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The transcription factors of the NF-kB family play an important

role in immunity to infection in animal models. Three human

primary immunodeficiencies associated with impaired NF-kB

signaling were recently described. X-linked recessive anhidrotic

ectodermal dysplasia with immunodeficiency (XL-EDA-ID) is

caused by hypomorphic mutations in the gene encoding NEMO/

IKKg, the regulatory subunit of the IkB-kinase (IKK) complex.

Autosomal dominant EDA-ID (AD-EDA-ID) is caused by a

hypermorphic mutation in the gene encoding the inhibitory

protein IkBa. Autosomal recessive immunodeficiency without

EDA is caused by mutations in the gene encoding IRAK-4, a

kinase acting upstream from the IKK complex in the TIR signaling

pathway. The description of the infectious phenotypes

associated with these genetic defects has initiated the forward

genetic dissection of NF-kB-mediated immunity in man.
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Abbreviations
AD-EDA-ID autosomal dominant EDA-ID

EDA anhidrotic ectodermal dysplasia

EDA-ID EDA with immunodeficiency

IjB inhibitors of NF-kB

IKK IkB kinase

IL interleukin

IP incontinentia pigmenti
LCMV lymphocytic choriomeningitis virus

IP incontinentia pigmenti

IRAK IL-1-receptor-associated kinase

LPS lipopolysaccharide

NEMO NF-kB essential modulator

NF-jB nuclear factor kappa B

NK natural killer

OL-EDA-ID osteopetrosis and lymphoedema with EDA-ID

TIR Toll/IL-1 receptor

TNF-a tumor necrosis factor a

TLRs Toll-like receptors

XL-EDA-ID X-linked EDA-ID

Introduction
The mammalian NF-kB family of transcription factors is

composed of homo- and hetero-dimers of five structurally

related and evolutionary conserved proteins (NF-kB1/

p50, NF-kB2/p52, RelA [also called p65], RelB and c-Rel)

[1]. These transcription factors are sequestered in the

cytoplasm of resting cells through associations with the

inhibitor of NF-kB (IkB) proteins, which belong to a

family that includes IkBa, IkBb, IkBe and the precursors

of p50 and p52 (namely p105 and p100). Upon cell

stimulation, IkBs are phosphorylated at two conserved

critical amino-terminal serine residues by the IkB kinase

(IKK) complex, leading to their ubiquitination and sub-

sequent degradation. The IKK complex is composed of at

least two related catalytic subunits, IKKa/IKK1 and

IKKb/IKK2, and an essential regulatory subunit IKKg/

NEMO (for NF-kB essential modulator). The degrada-

tion of IkBs results in the translocation of NF-kB dimers

to the nucleus, where they bind to DNA at cognate

binding sites to regulate gene transcription.

NF-kB dimers are involved in the development and

function of the immune system [2]. NF-kB dimers are

rapidly induced upon stimulation of a wide range of

receptors involved in innate and/or adaptive responses,

such as surface Toll-like receptors (TLRs; [3]), intracy-

toplasmic nucleotide oligomerization domain/caspase

recruitment domain (NOD/CARD) receptors [4], mem-

bers of the IL-1 receptor [5,6] and TNF receptor [7]

superfamilies, the IL-15 [8] and IL-17 [9] receptors, and

T- and B-cell antigen receptors [10]. NF-kB activation

leads in turn to the expression of various genes involved in

immunity, such as acute-phase proteins, cytokines, che-

mokines, growth factors, their receptors, adhesion and

co-stimulatory surface molecules, and regulators of cell

proliferation and apoptosis. The various NF-kB dimers

may positively or negatively regulate their target genes.

