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X-linked anhidrotic ectodermal dysplasia with immunodeficiency (XL-EDA-ID) is caused by hypomorphic mutations in the
gene encoding NEMO/IKKYy, the regulatory subunit of the kB kinase (IKK) complex. IKK normally phosphorylates the IkB-
inhibitors of NF-kB at specific serine residues, thereby promoting their ubiquitination and degradation by the proteasome.
This allows NF-kB complexes to translocate into the nucleus where they activate their target genes. Here, we describe an
autosomal-dominant (AD) form of EDA-ID associated with a heterozygous missense mutation at serine 32 of IkBa. This
mutation is gain-of-function, as it enhances the inhibitory capacity of IkBa by preventing its phosphorylation and
degradation, and results in impaired NF-kB activation. The developmental, immunologic, and infectious phenotypes
associated with hypomorphic NEMO and hypermorphic IKBA mutations largely overlap and include EDA, impaired
cellular responses to ligands of TIR (TLR-ligands, IL-1B, and IL-18), and TNFR (TNF-a, LTa1/B2, and CD154) superfamily
members and severe bacterial diseases. However, AD-EDA-ID but not XL-EDA-ID is associated with a severe and unique
T cell immunodeficiency. Despite a marked blood lymphocytosis, there are no detectable memory T cells in vivo, and
naive T cells do not respond to CD3-TCR activation in vitro. Our report highlights both the diversity of genotypes
associated with EDA-ID and the diversity of immunologic phenotypes associated with mutations in different components
of the NF-kB signaling pathway.
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X-linked anhidrotic ectodermal dysplasia with immunodeficiency (XL-EDA-ID) is caused by hypo-
morphic mutations in the gene encoding NEMO/IKKY, the regulatory subunit of the IxB kinase (IKK)
complex. IKK normally phosphorylates the IkB-inhibitors of NF-kB at specific serine residues, there-
by promoting their ubiquitination and degradation by the proteasome. This allows NF-xB complex-
es to translocate into the nucleus where they activate their target genes. Here, we describe an autoso-
mal-dominant (AD) form of EDA-ID associated with a heterozygous missense mutation at serine 32
of IxBo. This mutation is gain-of-function, as it enhances the inhibitory capacity of IxkBa by prevent-
ing its phosphorylation and degradation, and results in impaired NF-kB activation. The develop-
mental, immunologic, and infectious phenotypes associated with hypomorphic NEMO and hyper-
morphic IKBA mutations largely overlap and include EDA, impaired cellular responses to ligands of
TIR (TLR-ligands, IL-1B, and IL-18), and TNFR (TNF-o, LTai1/B2, and CD154) superfamily members
and severe bacterial diseases. However, AD-EDA-ID but not XL-EDA-ID is associated with a severe and
unique T cell immunodeficiency. Despite a marked blood lymphocytosis, there are no detectable mem-
ory T cells in vivo, and naive T cells do not respond to CD3-TCR activation in vitro. Our report high-
lights both the diversity of genotypes associated with EDA-ID and the diversity of immunologic phe-
notypes associated with mutations in different components of the NF-kB signaling pathway.

J. Clin. Invest. 112:1108-1115 (2003). doi:10.1172/JCI1200318714.

Introduction defense is also impaired, resulting principally in multi-
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Patients with anhidrotic ectodermal dysplasia with
immunodeficiency (EDA-ID) present with impaired
development of skin appendices, resulting in sparse
hair, conical teeth, and anhidrosis/hypohidrosis. Host

ple and severe bacterial diseases (1). X-linked EDA-ID
(XL-EDA-ID) is caused by hypomorphic mutations in
the gene encoding NEMO/IKKY, the regulatory sub-
unit of the IxB kinase (IKK) complex (1-8). IKK nor-
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mally phosphorylates the IkB inhibitors of NF-kB at
specific serine residues, thereby promoting their ubig-
uitination and degradation by the proteasome. This in
turn allows NF-kB complexes to translocate into the
nucleus where they activate their target genes (9). In
patients with XL-EDA-ID, impaired immunity results
at least from impaired NEMO-dependent NF-kB acti-
vation by members of the Toll and interleukin-1 recep-
tors (TIR) (Toll-like receptors [TLR], IL-1R, and IL-18R)
and tumor necrosis factor receptors (TNFR) (TNF-aR
and CD40) superfamilies (3, 4), and EDA results from
impaired NF-xB activation by the TNFR superfamily
member EDA-R (3).

