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Abstract
Purpose NEMO-deficient patients present with variable degrees of immunodeficiency. Accordingly, treatment ranges from
antibiotic prophylaxis and/or IgG-substitution to allogenic hematopoietic stem cell transplantation (HSCT). The correct estima-
tion of the immunodeficiency is essential to avoid over- as well as under-treatment. We compare the immunological phenotype of
a NEMO-deficient patient with a newly-described splice site mutation that causes truncation of the NEMO zinc-finger (ZF)
domain and a severe clinical course with the immunological phenotype of three NEMO-deficient patients with missense
mutations and milder clinical courses and all previously published patients.
Methods Lymphocyte subsets, proliferation, and intracellular NEMO-expression were assessed by FACS. NF-κB signal trans-
duction was determined by measuring IκBα-degradation and the production of cytokines upon stimulation with TNF-α, IL-1β,
and TLR-agonists in immortalized fibroblasts and whole blood, respectively.
Results The patient with truncated ZF-domain of NEMO showed low levels of IgM and IgG, reduced class-switched memory B
cells, almost complete skewing towards naïve CD45RA+ T cells, impaired T cell proliferation as well as cytokine production
upon stimulation with TNF-α, IL-1β, and TLR-agonists. He suffered from severe infections (sepsis, pneumonia, osteomyelitis)
during infancy. In contrast, three patients withmissensemutations in IKBKG presented neither skewing of Tcells towards naïvety
nor impaired T cell proliferation. They are stable on prophylactic IgG-substitution or even off any prophylactic treatment.
Conclusion The loss of the ZF-domain and the impaired Tcell proliferation accompanied by almost complete persistence of naïve
Tcells despite severe infections are suggestive for a profound immunodeficiency. Allogenic HSCTshould be considered early for
these patients before chronic sequelae occur.
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Introduction

Currently, more than 340 genetically defined, primary immu-
nodeficiencies (PIDs) are known, including several entities
which affect the activation of the nuclear factor κ light chain
enhancer of activated B cells (NF-κB) pathway [1, 2]. The
NF-κB transcription factor is composed of homo - or hetero-
dimer protein complexes consisting of NF-κB1/p50 (precur-
sor p105), NF-κB2/p52 (precursor p100), RelA/p65, RelB, or
c-Rel and translocates into the nucleus upon activation of the
canonical or the non-canonical NF-κB pathway [3–5]. Mainly
controlled by the classical canonical pathway, NF-κB (p50/
p65) is retained in the cytoplasm of inactive cells through the
inhibitory protein IκBα. Activation of the upstream IκB ki-
nase (IKK) complex IKKα/IKKβ/IKKγ leads to the proteo-
lytic degradation of IκBα and enables NF-κB to translocate
into the nucleus and to activate the transcription of cytokine
associated genes (Fig. 1). To date, genetically defined PIDs
within the canonical (MYD88, IRAK4, IRAK1, TIRAP,
CARD11, BCL10, MALT1, RBCK1, RNF31, TNFAIP3,
FAM105B, IKBKA, IKBKB, IKBKG, NFKBIA) [6–25] and
the non-canonical pathway (MAP3K14, IKBKA) [12, 26] as
well as in single components of NF-κB have been described
(NFKB1, NFKB2, RELA, RELB) [27–30] (Fig. 1). The major-
ity of these defects impairs the innate as well as the adaptive
immune system causing increased susceptibility to infections
(bacterial, mycobacterial, viral) as well as immune
dysregulation.

Patients with disturbances of the regulatory subunit of the
IKK complex, IKKγ (also known as NF-κB essential modu-
lator, NEMO), often but not always present with additional
non-immunological phenotypes like anhidrotic ectodermal
dysplasia (EDA), osteopetrosis, or lymphedema [1, 2, 6–8].
More than 100 mutations in the NEMO-encoding, X-
chromosomal gene IKBKG, have been described [31–34].
Depending on the altered functional domain, hypomorphic
mutations can vary substantially in the quantity and quality
of residual function [31, 32, 35]. Heterozygous amorphic mu-
tations cause incontinentia pigmenti (IP) in female carriers
(rarely also accompanied by immunodeficiency) and are lethal
in hemizygous males [36–38]. The immunological core-
phenotype of NEMO-deficient patients comprises reduced
levels of IgG (especially IgG2), aberrant levels of IgM and
IgA, deficient polysaccharide-responsiveness, low class-
switched memory B cells, and impaired IL-10 production up-
on activation with tumor necrosis factor α (TNF-α). In most
cases, neither amounts nor composition of subsets nor func-
tionality of T cells are impaired and are hence rarely assessed
in sufficient detail in these patients. This immunological het-
erogeneity results in variable clinical courses of NEMO defi-
ciency comprising patients who require no supportive therapy,
patients who are stable on antibiotic prophylaxis and/or IgG-
substitution, and patients for whomHSCTseems a reasonable,