Genetic studies performed in animal models demon-

strated the critical role of NF-kB in host defenses against

pathogens. Studies in Drosophila have highlighted the

major role played by Rel/NF-kB orthologs in defenses

against bacteria and fungi [11,12]. Several IKK-, IkB- and

NF-kB-knockout mice die in the embryonic or perinatal

periods (IKKa�/�, IKKb�/�, IKKg/NEMO�/�, IkBa�/�,

p65/RelA�/�), precluding studies of their role in host

defenses. However, mice that are either deficient
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(p105�/�, p50�/�, p52�/�, RelB�/�, c-Rel�/�) or trans-

genic (overexpressing a degradation-deficient IkBa: Tg

DN-IkBa) for these factors are viable [13,14]. Some of

these mice have normal or increased resistance, compared

to wild-type mice, to infection by various microorganisms,

such as bacteria: Listeria monocytogenes, Shigella flexneri
(IkBe�/�; [15]), Haemophilus influenzae, Escherichia coli
(p50�/�; [16]); parasites: Trichus muris, Toxoplasma gondii
(c-rel�/�; [17,18]); and viruses: lymphocytic choriomenin-

gitis virus (LCMV; c-Rel�/�; [19]) or murine encephalo-

myocarditis (p50�/�; [16]).

The same or other mice, however, were also shown to be

susceptible to various infections, such as bacteria: L.
monocytogenes, Streptococcus pneumoniae (p50�/�, p52�/�,

RelB�/�, c-Rel�/�, Tg DN-IkBa; [16,19–22]), Helicobacter
hepaticus (p50�/�; [23,24]), Staphylococcus xylosis and Pas-
teurella haemolytica (p105�/�, c-Rel�/�; [19,25]); parasites:

Leishmania major (p50�/�, p52�/�, c-Rel�/�; [26–28]), T.
muris (p50�/�, p52�/�; [17]), T. gondii (p52�/�, RelB�/�,

Tg DN-IkBa; [29–31]); and viruses: LCMV (RelB�/�;

[22]) and influenza virus (c-Rel�/�; [32]). These studies

have initiated a genetic dissection of the role of the dif-

ferent molecules involved in NF-kB activation in achiev-

ing protective immunity to infection in the mouse model.

In this review we will describe three recently identified

human primary immunodeficiencies involving the NF-

kB signaling pathway, with a particular emphasis on the

associated infectious diseases. We will not discuss other

inherited NF-kB disorders that are not associated with an

immunodeficiency, such as incontinentia pigmenti (IP;

lethal in utero for males, resulting from amorphic NEMO
mutations) or anhidrotic ectodermal dysplasia (a purely

developmental defect, resulting from amorphic mutations

in EDA/ED1, EDAR, EDARADD genes, encoding ecto-

dysplasin, its receptor, and the EDAR-associated death

domain proteins, respectively; [33]).

X-linked anhidrotic ectodermal dysplasia
with immunodeficiency
Patients with anhidrotic ectodermal dysplasia (EDA) dis-

play abnormal development of ectoderm-derived struc-

tures, with hypo- or ano-dontia (partial or total absence of

teeth, respectively), conical teeth, dry skin (due to the

absence or rarity of eccrine sweat glands), and hypohi-

drosis with sparse scalp hair and eyebrows [34]. Patients

with EDA and immunodeficiency (EDA-ID) present

some or all of these features, together with severe infec-

tious diseases [35]. The first known clinical report of

EDA-ID was published in 1986 and concerned a 20-

month-old boy with EDA who died from acute miliary

tuberculosis [36]. Immunological abnormalities asso-

ciated with EDA were first described in 1995 by Abinun

[37]. Thirty-one patients with EDA-ID have been

described [35,36,38–49]. EDA-ID principally affects

boys, suggesting X-linked recessive inheritance (XL-

EDA-ID). This was confirmed in 2000 and beyond with

the identification of disease-causing hypomorphic muta-

tions in NEMO, which is located on the X chromosome

[35,41,43–49].

XL-EDA-ID patients generally suffer in early childhood

from multiple and severe bacterial infections of the

respiratory and gastrointestinal tracts, skin, soft tissues

and bones, together with meningitis and septicemia [35–

49]. These infections are mostly caused by Gram-positive

(Streptococcus pneumoniae, Staphylococcus aureus) and Gram-

negative (H. influenzae) encapsulated pyogenic bacteria.

Several patients also suffered from severe mycobacterial

disease (Mycobacterium avium), and there have been rare

cases of children suffering from fungal (Pneumocystis car-
inii; [45,48]) and viral (Cytomegalovirus; [38,49]) diseases.