The routine immunologic workup of XL-EDA-ID
patients shows a lack of specific serum antibodies
against polysaccharides in all patients (1, 3), low levels of
serum IgG and/or IgA levels in many patients (3, 4), and
impaired NK activity in some patients (8). Other current
diagnostic laboratory assays are generally normal. In pat-
ticular, these patients have normal numbers of naive and
memory T cells, which respond well to protein antigens.
We herein describe the investigation of a child with EDA-
ID and a severe T cell immunodeficiency. Antibody- and
antigen-induced activation of T cells through the CD3-
TCR complex were abolished in vitro and no memory T
cells were detectable in vivo, despite a marked lympho-
cytosis. We show that the patient had a novel, autosomal
dominant form of EDA-ID caused by a heterozygous
gain-of-function mutation of IkBo. This mutation
enhances the inhibitory capacity of IkBa. by preventing
its phosphorylation and degradation, thereby impairing
NF-xB activation in heterozygous cells.

Methods

Case report. The clinical features will be described in
detail elsewhere (S. Dupuis-Girod and C. Cancrini,
unpublished observations). The boy was born to unre-
lated RelA parents, and since 2 months of age he has
had chronic diarrhea, recurrent bronchopneumonitis,
hepatosplenomegaly, and failure to thrive (patient P).
Several Gram-positive and Gram-negative pyogenic bac-
teria were involved, requiring parenteral antibiotics and
nutrition. When the child received bone marrow trans-
plantation at 1 year of age, there were high numbers of
peripheral blood leukocytes (35,000-45,000/mm?3) with
polyclonal lymphocytosis (20,000-30,000/mm?). The B
(CD19), NK (CD16/CD56), and T (CD3, CD3/CD4,
CD3/CD8, and CD3/TCRa/pB) lymphocyte subsets were
normally distributed (Table 1). Serum IgM levels
reached 5 g/l, whereas IgG and IgA levels remained
below 1 g/land 0.1 g/1, respectively. No serum antibod-
ies specific for recall antigens were detected. The NK
activity was normal. Interestingly, there were no
detectable y/8 T cells and all o/ T cells had the naive
CD45RA phenotype, with a lack of detectable CD45RO
memory T cells. There was also a complete lack of pro-

antibody. Proliferation in response to lectins (e.g., phy-
tohemagglutinin [PHA], pokeweed mitogen, and Con-
canavalin A), allogeneic cells, SEB, and PMA-ionomycin
was normal. After natural exposure or vaccination, the
patient’s T cells failed to respond to all recall antigens
tested, including tetanus toxoid, poliovirus, tuberculin,
and candidin (Table 2; not shown). All other patients
with XL-EDA-ID tested, including a patient (patient
X-EDA-ID) with the most severe form of XL-EDA-ID
(osteopetrosis, lymphedema, and EDA-ID [OL-EDA-
ID]), had normal numbers of memory T cells, which
proliferated well in response to CD3 and antigens
(Tables 1 and 2). A diagnosis of EDA-ID was made
around 3 years of age, on the basis of a dry, rough skin,
moderately sparse scalp hair, and conical teeth. The
child is now 7 years old and there are no other overt
developmental defects. His first-degree relatives are
healthy, with no signs of EDA-ID or incontinentia pig-
menti (IP). The current study has been performed in
compliance with the local institute’s human subject and
informed consent guidelines. Local ethical committee’s
approval was obtained before the study.

