical (NF-kB2) pathway is activated after the
engagement of a small group of receptors such as the B-cell-
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Abbreviations used
CVID: Common variable immunodeficiency
GFP: Green fluorescent protein
NF-kB: Nuclear factor of kappa light polypeptide gene enhancer in B
cells
OR: Odds ratio
WT: Wild-type

activating factor receptor and CDA4O0; this leads to proteasomal
processing of p100 to generate p52, which preferentially pairs
with RelB. The p52/RelB complex is mainly involved in B-cell
survival and activation.”

The NFKBI gene (MIM: 164011) encodes the precursor p105,
which is cotranslationally processed into the transcriptionally
active p50 subunit.’” Heterozygous NFKBI mutations causing
p50 haploinsufficiency have previously been associated with
common variable immunodeficiency (CVID12 [MIM:
616576])," autoinflammatory, and rheumatologic features such
as Behget disease,’ EBV-driven lymphoproliferation,®’ severe
gastrointestinal manifestations,” and susceptibility to opportu-
nistic and viral infections.”'” However, these reports covered
only a few cases each, and an overview and understanding of
the broader clinical spectrum of this NF-kB1-related condition
is still lacking.

In a worldwide collaborative effort, we identified 231 in-
dividuals harboring 105 distinct heterozygous NFKBI variants
(see Fig El in this article’s Online Repository at www.
jacionline.org). Sequence variants were classified into pathoge-
nicity categories on the basis pof genetic and molecular criteria
(see Table El in this article’s Online Repository at www.
jacionline.org). Here, we describe the clinical and immunologic
features of the largest to date cohort of patients (n = 157) with
56 distinct NFKB1 mutations (see Tables E2 and E3 in this arti-
cle’s Online Repository at www.jacionline.org).

METHODS

We analyzed 105 heterozygous NFKB] variants, identified in 231 individ-
uals, from 129 unrelated families. For each variant, the following criteria were
assessed: the predicted effect on the resulting protein (haploinsufficiency mu-
tations, precursor-skipping mutations, missense variants affecting the p105
precursor and the mature p50, and missense variants probably affecting only
the functions of the precursor), its localization in a functional domain of
NF-kBI, the allele frequency in the Exome Aggregation Consortium data
set, supportive functional studies, and the inheritance and segregation data
(see Table El). Detailed clinical and laboratory data can be found in Table
E3. Multiple in silico tools (PolyPhen 2, Sorting Intolerant From Tolerant,
Combined Annotation Dependent Depletion, Mutation Taster) have been
used to predict the impact of missense changes. Functional assays evaluated
the p105 and/or p50 levels in peripheral blood mononuclear leukocytes, neu-
trophils, or green fluorescent protein (GFP)-fused p105 and/or p50 in trans-
fected human embryonic kidney 293T cells by Western blotting. In
addition, we determined the nuclear localization and transcriptional activating
function in human embryonic kidney 293T cells followingafter transfection of
selected GFP-fused p105 and/or p50-like mutant proteins by fluorescence mi-
croscopy and by using an NF-kB-responsive fluorescence-based reporter
assay or a dual luciferase reporter assay, respectively (see Table E4 in this ar-
ticle’s Online Repository at www.jacionline.org).
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Missense variants affecting p105 and p50

Described Novel
p.HE7R (9) p.R57C (2)
p187s (1) p. HB7Y (2)

’ 969

p 433

Missense mutation affecting only the p105 precursor

Described
p.1553M (3)

FIG 1. Localization of NFKB1 mutations. Numbers indicate amino acid positions. Horizontal black bars
delineate the location of 4 different groups of damaging NFKB1 mutations. For each mutation, the number
of carriers is indicated. GAPDH, Glyceraldehyde-3-phosphate dehydrogenase.