Many patients show poor clinical and biological inflam-

matory responses during infection episodes. The nature

and severity of infections vary from case to case, and 15

out of the 31 patients described have died of infections.

All patients tested to date have presented a lack of poly-

saccharide-specific antibodies, despite infection by, and/or

vaccination against, encapsulated bacteria [35,39,40,43,45,

47–49]. This may partly account for the susceptibility of

these patients to infections with pyogenic bacteria [50,51].

Several patients present low serum IgG (especially IgG2)

levels, and/or high serum IgM levels [40,43,45–48],

whereas the levels of IgA vary (hyper IgM-like pheno-

type). Three patients with impaired natural killer (NK)-

cell cytotoxic activity, despite normal numbers of periph-

eral blood NK cells, have been reported [49]. Other

diagnostic immunological parameters, such as the number

of blood phagocytes, NK cells, and B and T lymphocytes,

lymphocyte subset distribution (CD4þ, CD8þ), T-cell

proliferation in response to mitogens and antigens, and

antibody responses to protein antigens, were generally

normal in all patients tested. The severity of the infectious

phenotype of XL-EDA-ID thus contrasts with the paucity

of detectable abnormalities in routine immunological

examination.

Following the identification, by positional cloning, of

amorphic NEMO mutations as the cause of IP [41], which

is usually lethal in utero for males, hypomorphic mutations

in NEMO have been identified in XL-EDA-ID patients

(Figure 1; [35,38–41,43–49]). These NEMO mutations

impaired, but did not abolish, NF-kB signaling [45]. In

males, the NEMO genotype therefore correlated with

developmental and infectious phenotypes [44–46,

48,52]. Amorphic mutations cause lethal IP in utero,

hypomorphic mutations in the coding region cause XL-

EDA-ID, and hypomorphic mutation of the stop codon

(X420W) causes the most severe form of EDA-ID, which

is associated not only with osteopetrosis and lymphoe-

dema (XL-OL-EDA-ID), but also with more diverse

and severe infections [41,45,47,48]. EDA results from
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impaired NEMO-dependent NF-kB activation in

response to ectodysplasin [45,53]. Osteopetrosis and lym-

phoedema probably result from impaired NF-kB activa-

tion via the receptor activator of NF-kB (RANK; [54]),

and the vascular-endothelial growth factor receptor-3

(VEGFR-3; [55]), respectively.

In contrast, the pathogenesis of abnormalities detected in

the immunological profile, such as the lack of antibody

responses against polysaccharides, is much less clear

because of the number of receptors involved in NF-

kB-mediated immunity (Figure 2). Moreover, in one

study, the patients’ cells showed impaired responses to

IL-1b, IL-18, lipopolysaccharide (LPS), TNF-a and to

some, but not all, CD40-ligand assays [45], whereas, in

another study, the patients’ cells showed impaired

responses to all CD40 ligand assays tested, but not to

LPS, SAC (Staphylococcus aureus [Cowan strain]) and

TNF-a [46]. This suggests that the immunological

abnormalities depend on the NEMO mutation involved.

The pathogenesis of infections is even more obscure.

Intact NEMO-dependent NF-kB activation in humans is

clearly important for the control of pyogenic bacteria and

mycobacteria. Susceptibility to fungi and viruses in a few

patients suggests that NEMO plays a broader role in

immunity to infection. The identification in other

patients of germline mutations in other genes, the pro-

ducts of which act upstream or downstream from NEMO,

would be the most direct way to determine which immu-

nological defects are responsible for infections in NEMO-

deficient children.

Autosomal dominant EDA-ID
A novel autosomal dominant form of EDA-ID, recently

identified in one child, was found to be caused by a

hypermorphic mutation of the gene encoding IkBa
[56�]. Similar to XL-EDA-ID patients, from the age of

two months he suffered from multiple and severe infec-

tions with several Gram-positive and Gram-negative

bacteria, leading to chronic bronchopneumonitis and

gastroenteritis, with failure to thrive. His immunological

profile showed normal percentages of T, B and NK cells, a

normal distribution of T-lymphocyte subsets (CD4þ,

CD8þ), and normal NK-cell activity. He had high serum

IgM levels, and low serum IgG and IgA levels. Unlike

patients with XL-EDA-ID, however, he presented leu-

kocytosis with lymphocytosis and no serum antibodies

specific for any recall antigens, including protein antigens.