Molecular genetics. RNA was isolated from patient’s
fibroblasts using the Trizol method, and cDNA was pre-
pared by random-primed reverse transcription using the
Gene Amp RNA PCR Core kit (PerkinElmer Applied
Biosystems, Courtaboeuf, France). Specific primers (see
supplementary information at www.jci.org/cgi/con-
tent/full/112/7/1108/DC1) were used to amplify the
IxBo. ¢cDNA. Genomic DNA was prepared from
patient’s fibroblasts by standard phenol/chloroform
extraction and individual exons of the IKBA gene were
amplified by PCR using specific primers (see supple-
mentary information). Both the IxBo. cDNA and IKBA
exons were sequenced with the Big Dye Terminator

Table 1
Lymphocytes subsets in the blood

Patient X-EDA-ID Normal values
Lymphocytes (/mm3) 18,000 3,400 2,700-5,400
T lymphocytes (%)
CD3 71 63 58-67
CD4 53 40 38-50
CD8 15 20 18-25
CD45RA/CD4 92 76 66-88
CD45R0O/CD4 1 17 17-39
CD45RA/CD8 97 87 70-90
CD45R0O/CD8 0 13 15-35
TCRoy/B 99 NT 90-97
TCRy/$ 0 NT 3-10
B lymphocytes (%)
CD19 23 32 19-31
NK cells (%)
CD16 and CD56 10 3 3-12

Values are expressed in percentage of lymphocytes, with the exception of
CD45RA or CD45R0O/CD4 or CD8, which indicate the percentage of CD45RA
or CD45RO among CD4 or CD8 T cells. Patients were analyzed at 9 months
of age. NT, not tested.

liferation in response to CD3-specific antibodies (Table
2). The response to CD3 was, however, restored after
stimulation with recombinant IL-2 or CD28-specific
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Table 2

T cell proliferation in vitro

Stimulus Patient X-EDA-ID Normal values
Mitogens (d3)

Medium 2 1.6 <2
SEB 250 NT >50
PMA-ionomycin 230 NT >50
PHA 204 96 >50
OKT3 2 206 >20
OKT3 +IL-2 63 NT >30
OKT3 + CD28 103 NT >30
Antigens (d6)

Medium 1 1 <2
Candidin 1 9 >10
TT 1 26 >10
Allogeneic cells 31 NT 37

PBMCs were purified by Ficoll and T cell proliferation was determined at day

3(d3

) or day 6 (d6) by radio-labeled thymidine incorporation. Values are

expressed in 103 cpm. Staphylococcus enterotoxin B (SEB) was used at 10 pug/ml;
phytohemagglutinin (PHA) at final dilution 1/700; anti-CD28 at 10 pg/ml;

PMA
IL-2a
tion 1
case,
two ¢

1110

and ionomycin at 108 and 10-% M, respectively; OKT3 at 50 ng/ml;
t 20 IU/ml; candidin and tetanus toxoid (TT) at 50 pg/ml and final dilu-
/250, respectively; allogeneic cells were added at 1:1 ratio. In the latter
the normal value indicated was measured in the same experiment when
ontrols were used for allogeneic stimulation.

cycle sequencing kit (PerkinElmer Applied Biosystems).

Molecular biology. Western blot analysis, electro-
phoretic mobility shift assay (EMSA), luciferase assays,
and ELISAs were carried out as previously described
using skin-derived primary or SV40-transformed
fibroblasts (3, 10, 11). The recombinant cytokines used
were the same used to stimulate PBMCs, with the
exception of 50 ng/ml lymphotoxin a.1/B2 (LTa1/B2)
(R&D, Abingdon, United Kingdom). Serine 32 (Ser32)
phosphorylation was analyzed using an anti-phospho-
IxBa antibody from Cell Signaling (Beverly, Massa-
chusetts, USA). IFN-y, TNF-0, and IL-6 secretion were
measured by ELISA (TEBU/CLB; Sanquin, Amsterdam,
The Netherlands; R&D). The IKK assay was performed
as previously described (12). Mutation Ser32Ile was
introduced into human IxBo. cDNA (13) using stan-
dard PCR procedures.

PBMC activation. PBMCs were isolated from fresh
heparinized blood by separation with Lymphoprep
(Nicomed Pharma, Oslo, Norway). PBMC were stimu-
lated with 50 ng/ml IL-1B (R&D), 50 ng/ml IL-12
(R&D), 50 ng/ml IL-18 (R&D), § x 103 IU/ml IFN-y
(Boehringer Ingelheim), or LPS (Escherichia coli serotype
055:55, Sigma-Aldrich, St Louis, Missouri, USA) for 2
days, with PHA (Difco, Detroit, Michigan, USA; final
dilution 1/700) for 3 days, with 50 ng/ml anti-CD3
(OKT?3, Ortho Diagnostic, Rajitan, New Jersey, USA), 10
wg/ml Staphylococcus enterotoxin B (Sigma-Aldrich), 10-8
M PMA (Sigma-Aldrich), 10® M ionomycin (Cal-
biochem, San Diego, California, USA), 10 ug/ml anti-
CD28 (CD28.2, Immunotech, Marseille, France), 20
UI/mlIL-2 (PeproTech Inc., London, United Kingdom)
for 4 days, with tetanus toxoid (Pasteur Merieux, Lyon,
France; final dilution, 1/250), 50 wg/ml Candida albicans