RESULTS
Genetic and functional assays
Of 105 variants, our combined in vitro and in silico assessment
identified 56 distinct variants in 157 patients from 68 unrelated
kindred as damaging. Of these 56 mutations, 28 have already
been described,””""'* whereas 28 are novel. Thirty-four variants
of the 56 mutations were located in the Rel homology domain, 17
in the central part of p105, whereas 3 affected the ankyrin repeat
domain; in addition, 2 large deletions were identified (Fig 1).
Generally, a haploinsufficiency mutation may cause either the
lack of expression of the respective allele, or the expression of a
severely truncated protein, which rapidly undergoes decay. As
expected, the novel variant p.Ser338Leufs*94 revealed that the
mutant pl05 and p50 had reduced fluorescence intensity and
aberrant localization, whereas wild-type (WT) p105 localized to
the cytoplasm and WT p50 to the nucleus (Fig 2, A; see Table E4).
Precursor-skipping NFKB1 mutations affect the central part of
p105. These truncating mutations cause a lack of p105, but lead to
the expression of a p50-like protein. On transfection of 4 mutant
GFP-fused constructs, p50-like proteins localized to the nucleus
and were indistinguishable from WT p50, potentially interfering
with target gene transcription (Fig 2, A, and Table E4).
Transfection of 12 GFP-fused missense variants of p105 (Fig 2,
A and B) revealed normal expression and cytoplasmic localization
of the full-length p105, but 1 of the tested variants (p.Ile87Ser)
showed a reduced fluorescence intensity in the cytoplasm and
an abnormal accumulation of the signal in high-intensity spots.
After stimulation with phorbol myristate acetate/ionomycin, a

marginal increase in nuclear fluorescence was observed in cells
transfected with WT p105, indicating increased processing to
p50 (Fig 2, B). In contrast, the p.Ile87Ser mutant p105 was asso-
ciated with cytoplasmic clumping on stimulation, indicating
accelerated decay (Fig 2, B). Accordingly, Western blot analysis
showed a reduced expression of the mutant p.Ile87Ser in trans-
fected cells (Fig 2, C). In luciferase reporter assays, 2 of the
missense mutations (p.Arg57Cys and p.Ile§7Ser, both located
in the N-terminal part of the Rel homology domain) showed
reduced promoter activation (Fig 2, D). In agreement with the
American College of Medical Genetics and Genomics (ACMG)
classification, the remaining missense variants might only cause
subtle rather than deleterious effects (see Table E4).

Patient characteristics

Among the 157 mutation carriers, 121 were classified as
affected, whereas 36 were considered healthy (see Table E2).
The median age of the whole cohort at the time of evaluation
(June 2018) was 38 years (range, 6 months-79 years). The median
age of healthy subjects (21.5 years) was lower than that of
affected patients (39 years) (P <.001) (Fig 3, A). Because genetic
screening could not be performed in all first-degree relatives of
the affected patients, clinical penetrance was estimated to be
70% (see Fig E2 in this article’s Online Repository at www.
jacionline.org). We found an increasing age-dependent pene-
trance (76.7% in individuals aged >10 years, 85.7% in individuals
aged >30 years, and 100% in individuals aged >60 years),
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Haploinsufficiency mutation |p.Ser338Leufs*94 ng.DNA
Precursor skipping mutation [p.Ala475Profs*10
Missense variants p.Arg57Cys
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p.Arg230Lys
p.lle281Met
p.lle553Met

FIG 2. Subcellular localization, expression, and activity of distinct types of NFKB1 variants. HEK293T cells
were transiently transfected with N-terminal GFP-fused constructs, as indicated. Nuclei were stained with
Hoechst 33342 (blue). A, Haploinsufficiency mutations caused aberrant signals, whereas p50-like proteins
(precursor-skipping variants) were localized to the nucleus. Missense variants (introduced into the full-
length p105) produced signals that were indistinguishable from WT p105. B, PMA/ionomycin treatment
caused clumping of the p.lle87Ser mutant. C, Western Blot analysis (1) confirmed that transfected WT
and transfected mutant p105 each underwent processing to p50, and (2) revealed the limited expression
of the p.lle87Ser variant. GAPDH was used as loading control. D, Loss of luciferase reporter activity with
p.Arg57Cys and p.lle87Ser mutants. Relative light units were normalized to cotransfected Renilla luciferase.
Mock not shown. DNA amounts were compensated with nonrelated plasmid DNA. Depicted data represent
the results from 2 to 4 experimental repeats, and additional data can be found in Fig E6. HEK293T, Human
embryonic kidney 293T; PMS, phorbol myristate acetate.

suggesting that the disease may manifest over time rather than
having a bona fide reduced penetrance.