His clinical course was extremely severe, with bone

marrow transplantation required by the time he was eight

months old.

The severity of the case was due to a unique, severe T-

cell abnormality. This patient had no detectable g/d T

cells and no memory a/b T cells, as all his CD4þ and

CD8þ cells were of the naı̈ve CD45RA phenotype. An

Figure 1
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in-depth study of the T-cell phenotype showed a com-

plete lack of proliferation in vitro in response to anti-CD3,

with restoration of proliferation on addition of recombi-

nant IL-2 or anti-CD28. By contrast, proliferation in

response to lectins, allogeneic cells and phorbol 12-myr-

istate 13-acetate (PMA)-ionomycin was normal. The

patient’s T cells also failed to respond to all recall anti-

gens tested. However, T-cell blasts generated in vitro
acquired the HLA-DR, CD25 and CD45RO markers and

responded to anti-CD3 stimulation. By contrast, known

XL-EDA-ID patients have normal numbers of memory T

cells in the blood, and their T cells proliferate in vitro in

response to anti-CD3 or antigens.

A heterozygous IKBA missense mutation has been iden-

tified (Figure 1) that converts the phospho-acceptor ser-

ine in position 32 of the protein to isoleucine (S32I),

impairing the phosphorylation of IkBa by IKK. After

treatment with TNF-a or IL-1b, almost no degradation

of IkBa was observed in the patient’s fibroblasts, whereas

the degradation of IkBb and IkBe was normal; by contrast,

in patients with XL-OL-EDA-ID, impairment is

observed in the degradation of IkBa, IkBb and IkBe
[45,56�]. Accordingly, no Ser32-phosphorylated IkBa
was detected in the patient’s fibroblasts upon activation.

So, as observed in patients with XL-OL-EDA-ID, the

patient’s fibroblasts responded poorly to TNF-a and

IL-1b to induce NF-kB DNA binding activity and IL-6

secretion, and his blood cells showed impaired responses

to ligands of the Toll/IL-1 receptor (TIR)-bearing recep-

tor family, LPS and IL-1b (Figure 2).

This S32I substitution is thus hypermorphic, as it pre-

vents IkBa degradation, thereby enhancing the NF-kB-

inhibitory capacity of this molecule and resulting in

impaired NF-kB activation. Similar mutations of serine

32 are gain-of-function and dominant, and have com-

monly been used to block NF-kB activation [56�]. The

dominant nature of the S32I mutation has been demon-

strated in vitro by the strong inhibition of NF-kB activa-

tion upon stimulation by TNF-a of cells expressing both

wild-type and mutant (S32I) IkBa constructs [56�]. Hypo-

morphic recessive mutations of NEMO and a hyper-

morphic dominant mutation of IKBA thus both lead to

Figure 2
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EDA-ID, unambiguously indicating that the human NF-

kB signaling pathway is crucial for both normal ectoder-

mal structure development and immunity to infection.

Notably, the child with the IKBA mutation underwent

bone marrow transplantation early in life due to the

clinical consequence of a severe T-cell phenotype resem-

bling that of SCID patients (who lack T-cell immunity).

Indeed, a distinct feature of AD-EDA-ID is the lack of

memory T cells in vivo. This lack of memory T cells

probably results from a deficient antigen-driven T-cell

receptor (TCR) stimulation of naı̈ve T cells, as suggested

by the lack of naı̈ve T-cell responses to recall antigens

and anti-CD3, and the ability to generate stable memory

T cells in response to more potent stimuli in vitro. The

T-cell phenotype in the AD-EDA-ID patient absent

in known XL-EDA-ID patients, may reflect NEMO-

independent NF-kB signaling in response to TCR/

CD3-ligation. The NF-kB-inducing kinase (NIK) was

recently shown to be involved in T-cell activation, in

which it sets the activation threshold [57], acting inde-

pendently of NEMO [58]. Alternatively, the composition

and/or number of NEMO-dependent NF-kB dimers

activated upon stimulation may differ between cells with

NEMO and IKBA mutation. In either case, NF-kB signal-

ing is probably crucial for immunity to a large number of

microorganisms. The present identification of only a

single IKBA-mutated and 31 NEMO-mutated patients,

with residual NF-kB signaling, however, precludes the

drawing of definitive conclusions.