somatic antigen (Biorad, Marne la coquette, France), or
irradiated allogeneic cells (ratio 1:1) for 6 days. Results
are expressed as mean incorporation of [*H]thymidine
for the last 18 hours of the culture.

Immunofluorescence. The following mAbs were used in
immunofluorescence studies: anti-CD3: Leu 4 (IgG2a,
Becton Dickinson, San Diego, California, USA); anti-
CD4: Leu 3a (IgG1, Becton Dickinson); anti-CD8: Leu 2a
(IgG1, Becton Dickinson); anti-CD19: J4 119 (IgGl,
Immunotech); anti-CD16: 3G8 (IgG1, Immunotech);
anti-CD56: MY31 (IgG1, Becton Dickinson); anti-TCR
o/B: BMAO031 (IgG1, Immunotech); anti-TCR y/6: IMMU
515 (IgG1, Immunotech); anti-CD45RO: UCHLL1 (IgG2a,
Immunotech); anti-CD45RA: 2H4 (IgG1, Coulter Clone,
Margency, France); anti-HLA DR: L243 (IgG2a, Becton
Dickinson); and anti-CD25: 2A3 (IgG1, Becton Dickin-
son). Fluorescence staining was performed with phyco-
erythrin (PE) or FITC-conjugated mAbs on whole blood.
Cells were analyzed on a FACScan flow cytometer (Bec-
ton Dickinson, Franklin Lakes, New Jersey, USA).

T cell analysis. T cell blasts were generated by stimulating
frozen PBMC with 5 ug/ml PHA (Sigma-Aldrich), 50
U/ml rh-IL-2 (PeproTech, Inc.), and allogeneic irradiated
PBMC:s (5 x 10° allogeneic irradiated PBMCs per 1 x 106
PBMCs). FACScan analysis showed that all T cell blasts
had normally acquired the CD45RO phenotype on day
10 after stimulation. On day 10, the cells were washed,
adjusted to a concentration of 250,000 cells/ml, and plat-
ed in triplicate on a 96-well culture plate that had been
coated with the following antibodies overnight: 0.1 pg/ml
anti-CD3 (BD Biosciences Pharmingen, Le Pont de Claix,
France) alone or in combination with 5 pg/ml soluble
anti-CD28 (BD Pharmingen) or 2.5 pg/ml PHA (Sigma-
Aldrich). Supernatants were taken at 48 hours and
IFN-y production was measured by commercial ELISA
kits (Pelikine IFN-y from CLB, Amsterdam, The Nether-
lands). Cells were then labeled with [3H]thymidine for 16
hours, and cell proliferation was determined by liquid
scintillation counting,

Results and Discussion

As the patient under study and those with XL-EDA-ID
had different, yet related, clinical and immunologic
phenotypes (case report section; Tables 1 and 2), we
tested the patient’s NF-xB signaling pathway and ana-
lyzed the response of primary fibroblasts to TNF-orand
IL-1B by EMSA. The amount of nuclear DNA-binding
p50/p50 and p50/RelA dimers was reduced in TNF-a-
treated patient P-derived cells compared with a healthy
control (Figure la and data not shown). The defect
seen in patient P fibroblasts was not due to reduced
expression of p50 or RelA in the cytoplasm (Figure 1b).
In the NEMO-deficient child with OL-EDA-ID (X-EDA-
ID), pS0/RelA, but not p50/p50, was affected. In
response to both TNF-o. and IL-1f3, IL-6 secretion by
fibroblasts was strongly and equally impaired in
patients P and X-EDA-ID when compared with a
healthy control (Figure 1c). Interestingly, IL-6 secretion
in response to LToul /B2 was also impaired in patients
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Figure 1