The median age at which the first characteristic clinical
manifestation occurred (mostly infections, autoimmune manifes-
tations, and inflammatory symptoms) was 12 years (mean, 17.2
years; range, birth-69 years). The median age at NF-kB1-related
disease diagnosis was 23 years (mean, 27.1 years; range, 1 month-
73 years). Primary diagnoses at the time of disease onset were
predominantly antibody deficiency (89.5%), diseases primarily
characterized by autoimmunity (57.4%) and immune

dysregulation (17.8%), and autoinflammatory disorders including
Behget disease (5.6%). The median follow-up time was 9 years
(mean, 11.7 years; range, 0-50 years).

At the time of clinical data analysis (June 2018), 17.1% of
patients of the affected carriers were deceased (Fig 3, B). Mortal-
ity rates were higher among males (21.5%) than among females
(12.9%) (P = .22). Death occurred at a median age of 52 years
(range, 35-78 years). The most frequent causes of death were in-
fections on the background of a chronic illness (12 of 20) and
complications from malignancies (5 of 20).
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FIG 3. Clinical course and survival rate of NFKB1 cohort. A, Cumulative percentage of symptomatic patients
who developed infections, autoimmunity, lung disease, and cancer. B, Kaplan-Meier survival curve with

95% ClI (dotted lines).

Respiratory involvement

Upper respiratory tract infections occurred in 83% of the 106
affected mutation carriers with definite mutations in NFkB1, on
whom we had clinical data: 59.8% had sinusitis, 30.4% otitis, and
16.7% pharyngotonsillitis. Chronic sinusitis and nasal polyps led
to sinus surgery in 6.9% of patients (Fig 4, A and C), whereas
recurrent otitis was treated with tympanostomy tube placement
in 5.9% of patients. Lower respiratory tract infections presented
as pneumonia in 59% of patients and as bronchitis in 41.7%
(Fig 5, A). Recurrent pneumonia (>3 episodes during the observa-
tion period) occurred in 24.2% of patients with any pneumonia; in
4.9% of patients, lung infection was complicated by pleural em-
pyema. In 39.6% of patients, chronic lung disease was confirmed
by pathological pulmonary function test and/or the detection of