if not necessary approach [39]. However, HSCT only cures
NEMO deficiency in mesoderm-derived tissues but does not
correct dysregulation in ectodermal or endodermal compart-
ments [39, 40]. In the single published cohort, the overall
survival of NEMO-deficient patients after HSCT was 74%
and seems worse in patients with pre-existing mycobacterial
infections or colitis [39]. Therefore, the early and detailed
evaluation of the immunological phenotype, comprising the
innate as well as the adaptive immune system, is necessary to
predict the individual prognosis.

We here report a child with a previously non-described
splice site mutation in IKBKG (IVS9 + 1G >A) causing a loss
of the ZF-domain in whom we diagnosed a characteristic T
cell phenotype after birth and who subsequently suffered from
life-threatening severe bacterial and fungal infections. The
comparison with the immunological phenotype and the less
severe clinical course of three additional NEMO-deficient pa-
tients with separate amino acid exchanges in the coiled-coil 1
(CC1) domain (L80P, D113N) or in the leucine zipper (LZ)
domain of NEMO (R319Q) due tomissensemutations and the
thorough comparison of all previously published patients with
NEMO deficiency allowed us to define a T cell phenotype
predictive for a severe clinical course.

Methods

All procedures performed in studies involving human partic-
ipants were in accordance with the ethical standards of the
institutional and/or national research committee (Charité-
Universitätsmedizin Berlin, Germany, EA2/053/08 and EA2/
132/11) and with the 1964 Helsinki declaration and its later
amendments or comparable ethical standards. Informed con-
sent was obtained from all individual participants included in
the study.

Case Reports

The first patient (P1) was born to non-consanguineous
Caucasian parents. His mother and elder sister had IP
caused by a mutation in the intervening sequence of exon
9 (IVS9 + 1G > A). During pregnancy, an amniocentesis
had been performed and revealed the same IKBKG muta-
tion in P1 (Fig. 2). Immediately, after birth, P1 received an
antibiotic prophylaxis against bacterial infections. In his
first month of life, P1 developed an EDA-like phenotype
that was confirmed by a skin biopsy. At the age of
3 months, he presented a redness of his right ankle joint.
Despite antibiotic treatment, he presented fever (39.4 °C),
an increased level of CRP (136.7 mg/L), reduced oxygen
saturation and was admitted to hospital. Levels of IgG
(1.35 g/L) and IgM (0.03 g/L) were diminished (Table 1).
Sepsis caused by Enterobacter aerogenes and a
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Pneumocystis jirovecii pneumonia (PJP) were identified
and treated successfully. At the age of 6 months, P1 pre-
sented a swollen right knee. Magnetic resonance imaging
and a biopsy revealed an osteomyelitis caused by
Enterobacter aerogenes. He was treated with clindamycin,
cefuroxim, and meropenem. In addition, he exhibited
lymphedema of his left lower leg. In consideration of his

severe clinical course, HSCT was performed at the age of
9 months (Table S1). After myeloablative conditioning
(busulfan, fludarabin, thiotepa, alemtuzumab), he was
transplanted with bone marrow of an unrelated HLA-
compatible donor (MUD, 10/10 with non-permissive
DPB1-mismatch). Prophylaxis against graft versus host
disease (GVHD) consisted of mycophenolate mofetil and
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Fig. 1 Canonical and non-canonical pathway of NF-κB. NF-κB-
controlled signal transduction uses two distinct pathways, the “canonical”
and the “non-canonical” one. These pathways are controlled by distinct
receptors on the cell surface. The canonical pathway comprises a trimeric
IκB kinase complexwhich consists of IKKα, IKKβ, and IKKγ (NEMO).
The complex is activated by upstream mediators, like the CARD11-
BCL10-MALT1 (CBM)–complex and leads to the phosphorylation and
proteolytic degradation of the inhibitor IκBα whereupon NF-κB (p50/
p65) migrates into the nucleus. The LUBAC-complex (consists of HOIL-
1, HOIP, and SHARPIN) leads to a linear ubiquitinylation of IKKγ,
whereas A20 and OTULIN act as negative regulators of the NF-κB-
pathway by cleaving the ubiquitinylated chains. The non-canonical path-
way implies the NF-κB-inducing kinase NIK which leads to the phos-
phorylation of the dimeric IKKα-complex and consequently to the trans-
formation of the inactive precursor protein p100 to the active Rel-protein
p52. The resulting NF-κB factor p52/RelB translocates into the nucleus