Immunodeficiency without EDA, associated
with IRAK-4 deficiency
IL-1-receptor-associated kinase (IRAK)-4 is a kinase that

acts upstream from IKK in the Toll/IL-1 receptor (TIR)

signaling pathway [59]. Three unrelated children with

IRAK-4 deficiency were recently reported [60,61��].
They developed multiple life-threatening infections with

pyogenic bacteria, with no developmental signs such as

EDA, osteopetrosis or lymphoedema. These patients

were mostly infected with encapsulated Gram-positive

S. pneumoniae and S. aureus bacteria (Table 1). No infec-

tions with H. influenzae were reported, but one patient

presented severe infections with other Gram-negative

bacteria. These infections occurred early in life, but

the condition of the children improved with age (they

are now 7, 8 and 12 years old). A fourth patient was

subsequently reported, confirming the clinical phenotype

of IRAK-4 deficiency, as she was 21 years old and showed

a lack of severe infections since the end of adolescence

[62,63�]. The clinical improvement seen with age in the

four patients [61��,63�] suggests that other immune

mechanisms, probably involved in adaptive immunity,

progressively come into effect, circumventing the IRAK-

4 deficiency and protecting these patients against infec-

tions. Similar to EDA-ID patients, these patients dis-

played poor inflammatory responses during infectious

episodes and routine immunological evaluations of T,

B and NK lymphocytes were normal. Unlike XL-EDA-

ID patients, however, these patients had apparently

normal antibody responses to polysaccharide antigens,

including specific antibodies against S. pneumoniae and,

unlike AD-EDA-ID patients, they had normal T-cell

phenotypes and responses to antigens.

Homozygous mutations in the IRAK4 gene were reported

for three of these patients. The mutations were amorphic,

resulting in premature stop codons in the region of the

gene encoding the kinase domain, resulting in a lack of

detectable IRAK-4 protein (Figure 1; [61��]). The fourth

patient presented compound heterozygous mutations

(Figure 1; [63�]). In vitro characterization of the defect

showed an absence of IRAK-1 degradation upon stimula-

tion with IL-1b. Further downstream, levels of IkBa
degradation, NF-kB dimer DNA binding, p38 mitogen-

activated protein kinase (MAPK) activation, extracellular

signal-related kinase (ERK)-1/ERK-2 activation, and IL-

6 production were all low in fibroblasts stimulated with

IL-1b, whereas the response to TNF-a remained unaf-

fected (Figures 2 and 3). Blood cells also showed pro-

found defects in response to all IL-1 receptor- and TLR-

ligands tested, although they responded normally to

TNF-a [61��]. The response to whole bacteria (S. aureus,
M. tuberculosis and E. coli) was impaired but not abolished,

indicating that TLR-independent pathways could serve

to recognize pathogens.

Table 1

A comparison of XL-EDA-ID, AD-EDA-ID and IRAK-4 deficiency.

Gene Inheritance Mutation EDA (OL) Infectionsa

Pyogenic bacteria Mycobacteria Other

NEMO XR Hypomorphic þ þ þ �
IKBA AD Hypermorphic þ þ þ? þ?

IRAK4 AR Amorphic � þ � �
aThe single patient with AD-EDA-ID received a heterologous hematopoietic stem cell transplantation by eight months of age, precluding a

thorough description of his infectious phenotype. His profound T-cell defect, however, strongly suggests that AD-EAD-ID is not only associated

with mycobacterial disease, but also with a variety of other severe infectious diseases.
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Unlike XL-EDA-ID, which results from hypomorphic