structural abnormalities by radiology or lung biopsy, and was
associated with reduced survival (P = .003) (Fig 4, E-J and R).
Patients with a history of pneumonia were at increased risk of
developing lung disease (odds ratio [OR], 8.9; 95% CI, 3.1-
25.9; P <.001). Bronchiectasis was detected by computed tomog-
raphy in 25.6% of patients (Fig 4, G, and Fig 5, A). Interstitial lung
disease had both granulomatous and interstitial histological pat-
terns (granulomatous-lymphocytic interstitial lung disease) in
7.4% of patients (Fig 4, E, and Fig 5, A), whereas lung fibrosis
and granuloma were detected in 6.4% and 3.2%, respectively.
Five patients had pulmonary surgery, 3 patients with bronchiec-
tasis underwent lobectomy, but 1 pneumonectomy was compli-
cated by empyema, and the remaining 2 patients with empyema
had lung decortication.
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FIG 4. Exemplary CT and MRI findings and histopathology in patients with damaging heterozygous NFKB1
mutations. (A) and (C) from the same patient. Polypoid shifting of the ethmoidal cells as well as both sinus
maxillares. Lower displacement of the frontal sinus and the sphenoid sinus. (B) and (D) from the same pa-
tient. Hepatosplenomegaly. Multiple liver hemangiomas and small liver cysts. Additional signs of focal
nodular hyperplasia. Individual cystic lesions of the spleen. Widening of the portal vein due to possible por-
tal venous hypertension. E-J, Several CT scans from different patients showing multiple pulmonary nod-
ules, bronchiectasis with inflammatory changes, and interstitial lung disease. K and L, Hepatitis with
T-cell-dominant lymphocytic inflammation. Fig 4, K, Portal (asterisk) and intralobular (arrowhead) inflam-
mation. Fig 4, L, Higher magnification image showing intralobular lymphocytes and epithelioid cells, remi-
niscent of microgranulomas, with apoptosis of hepatocytes (nuclear remnants highlighted by arrowhead).
M, CD3-positive T cells encircling an apoptotic hepatocyte, suggestive of T-cell-driven damage. N, Corre-
sponding area to Fig 4, M, showing CD4-positive T cells, few monocytes, and intrasinusoidal macrophages
(Kupffer cells). 0-Q, Slightly chronic gastritis with patchy lymphocytic inflammation of the antrum (Fig 4, O,
P highlighted by arrowhead) and corpus (Fig 4, Q highlighted by arrowhead). R, Chronic lymphocytic peri-
bronchitis. Magnifications indicated by bars. CT, Computed tomography; MRI, magnetic resonance
imaging.

Gastrointestinal involvement gastrointestinal biopsies, obtained in 28% of the 107 patients, re-

Diverse gastrointestinal involvement was observed in 54.2% of ~ vealed Herpes esophagitis (1.9%), eosinophilic esophagitis
patients (Fig 5, A). Gastrointestinal infections occurred in 28.6%  (0.9%), celiac-like disease (9.3%), chronic enteropathy
(n = 30) of patients. The histopathologic analysis of  mimicking inflammatory bowel disease (5.6%), lymphocytic or
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collagenous colitis (4.6%), and cytomegalovirus colitis (0.9%). In
8.3% of patients, no cause for chronic diarrhea was identified,
despite extensive fecal examination and normal or nonspecific in-
testinal biopsies. The liver was involved in 24.1% of patients, with
cirthosis (3.7%), nodular regenerative hyperplasia (4.6%),
hepatic hemangioma (3.7%), and hepatitis (7.5%) being the major
pathologies. Hepatitis was classified as autoimmune in 3 patients
(Fig 4, K-N), as drug-related in 3 patients, or virally induced in 2
patients (hepatitis A virus-related and hepatitis C virus—related in
AD.L1 and C.ILS, respectively).

Autoimmunity and immune dysregulation

Autoimmune conditions affected 57.4% of patients (Fig 5, A).
The most common autoimmune conditions were cytopenia
(43.9%), enteropathy (13.9%), skin disease (14.9%; see
Appendix E2.II in this article’s Online Repository at
www.jacionline.org), arthritis (10.3%), thyroiditis (6.5%),
vasculitis (4.6%), hepatitis (2.8%), pernicious anemia (2.8%),
type I diabetes (1.8%), and Addison disease (0.9%) (Fig 5, A).
Autoantibodies against red blood cells or granulocytes were
detected in 17.6% of patients. Subjects with autoimmune
cytopenia were more likely to have lymphoproliferation (OR,
41.2; 95% CI, 12.3-137.6; P < .001), splenomegaly (OR, 36.4;
95% CI, 12-111; P <.001), or interstitial lung disease (OR, 8.3;
95% CI, 0.9-72.2; P = .05).