and activates transcription. The NF-κB pathway can be disturbed through
disease-causing mutations within multiple genes. Described correlations
between phenotype and genotype are listed in the OMIM database
(OMIM numbers: A20/TNFAIP3*191163, BCL10*603517,
CARD11*607210, HOIL-1610924, HOIP 612487, IκBα*164008,
IKKα*600664, IKKβ*603258, IKKγ* 300248, MALT1*604860,
NIK*604655, OTULIN*615712, p50*164011, p52*164012,
p65*164014, RelB*604758). BCL, B cell leukemia/lymphoma; BCR,
B cell receptor; CARD, caspase recruitment domain-containing protein;
CD, cluster of differentiation; IκBα, NF-κB inhibitorα; IKK, IκB kinase;
IL-1R, interleukin-1 receptor; LTβR, lymphotoxin β receptor; MALT,
mucosa-associated lymphoid tissue lymphoma translocation protein;
NIK, NF-κB-inducing kinase; TCR, T cell receptor; TLR, toll-like recep-
tor; TNFR1, tumor necrosis factor receptor 1; RANK, receptor activator
of NF-κB
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cyclosporine A. Neutrophil engraftment > 500/μl was
achieved on day + 25 and thrombocyte engraftment of >
50.000/μl on day + 35. On day + 20, he developed a hepat-
ic veno-occlusive disease/sinusoidal obstruction syndrome
that quickly resolved on defibrotide. On day + 152, P1
developed a severe autoimmune thrombocytopenia that
was refractory to IgG-substitutions, steroids, and rituxi-
mab, however, could be treated with daratumumab. On
day + 246, P1 presented bloody stools and decreased
amounts of hemoglobin. GVHD of the gut was confirmed
by coloscopy and was treated with steroids and anti-
TNF-α-antibodies. Furthermore, he suffered from a bacter-
emia (Enterobacter aerogenes) whereupon he received
meropenem, gentamycin, and linezolid. P1 is now 2
8/12 years old, presents a slight retardation of his length
and weight and due to chronic GVHD-colitis requires im-
munosuppress ion (JAK-inhib i tors , an t i -TNF-α -
antagonists).

Th e s e cond p a t i e n t ( P2 ) wa s bo r n t o non -
consanguineous Caucasian parents. His grandmother and
mother are carriers of a heterozygous IKBKG mutation at
position 337 (c. G337A) which leads to an amino acid
exchange of aspartic acid to asparagine at position 113
(p. D113N) (Fig. S1a). This mutation had been previously
described in patients with IP [44] as well as in NEMO-
deficient patients with PJP and CMV infections who were
treated with IgG-substitutions or HSCTs, respectively [39,
45, 46]. P2 presents normal amounts of NEMO and has no
signs of EDA (Fig. S1b). From his third month of life, P2
suffered from recurrent febrile lower respiratory tract in-
fections (pneumonia, bronchitis), middle ear infections,
and conjunctivitis. P2 developed relapsing and painful oral
lesions caused by HSV-1 that were treated with aciclovir
and valaciclovir. His peripheral blood analysis showed no

a bno rma l i t i e s . Immunog l o bu l i n l e v e l s (m i l d
hypogammaglobulinemia) as well as his antibody titer
against tetanus-toxoid were inconspicuous. However, P2
developed only low amounts of polysaccharide-specific
antibodies despite vaccination (Table S2). Due to the lack
of specific antibodies and recurrent respiratory tract infec-
tions, P2 has been receiving regular IgG-substitutions
since his 5th year of life. On regular IgG-substitution, no
severe respiratory infections were observed but oral HSV-1
lesions still occur monthly. P2 is now 10 1/12 years old. His
cousin (P2C) carries the same IKBKG mutation, however,
exhibits normal amounts of polysaccharide-specific anti-
bodies, suffered from no bacterial or viral infections, and
is now 40 5/12 years old (Table S3).