NEMO mutations, or AD-EDA-ID, which results from a

hypermophic IKBA mutation, amorphic IRAK4 mutations

are associated with a TIR immunodeficiency without

EDA. This makes it possible to define the role of the

human TIR-IRAK pathway in host defenses, which is

more difficult in XL- and AD-EDA-ID due to residual

NF-kB signaling and immunity. IRAK-4-deficient chil-

dren suffer from severe infections caused by pyogenic

encapsulated bacteria (mostly but not exclusively Gram-

positive bacteria) indicating that impaired TIR signaling

plays a crucial role in the development of pyogenic

bacterial infections in EDA-ID. IRAK-4-deficient patients

also appear to be resistant to other common microorgan-

isms, including other bacteria, parasites, viruses and

fungi. In particular, mycobacteria, such as M. avium,

which have frequently been shown to cause disease in

EDA-ID patients, or P. carinii and CMV more rarely

involved, do not appear to be a threat to IRAK-4-deficient

patients. Taking into account that IRAK-4 deficiency

also blocks MAPK activation, this suggests that IRAK-

4-dependent NF-kB signaling is important for protection

against pyogenic bacteria, but dispensable for immunity

to most other infectious agents.

Whereas there is no mouse model bearing the NEMO or

IKBA mutations found in EDA-ID patients, mice defi-

cient for Irak4 have been challenged with LCMV and S.

aureus; they were found to have impaired responses and

be highly susceptible, respectively [64]. Mice deficient

for other components of the TIR-signaling pathway [61��]
are susceptible not only to pyogenic bacteria (notably S.
aureus and S pneumoniae), but also to a broader spectrum of

infections than IRAK4-deficient patients [61��]. The

difference between mice and humans may result from

the protection conferred by TIR-independent signaling

pathways in humans. It is also possible that IRAK-4-

independent TIR signaling pathways operate in humans

and mice [65,66]. It will be particularly important to test

the induction of IFN-a/b in IRAK-4-deficient patients.

Alternatively, the difference may be due to the fact that

human infections, unlike infections in animal models,

occur in natural as opposed to experimental conditions

[67,68]. In any event, although the description of more

patients is required before we can build up a definitive

picture of the clinical phenotype of IRAK-4 deficiency,

vulnerability to pyogenic bacteria will probably remain

the dominant phenotype.

Conclusions
NEMO, IKBA and IRAK4 mutations result in novel pri-

mary immunodeficiencies affecting the NF-kB signaling

pathway, thereby demonstrating the crucial role of this

pathway in human immunity to infection. The infectious

phenotypes associated with each of the three genetic

disorders, however, are markedly different. XL-EDA-

ID is associated with susceptibility to various bacteria,

including mycobacteria, and occasionally other microbes

such as fungi and viruses. A wide range of infectious

phenotypes is observed in patients with XL-EDA-ID,

perhaps reflecting the diversity of NEMO genotypes. AD-

EDA-ID was identified in only one patient and is asso-

ciated with multiple bacterial infections. The very pro-

found T-cell deficiency in this child, however, supports the

hypothesis that AD-EDA-ID is potentially associated with

a much broader susceptibility to infection. By contrast,

IRAK-4-deficient patients are susceptible to pyogenic

bacteria and resistant to most other common microorgan-

isms, including mycobacteria, viruses and fungi.

The roles in host defense of each NF-kB subunit, of each

surface receptor upstream from NF-kB, of the signaling

molecules acting in between them, and of target genes

downstream from NF-kB remain to be determined. Com-

prehensive in vitro characterization of the NF-kB signal-

ing pathways in patients with NEMO, IKBA or IRAK4
mutations should improve the definition of candidate

genes in other patients with unexplained infectious dis-

eases. Novel disease-causing mutated genes will be

searched for, particularly in patients with bacterial infec-

tions and EDA polysaccharide-specific antibody defi-

ciency and/or low levels of inflammation. These

bacterial infectious diseases will form the phenotypic

basis for the forward genetic dissection of NF-kB-

mediated immunity to infection. The genetic dissection

Figure 3
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receptors of the IL-1R family are also not represented.
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of NF-kB immunity in humans will provide complemen-

tary information to the animal models, as immunity to

infection occurs in natural, as opposed to experimental,

conditions in humans [67,68]. It should also be of con-

siderable benefit to the affected patients and their families.
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