Lymphoproliferation and malignancies

Splenomegaly, lymphadenopathy, and hepatomegaly were
detected by clinical assessment or ultrasonography in 48.5%,
35.3%, and 24.7% of patients, respectively (Fig 4, B and D, and
Fig 5, A). Generalized expansion of the lymphoid compartment
was associated with lung, liver, and gastrointestinal tract infiltra-
tion (OR, 9.3;95% CI, 2.5-34.2; P <.001). Malignancies occurred
in 18 of 107 (16.8%) patients (Fig 5, A); non-Hodgkin B-cell lym-
phomas were the most common, 8 patients (7.5%). Solid-organ
cancer occurred in 5 patients (4.6% of all patients, including
skin, lung, and cervical cancer). The median age at diagnosis of
cancer was 46 years (range, 11-77 years). Death, primarily
cancer-related or secondary to sepsis, occurred in 41.2% of pa-
tients with malignancies. Langerhans cell histiocytosis occurred
in 1 child (patient AF.IL.1).

Types of infections

Pathogenic bacteria, viruses, and fungi were identified in 53.7%,
25%, and 12% of patients, respectively (Fig 5, B). Bacteria were
isolated from expectorated sputum samples in 31.5% of patients,
with the most common being Haemophilus influenzae (23.1%),
Streptococcus species (17.6%), Moraxella catarrhalis (5.6%), or
Pseudomonas species (4.6%). Stool cultures were positive in
18-.5% of patients, with Clostridium difficile (6-.5%), Salmonella
species (5.6%), and Campylobacter jejuni (3.7%). Ten patients
with NFKBI mutations developed sepsis (9.3%), 4 after surgical
procedures, 3 secondary to pneumonia. Bacteria were isolated
from blood samples in only 3 cases (Escherichia coli,
Enterococcus faecalis, and Staphylococcus epidermidis). Five
patients were diagnosed with Mycobacterium avium complex
infection, affecting the lungs in 4 patients and the lymph nodes
in 1 child. Disseminated bacillus Calmette-Guérin disease after
vaccination and Mycobacterium genavense infection occurred in
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1 patient each (W.I.1 and AFII.1, respectively). In 6.5% of patients
with respiratory symptoms, viral pathogens (influenza virus,
respiratory syncytial virus, rhinovirus, and adenovirus) were
isolated. In stool samples, 9.3% of patients had norovirus (5.6%),
rotavirus (1.9%), adenovirus (0.9%), or hepatitis A virus (0.9%).
EBV infection presented as a low-grade/reactivating EBV infection
(viral load <500 copies/mL) and EBV-associated lymphoprolifera-
tive disease (viral load >1000 copies/mL) in 7 and 3 patients,
respectively. Cytomegalovirus reactivation caused hepatitis,
cytopenia, and retinitis in 1 patient each. A patient with colitis
and diarrhea had a colon biopsy that was positive for the cytomeg-
alovirus antigen (see Table ES5 in this article’s Online Repository at
www.jacionline.org). John Cunningham virus was detected in the
cerebrospinal fluid of 3 patients with progressive multifocal leu-
koencephalopathy. They had normal levels of CD4 and CD8 T
cells, but 2 of them had B-cell depletion therapy (see Table ES5).
Progressive multifocal leukoencephalopathy was the cause of
death in 1 patient (AR.1.4). Candida species were isolated from
skin swabs, expectorated sputum samples, and stool samples in
5.6% of patients. Dermatophytes accounted for noninvasive skin
infections in 3 patients. Undetectable serum IgE (<2 IU/mL) was
found in 54.2% of patients. Respiratory fungal opportunistic
infections were caused by Aspergillus species and Pneumocystis
Jirovecii in 3 patients each; 2 of these were under immunosuppres-
sive therapy (see Table E5).