Patients 3 (P3) and 4 (P4) had been described in detail
previously [47, 48]. Briefly, P3 was born to non-
consanguineous Caucasian parents and suffered from re-
current bacterial and viral infections (herpes labialis caused
by HSV-1). He presents reduced levels of IgM and
polysaccharide-specific antibodies despite several pneu-
mococcal infections. P3 carries an amino acid exchange
within the N-terminal CC1 domain of NEMO (L80P) and
exhibits a reduced NEMO expression (Fig. S2a). He has
been receiving IgG-substitution since his 3 ½ year of life,
has not developed severe infections ever since, is now 25
11/12 years old, is in good health, and leads an independent
life (Table S4). P4 was born to non-consanguineous
Caucasian parents and developed at the age of 1 ½ years
a cervical lymph node abscess caused by Haemophilus
influenzae type B. He suffered from recurrent bacterial in-
fections and presented at the age of 10 a positive tuberculin
skin test with negative ELISPOT assay for IFNγ whereup-
on he was treated for a suspected mycobacterial infection.
Despite vaccination, P4 generates no antibody-titer against
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Fig. 2 Genotype of P1. a Pedigree of P1. Incontinentia pigmenti-positive
family members and female carriers of the IKBKG mutation within the
intervening sequence of exon 9 (IVS9 + 1G>A) are shown in gray. The
male patient P1 is shown in black. Ο, female; □, male. b Sequence anal-
ysis of IKBKG. The analysis (long-range PCR) was performed with

genomic DNA (gDNA) which was isolated from patient’s SV40 fibro-
blasts. The hemizygous mutation IVS9 + 1G>A is indicated by a black
arrow. c Schematic presentation of IKBKG. The NEMO-encoding gene
contains 10 exons which are depicted as I–X. The mutation locus is
indicated by a red arrow
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measles and presents low levels of polysaccharide-specific
antibodies. P4 carries an amino acid exchange within the

LZ-domain (R319Q) and presents normal amounts of
NEMO in T cells and monocytes (Fig. S2b, Table S5).

Table 1 Immunological phenotype of P1. Analyses were directly
performed after birth with patient’s cord blood and at 4 months of age.
The healthy control values show the normal range in peripheral blood, as
normal values for cord blood do not exist. CD, cluster of differentiation;

HSCT, hematopoietic stem cell transplantation; Ig, immunoglobulin; n.d.,
not detectable; OKT3, anti-CD3; PHA, phytohemagglutinin; PMA,
phorbol-12-myristate-13-acetate; SAC, Staphylococcus aureus Cowan I

P1 Normal range P1 Normal range

Age At birth (cord blood) 4 months (on day−125 before HSCT)
Leukocytes cells/μl [× 103] 23.6 8.0–15.4 –
Neutrophils 14.5 1.60–6.06 –
Eosinophils 0.33 0.12–0.66 –
Basophils % < 1 0–1 –
Lymphocytes cells/μl [× 103] 16.2 2.07–7.53 –
Monocytes 4.56 0.52–1.77 –
Platelets cells/μl [× 105] 1.71 2.18–4.19 –
Erythrocytes cells/μl [× 106] 5.66 4.10–5.55 –

T cells
CD3+ cells/μl [× 103] 6.99 0.60–5.00* 11.07 2.50–5.60****
CD4+ 4.53 0.40-3.50* 7.11 1.80–4.00****
CD8+ 2.64 0.20-1.90* 3.82 0.59–1.60****
Ratio CD4/CD8 1.7 1.0–2.6* 1.86 1.70–3.90
CD3+CD4−CD8−γδ % 1.6 < 4 0.6
CD3+CD4−CD8−αβ 0.1 0.5
CD4+CD45RA+ 98 59–100 95 77–94****
CD4+CD45RO+ 1 5–58 2.5 5–10*****
CD8+CD45RA+ 97 6–100 –
CD8+CD45RO+ 2 0.22–100 –

B cells
CD19+ cells/μl [× 103] 0.18 0.04–1.10* 2.19 0.43–3.00
CD19+CD27+ 0.04 0.009–0.14**
CD19+CD27+IgM+IgD+ 0.03 0.001–0.04**
CD19+CD27+IgM−IgD− 0.001 0.005–0.07**

NK cells
CD16+CD56+ cells/μl [× 103] 0.26 0.10–1.90* 0.37 0.10–1.30*

Immunoglobulins
IgG g/L 6.61 7.5–15.5 – –
IgA g/L 0.05 n.d. – –
IgM g/L < 0.04 0.11–0.35 – –
IgE IU/ml < 0.01 0–1.5 – –

TNF-α production
LPS pg/ml 64.60 300–2000 – –

Lymphocyte proliferation
w/o cpm 3524 351*** – –
PHA1μg 77,498 84,417*** – –
PHA0.1μg 4449 16,996*** – –
OKT310ng 25,031 57,729*** – –
OKT31ng 8812 28,352*** – –
SAC 68,887 26,487*** – –
PMA10ng 193,932 58,286*** – –
Ionomycin 1μMol

*Normal range from peripheral blood [41]

**Mayo Medical Laboratories, Unit Code 88800

***Healthy day control

****Normal range [42]

*****Normal range [43]
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He is now 25 ½ years old, receives neither IgG-
substitutions nor antibiotics and presents to our outpatient
clinic in excellent health only in large intervals.

Proliferation Assay (P1, for P2-P4 See Supplementary
Data)

For analysis of T cell proliferation PBMC were stimulated
with anti-CD3-coupled beads (anti-Biotin MACSiBeads,
Miltenyi Biotec coupled with Biotin-anti-CD3, OKT3) at
a ratio of 5:1 with and without 1 μg/ml CD28 (CD28.2,
both Thermo Fisher Scientific) or with 0.5 ng/ml phorbol
12-myristate 13-acetate (PMA) and 1 μM ionomycin
(Sigma Aldrich). T cell proliferation was measured by
labeling PBMC with APC-H7-anti-CD3 (SK7, 1:50),
APC-anti-CD4 (SK3, 1:50), PacB-anti-CD8 (RPA-T8,
1:50), and PE-anti-CD25 (M-A251, 1:25) all from BD
and with 2.5 μM carboxyfluorescein succinimidyl ester
(CFSE, Thermo Fisher Scientific). Data were acquired
on a BD FACSCanto II flow cytometer, and data analysis
was performed with FlowJo software (TreeStar). The
mitogen-induced proliferation was performed as described
previously [49].

Western Blot

To determine NEMO-expression and IκBα-degradation,
SV40-immortalized fibroblasts were stimulated with IL-1β
(10 ng/ml) and TNF-α (20 ng/ml) for 5, 10, 15, 20, 25, and
30 min at 37 °C (for IκBα-degradation). Afterwards, cells
were washed twice (PBS buffer) and centrifuged (1500 rpm,
5 min, 4 °C). Cell pellets were lysed (50 mM Tris, 150 mM
NaCl, 2 mMEDTA, 0.5% Triton X, 1 × Protease inhibitor) for
20 min on ice. Lysates were collected by centrifuging
(2000 rpm, 5 min, 4 °C). Protein concentration was detected
with the Pierce™ BCA protein-assay-kit (Thermo Fisher
Scientific). Thirty microgram protein was separated in 10%
polyacrylamide-gels by standard SDS-Page. Semi-dry blot-
ting transferred the protein on nitrocellulose membranes.
The membranes were blocked (5% milk powder/TBST buff-
er) for 60 min at 4 °C. The first detection was performed with
anti-IKKγ- (IgG-rabbit, clone EPR14660, Abcam; IgG1-
mouse, clone 54, BD Biosciences; IgG-rabbit, polyclonal,
Sigma-Aldrich) and anti-IκBα-polyclonal-IgG-rabbit-anti-
bodies (C-21, Santa Cruz Biotechnology). An antibody
against GAPDH (polyclonal IgG rabbit, FL-335, Santa Cruz
Biotechnology) was used as intra-assay control. HRP-
conjugated antibodies (goat-anti-mouse-IgG-HRP or goat-an-
ti-rabbit-IgG-HRP, Dianova) were used for the detection of
the primary antibody. The protein-antibody-complex was an-
alyzed with ECL western blotting substrate solutions
(Promega) and the ChemiDoc MP imaging system
(ImageLab software 5.2.1).

Results

Adaptive Immunity Is Severely Impaired in P1

Immediately after birth numbers of Tand B cells in cord blood
of P1 were slightly elevated, yet within the normal range
(Table 1). The level of γδ and αβ T cells was inconspicuous.
The ratio of naïve CD45RA+ to memory CD45RO+ T cells
(CD4+, CD8+) was markedly skewed towards naïvety. The
evaluation of B cell subpopulations revealed normal amounts
of total memory (CD19+CD27+) and IgM-positive memory
(CD19+CD27+IgM+IgD+) cells whereas class-switched mem-
ory (CD19+CD27+IgM−IgD−) B cells were strongly reduced.
IgG was slightly and IgMwas markedly reduced. IgA and IgE
were normal. The proliferation of CD4+ and CD8+ T cells
upon stimulation with anti-CD3 and anti-CD3/CD28 was im-
paired (Fig. 3a). The lymphocyte proliferation in response to
high concentrations of PHA, OKT3, SAC, and PMA/
ionomycin was normal while the proliferation upon stimula-
tion with low concentration PHA and OKT3 was reduced
(Table 1). In summary, the evaluation of the adaptive immu-
nity of P1 showed an almost complete skewing towards
naïvety, impaired lymphocyte proliferation, low IgM, and re-
duced class-switched memory B cells.