Immunologic assessment

At the time of diagnosis, most (88.9%) symptomatic patients
older than 4 years presented with serum IgG levels below 5 g/L.
(median, 3.6 g/L; range, 0-9.9 g/L), and a marked decrease in at
least 1 of the IgA or IgM isotypes (<0.8 g/L. and <0.4 g/L,
respectively). In 10.7% of patients, all classes of immunoglob-
ulins were found to be normal. A poor response to T-dependent
(tetanus and diphtheria toxoid) and T-independent (pneumo-
coccus) antigens was found in 65.2% of individuals. In 50% of
patients, the levels of circulating B cells were still within the
lower normal range of 6% to 19%, or 100 to 500 cells/uL,
respectively (see Fig E3, A, in this article’s Online Repository at
www.jacionline.org). In 60.3% of patients, the percentage of
IgM IgD~CD27" switched memory B cells was less than or
equal to 2% (normal range, 6.5%-29.2%) (Fig E3, A). An expan-
sion of CD21'°*CD38"°*CD19™ B cells to above 10% was found
in 56.1% of affected individuals (normal range, 1.1%-6.9%) (Fig
E3, A). We observed a significant correlation between the expan-
sion of CD21'°¥ B cells above 10% and both autoimmune cytope-
nia (OR, 5; 95% CI, 1.1-22.3; P = .03) and lymphoproliferation
(OR, 5.7; 95% CI, 1.4-23.5; P = .01). Overall, opportunistic in-
fections occurred in 15.7% of the patients and were associated
with median CD4" T-cell count not as low as expected (588/
pnL), a profound B-cell defect (median B-cell count, 46/uL),
ongoing immunosuppressive treatments, and a poor outcome
(see Table E5). Low numbers of circulating natural killer cells
less than 100/pL, found in 33.3% of patients (Fig E3, A), were
associated with an increased risk of viral infections (OR, 2.8;
95% CI, 1.1-6.9; P = .02).

Treatment
IgG replacement therapy alone was sufficient to treat 14.5% of
the patients who needed medical intervention, whereas 85.5% of
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the patients required additional therapy. Antibiotic prophylaxis,
antifungal agents, and antiviral drugs were added to treat 44.8%,
12.5%, and 12.4% of the patients, respectively (see Fig E4 in this
article’s Online Repository at www.jacionline.org). In addition to
IgG replacement, 60.1% of patients with autoimmune cytopenia
were treated with systemic corticosteroids. For refractory or
recurrent cytopenia, 17.4% of the patients had anti-CD20 mAb
(rituximab), 15.2% splenectomy, and 8.7% mycophenolate mofe-
til. Granulomatous-lymphocytic interstitial lung disease was
treated with oral corticosteroids alone in 5 patients, or in combi-
nation with immunosuppressive agents (cyclophosphamide, my-
cophenolate mofetil, rituximab, and cyclosporine), to which
there was only a partial response. Noninfectious enteropathy
was treated with systemic corticosteroids in 13 of 17 patients,
whereas 3 patients received azathioprine (M.II.1, AH.I.1, and
BB.I.1), eliciting a partial response. In addition to systemic corti-
costeroids, 3 patients with inflammatory bowel disease—like exac-
erbations received mesalazine. In patients (84.6%) with oral and
genital ulcers, systemic corticosteroids induced a good response.
Three individuals with lymphoproliferative disease were treated
with anti-CD20 (rituximab), which led to complete remission.
Abatacept, a cytotoxic T-lymphocyte antigen 4 fusion protein,
was used to treat 1 patient with refractory autoimmunity and lym-
phoproliferation, eliciting a good response (Q.I.1). Hematopoiet-
ic stem cell transplantation is currently planned for 4 patients with
EBV-lymphoproliferative disease, refractory cytopenia with lym-
phoproliferation, and mycobacterial disease (AB.IL.1, S.I.1,
API.1, and BL.IL.1).