Impaired TNFR-, TLR-, and IL-1R-Signaling in P1

We subsequently tested the impact of the IKBKGmutation on
the canonical NF-κB pathway by measuring the IL-6 produc-
tion in patient’s cord blood upon stimulation with TLR-
agonists (TLR2/6-agonist PAM2CSK4, TLR4-agonist LPS)
as well as IL-1β and the production of IL-10 upon activation
with TNF-α. The IL-6 production upon stimulation with
PAM2CSK4, LPS, and IL-1β was strongly reduced (Fig.
3b). The IL-10 production upon stimulation with TNF-α
remained below the detection limit of 5 pg/ml (Fig. 3c).
These results revealed strongly impaired NF-κB-dependent
innate immunity.

Splice Site Mutation IVS9 + 1G > A Leads to a Frameshift With
Premature Termination Codon and Truncated NEMO Protein

We investigated the impact of the IVS9 + 1G >A mutation on
the coding sequence and protein structure. The splice site mu-
tation was not present in the data base of the exome aggrega-
tion consortium (ExAC) [50] and causes an exon 9 skipping
(Fig. 4a) which induces a frameshift with premature termina-
tion codon (p. R352Sfs373X). The predicted protein is char-
acterized by a loss of the C-terminal ZF-domain that is essen-
tial for the activation of T/B cells and NF-κB signal transduc-
tion [6, 51] (Fig. 4b). We finally analyzed the NEMO expres-
sion in patient’s cord blood as well as in SV40-transformed
fibroblasts. T cells as well as monocytes presented diminished
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levels of intracellular NEMO-protein in comparison with a
healthy control (Fig. 4c). SV40-fibroblasts of P1 exhibited
no full-length protein (48 kDa) as in a healthy control, yet a
smaller NEMO-variant of approximately 41 kDa which is also
present in healthy individuals but absent in the NEMO-null
cell line (exon deletion,Δ 4–10) (Fig. 4d). These results sug-
gested a strongly impaired NEMO-function.

Splice Site Mutation IVS9 + 1G > A Impairs IκBα-Degradation
and Cytokine Production in Fibroblasts

In order to validate the impact of the mutation on the protein
function, we analyzed the IL-1R- and TNFR-dependent
IκBα-degradation in SV40-transformed fibroblasts. The as-
sessment of IκBα in a cell line of a healthy subject served as
a positive control whereas a NEMO null cell line functioned
as a negative control. IκBα-degradation upon stimulation
with IL-1β was strongly impaired and missing upon

activation with TNF-α in SV40-fibroblasts of P1 (Fig. 5a).
Our results indicate that the loss of the ZF-domain strongly
impairs the degradation of IκBα and the NF-κB-dependent
IL-6 production upon stimulation with IL-1β and TNF-α
(Fig. 5b).

NEMO-Deficient Patients With Missense Mutations (P2-P4)
Demonstrated Neither Skewing Towards Naïvety in T Cells
nor Functional T Cell Impairment

We finally assessed adaptive immunity and TNFR-, TLR-,
and IL-1R-signaling in three further NEMO-deficient patients
who suffered from recurrent bacterial and viral infections. P2
(D113N) and P3 (L80P) [47] presented separate amino acid
exchanges within the N-terminal CC1-domain of NEMO
whereas P4 demonstrated an amino acid exchange within
the LZ-domain (R319Q) [48] (Fig. 6a). All patients showed
neither impaired amounts of naïve T cells nor affected T cell
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proliferation upon stimulation with mitogens or antigens. P2
presented reduced levels of IgG and IgG4. P3 had marginally
reduced levels of IgG2 but permanently reduced levels of IgM.
P4 exhibited normal amounts of IgG and marginally reduced
amounts of IgM (Tables S2, S4, and S5). The IL-6 production
of P2 was slightly impaired upon stimulation with
PAM2CSK4 and IL-1β. P3 produced lower amounts of IL-6
upon stimulation with IL-1β. P4 presented no reduced IL-6
production in comparison with the control cohort and healthy
day control (Fig. 6b). P2 exhibited normal amounts of IL-10
upon stimulation with TNF-αwhereas P3 and P4 demonstrat-
ed markedly reduced levels of IL-10 (Fig. 6b). P2 and P3 are
treated with regular IgG-substitution and antibiotics only if
required. To date, both patients have not suffered from severe
infections since the fourth and the eleventh year of age, re-
spectively. P4 is in perfect health, off any prophylaxis.

Discussion

NEMO deficiency was first described as causative for EDA
and immunodeficiency (EDA-ID) but has soon been recog-
nized to cause also ID without EDA, ID with mild EDA, and
ID with osteopetrosis and lymphedema (EDA-ID-OL) [6–8,
36]. Correspondingly, the extent of ID in NEMO-deficient
patients is highly variable and ranges from isolated suscepti-
bility for some pathogens that decreases with age to ongoing
susceptibility for life-threatening infections caused by multi-
ple pathogens [52]. The immunological core-phenotype de-
scribed in most NEMO-deficient patients (reduced levels of
IgG (especially IgG2), aberrant levels of IgM and IgA, defi-
cient polysaccharide-specific antibody responsiveness, low
class-switched memory B cells, and impaired IL-10 produc-
tion upon activation with TNF-α) is however not predictive
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for the clinical course. Therefore, the definition of an immu-
nological phenotype that predicts a severe clinical course in
NEMO deficiency before chronic sequelae occur is a clinical
need. The definition of a predictive immunological phenotype
would help to distinguish NEMO-deficient patients for whom
conservative treatment with IgG-replacement and/or anti-
infective therapies is sufficient from those who should under-
go HSCT as they will otherwise remain at life-long risk for
severe infections.

In this report, we describe the molecular effects of a newly
identified splice site mutation in the NEMO-encoding gene
IKBKG (IVS9 + 1G >A), the resulting immunological pheno-
type and the clinical course in a boy whose mother has IP. The
mutation leads to an exon 9 skipping with a subsequent frame-
shift and premature termination codon (p. R352Sfs373X) that
truncates the NEMO-protein of its C-terminal ZF-domain.
The loss of this domain severely impairs the production of
IL-6 and IL-10 upon activation with LPS and less severely
but still significantly upon activation with PAM2CSK4, IL-1β,
and TNF-α in whole blood, as well as the degradation of
IκBα and production of IL-6 upon activation with IL-1β
and TNF-α in fibroblasts. In addition to impaired innate im-
munity, P1 presented features of combined immunodeficien-
cy. P1 showed an almost complete skewing towards naïvety in

T cells, impaired lymphocyte proliferation, low IgM, and re-
duced class-switched memory B cells. In infancy, P1 suffered
from three life-threatening infections (arthritis/sepsis caused
by Enterobacter aerogenes , pneumonia caused by
Pneumocystis jirovecii, and osteomyelitis caused by
Enterobacter aerogenes).

The severe clinical course of P1 is reminiscent of two pre-
viously described NEMO-deficient patients who also present-
ed splice site mutations within the intronic sequence of exon 9
(IVS9 – 1G > A and IVS9 + 5G > C) and truncated ZF-
domains [53–55]. The first patient suffered from recurrent
pneumonia and an infection caused by atypical mycobacteria.
Despite immunization, he presented no detectable antibody
titers against Haemophilus influenzae or tetanus-toxoid. IgG-
substitution stabilized the clinical course for some time but
“he had many difficult years thereafter and died” (personal
communication J. Orange) [53, 54]. The second patient be-
came conspicuous due to an EDA-like phenotype and a severe
pneumonia already as newborn. Despite antibiotic treatment,
he remained persistently bacteremic. His levels of IgM and
IgG were markedly reduced as well and he expired during
hospitalization [55]. The notion that NEMO-deficient patients
with an impaired ZF-domain are at particularly increased risk
for life-threatening infections is further supported by the
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comparison of previously reported NEMO-deficient patients
with modified or truncated ZF-domains with those whose mu-
tations change other domains of the protein: in previously
described patients impaired ZF-function seems to correlate
with a complicated clinical course (Table S6) [6–8, 31, 35,
36, 56–66].

Patients with a modified protein structure concerning the
CC1-, CC2-, and LZ-domain of NEMO may certainly also
display severe clinical issues, however, overall present a better
outcome upon antibiotic treatment and/or IgG-substitution
(Table S6) [31, 32, 34, 35, 39, 44, 67, 68]. This observation
is in line with the clinical presentation of P2, P3, and P4 in this
report. Patient P2 suffered from recurrent bacterial and viral
infections since his third month of life. His IKBKG mutation
(c. G337A) leads to an amino acid exchange within the N-
terminal CC1-domain of NEMO (D113N) that is responsible
for the interaction between the IκB kinases IKKα, IKKβ, and
IKKγ (NEMO). It is debated by some whether c. G337A is