DISCUSSION

Heterozygous NFKBI mutations causing p50 haploinsuffi-
ciency have previously been reported to be associated with
various phenotypes ranging from mere antibody deficiency to
multiorgan autoinflammatory conditions.* '’ However, a compre-
hensive clinical description of the extended phenotype of the
NF-kB1-related phenotype has been lacking. Here, we show
that antibody deficiency was the main finding in patients with
NFKBI mutations (88.9%). However, this may well present as
an ascertainment bias, because this survey was initiated by clin-
ical immunology centers of the European Society for Immunode-
ficiencies. Only 76.9% of patients fulfilled the revised European
Society for Immunodeficiencies registry criteria for CVID, indi-
cating that patients with normal or only mildly affected humoral
immunity may also have an impaired canonical NF-«kB signaling.
The median age was lower in healthy mutation carriers than in
affected patients, and progressive development of humoral immu-
nodeficiency was observed in some individuals, suggesting an
age-dependent manifestation and expressivity of NFKBI-related
phenotypes. Hypogammaglobulinemia is the reason for the high
incidence of bacterial infections in our cohort, especially those
affecting the upper (83%) and lower (59%) respiratory tract, the
skin (37.7%), and the gastrointestinal tract (28.6%). Notably,
15.7% of patients developed opportunistic infections, a much
higher percentage than expected in CVID.'*'” The observed dif-
ference can be explained by our definition of CVID,'® which did
not exclude patients with a T-cell defect.'” However, a measur-
able CD4 T-cell defect was observed in some of our patients
(15.1%), but was not necessarily associated with opportunistic in-
fections (P =.57).'® Our observations suggest that in addition to
the NFKBI mutation, an immunosuppressive treatment may
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impair the T-cell response and, in combination with the lack of
B cells, contribute to the pathogenesis of opportunistic infections.
The clinical phenotype was also dominated by lymphoprolifera-
tion, particularly splenomegaly (48.5%) and lymphadenopathy
(35.3%), and by autoimmunity (mainly cytopenia) (43.9%).
Low serum IgA and IgM levels, which reflect the loss of switched
memory B cells, were associated with an increased risk of devel-
oping autoimmunity and splenomegaly. Thus, defective isotype
switching and somatic hypermutation may each account for the
increased presence of autoreactive B cells.'’ Autoimmune cyto-
penia and lymphoproliferation were also associated with an
elevated proportion of CD21'°% B cells (>10%). CD21'™ B cells
develop after chronic stimulation and have been found to be en-
riched in autoreactive clones.”’ Impaired canonical NF-«B
signaling has been observed not only in NFKB1-haploinsufficient
patients but also in patients with CVID with the CVID 21'"
phenotype, thus potentially contributing to the accumulation of
CD21'" B cells.”' Conversely, a Ty;1-skewed profile in periph-
eral blood T cells, combined with the overexpression of proin-
flammatory cytokines such as IL-13 and TNF-a, may
contribute to the autoinflammatory symptoms.®*

Therapeutic strategies for individuals with antibody deficiency
include immunoglobulin replacement therapy. Patients with
autoimmunity and immune dysregulation shall be treated with
steroids and rituximab. However, the beneficial effect has to be
weighed against the infectious risk of immunosuppression. The
cytotoxic T-lymphocyte antigen 4 fusion protein abatacept was
used to treat 1 patient with good response. Additional therapeutic
options that still require evaluation include hematopoietic stem
cell transplantation, and targeted therapeutic strategies such as
proteasome inhibitors. The potential therapeutic effect of anti-
TNF, which inhibits TNF-mediated NF-kB activation, suggests
that NF-kB1-related diseases result in dysregulated, rather than
defective, NF-kB signaling.

However, immune dysregulation may result not only from a
defective but also from an increased NF-kB activation.”””
Indeed, p5S0 homodimers, stabilized by B-cell leukemia 3 protein,
function as inhibitory factors for NF-kB1 transcriptional activity
because they do not contain the transcriptional activation domain
that is otherwise exclusively present in RelA (and RelB and c-
Rel); however, they do compete with p5S0/RelA heterodimers
for binding to DNA.**

While studying this cohort, it became clear that the develop-
ment of drugs specifically interfering with the NF-kB signaling
pathway will be an important step forward not only for the
personalized treatment of patients with NF-kB-related disease
but also for patients with more common autoimmune or inflam-
matory conditions.
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Clinical implications: The aim of this work was to aid diagnosis,
management, and treatment of patients with NFKBI mutations.

Clinical features, complications, current treatment options, and
future targeted therapeutic strategies are illustrated.
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