rather a polymorphism than a mutation. Although its allele
frequency is rather frequent (0.009572) the resulting amino
acid exchange D113N had also been previously described in
females with IP [44] and in patients who displayed the immu-
nological and clinical phenotype of NEMO deficiency [39,
45, 46]. In line with this discussion, the clinical condition of
P2 improved substantially after receiving IgG-substitution and
he rarely required antibiotic treatment thereafter. Evenmore of
note, the same IKBKG mutation was detected in his cousin
(P2C) who never developed a severe infection and is now
40 years old. P3 suffered from recurrent severe bacterial and
viral infections. His mutation leads to an amino acid exchange
within the CC1-domain (L80P) [47]. Similar to P2, the clinical
course of P3 substantially improved upon the initiation of
regular IgG-substitution. P4 carries an amino acid exchange
within the LZ-domain (R319Q) that regulates the NF-κB sig-
nal transduction by acting as an ubiquitin binding-domain in
conjunction with the domain CC2 [32, 48, 69, 70]. He
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suffered from bacterial and mycobacterial infections and was
temporarily treated with antibiotics but has neither been
obtaining antibiotics, nor IgG-substitution since his 12th year
of age, is now > 25 years old and is doing very well. In con-
trast to P1, P2-P4 presented with a normal ratio of
CD4+CD45RA+/CD4+CD45RO+ T cells and normal T cell
proliferation (Tables S2, S4, and S5).

The C-terminal ZF-domain is highly conserved among spe-
cies and is important for the activation of B and Tcells as well
as T cell proliferation [32, 71, 72]. The complete loss of this
domain is associated with a reduced Tcell proliferation and an
impaired activation of the NF-κB signal transduction [6, 51].
Furthermore, NEMO-deficient patients with affected or absent
ZF-domain presented stimulus-dependent impaired IκBα-
degradation [32]. These observations are in line with the se-
verely impaired NF-κB signaling of P1 and consistent with
the immunological phenotype of IκBα-deficient patients [10].
IκBα is an inhibitor of NF-κB and is encoded by NFKBIA
(NF-κB inhibitor α). Activation of the trimeric IKK-complex
leads to the phosphorylation and degradation of IκBα which
in turn liberates NF-κB (Fig. 1). The first IκBα-deficient pa-
tient with an autosomal dominant variant of EDA-ID present-
ed a hypermorphic gain-of-function mutation of NFKBIA
causing an amino acid exchange from serine to isoleucine at
position 32 (p. S32I) that prevents the phosphorylation of
IκBα and causes constant retention of NF-κB in the cytosol
[10]. By now, more than 10 patients with NFKBIA mutations
who also presented with predominance of naïve Tcells, mark-
edly reduced memory T cells, affected TCR-mediated prolif-
eration, and severe infections as described in NEMO-patients
with truncated ZF-domain [73–77]. A similar Tcell phenotype
was also described in patients with homozygous mutations in
IKBKB (IKKβ), CARMIL2, CARD11, and BCL10. IKKβ-
and CARMIL2-deficient patients suffered from severe and
recurrent infections (bacterial, mycobacterial, viral and fun-
gal) [18, 49, 78–82]. Patients with loss-of-function mutations
within the CARD11-BCL10-MALT1 (CBM)-complex
caused by CARD11- and BCL10 mutations suffered from se-
vere and recurrent bacterial, mycobacterial, viral, and fungal
infections [15, 16, 19, 83]. Some patients with CBM-opathies
were successfully treated with HSCT [83]. To the present day,
no further NEMO-deficient patient in whom naïve/memory T
cells were assessed presented a skewing towards naïve
CD45RA+ T cells (Table S7).

In summary, our data and the review of all previously pub-
lished patients suggest that NEMO-deficient patients with an
affected ZF-domain suffer not only from an impaired cytokine
response of innate immune cells but also from a combined
immunodeficiency with impaired T and B cell function. So
thorough evaluation of adaptive immunity by assessing lym-
phocyte subsets with a special emphasis for “skewing towards
naïvety”, accompanied by assays for lymphocyte proliferation
are mandatory for patients with NEMO deficiency. NEMO-

deficient patients with severely impaired T cell function are at
high risk for life threatening infections and may benefit from
early HSCT, whereas NEMO-deficient patients without com-
bined immunodeficiency may rather benefit from conserva-
tive therapy. The early detailed assessment of not only the
innate immunity but also of Tcell function is hence mandatory
as it allows to choose therapeutic options for NEMO-deficient
patients stratified by the individual prognosis.
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