Defective NF-xB activation in patient’s fibroblasts. (a) EMSA after exposure to 10 ng/ml TNF-a.. The composition of the retarded species is
indicated on the right and was determined as described in Smahi et al. (10). C, control fibroblasts; P, fibroblasts from patient under study;
X-EDA-ID, patient with OL-EDA-ID fibroblasts. (b) Western blot analysis of cytoplasmic RelA, p105, and p50.(c) Analysis of IL-6 synthesis
by primary fibroblasts from patients and a healthy control. Cells were treated overnight with 10 ng/ml of TNF-0. or IL-13, and IL-6 secretion
was measured in the supernatant using ELISA. Results from one representative experiment are shown. (d) Analysis of IL-6 synthesis by SV-
40-transformed fibroblasts from patients and a healthy control. Cells were treated for 24 hours with 50 ng/ml of LTot1/B2, and IL-6 secre-
tion was measured in the supernatant using ELISA. Results from one representative experiment are shown.

P and X-EDA-ID (Figure 1d). This indicates that the Ikk2 and Nemo KO mice share several phenotypic fea-
impaired DNA-binding activity had a functional tures (14-19), we analyzed the IKK2 gene. We found
impact on the transcription of target genes. that the sequence of this gene (not shown) and expres-
To further dissect the NF-kB pathway in our patient, sion of its product (Figure 2b) were normal in the
we performed an IKK assay after immunoprecipitation  patient. Taken together, these studies indicated that
with anti-NEMO (Figure 2a). IKK activation was nor-  our patient exhibits impaired NF-kB activation due to
mal in our patient P, both in terms of kinetics and effi- a molecular defect downstream of the IKK complex,
ciency, unlike in the child with XL-EDA-ID tested. unlike patients with XL-EDA-ID who bear mutations
Moreover, no mutations were found in the coding in NEMO, resulting in impaired IKK activity.
region of the XL-EDA-ID disease-causing gene, NEMO We thus analyzed IxBo. degradation in response to
(not shown), the product of which was detected by TNF-a by Western blotting (Figure 2a). As previously
Western blotting in fibroblasts (Figure 2b). Finally, as  shown, the degradation of IxBa was reduced, but not

a c P X-EDA-ID b cC P
0 10 20 01020 0 10 20 (min) Nlil’\(/lg S
Kinase - - — GST-IkBa 1161 I
—®-IkBa C X-EDA-ID
Western ——— e S
NEMO
c c P d c P X-EDA-ID
0 5 10 0 5 10 (min) 0 20 40 60 0O 20 40 60 O 20 40 60 (min)
™ -®'|KB(1 T e e W o e “ |kBa
- FN *
— i - — — — kBB
— e - — e IkBe
Figure 2

Specific defect of IkBol degradation in patient’s fibroblasts treated with TNF-o: (a) IKK kinase assay and Western blot analysis of IkBo. degra-
dation. Phosphorylated IkBa: exhibits a retarded migration and is indicated on the right. GST-1xBa, a fusion between gluthatione-S-Trans-
ferase and the first 72 amino acids of IxBo., was used as a substrate for IKK. GST, gluthatione-S-transferase. (b) Western blot analysis of IKK
subunits in fibroblasts from a healthy control, NEMO-mutated patient X-EDA-ID and IkBa-mutated patient P. (c) Western blot analysis of
IxBo Ser32 phosphorylation after TNF-a stimulation. Circled P, phosphorylated. (d) Time course analysis of TNF-induced IxBa, 1kBf3, and
IxBe degradation, as detected by Western blot. Results from one representative experiment are shown.
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Figure 3

Sequence of the IKBA gene in the patient and his relatives. (a) Schematic representation of IkBo.. The various functional/structural domains
of the protein are shown. NH2, N-terminal; rPEST, repeated peptidic sequence rich in proline, glutamic acide, serine, and threonine (PEST);
lle, isoleucine. (b) Phosphoacceptor sites of IKB molecules and location of the patient’s mutation S321. The two conserved serine residues that
are phosphorylated by IKK in 1kBo,, 1kB, and I1kBe are boxed. Mutated Ser32 of patient P is indicated by an arrow. (c) Automated sequenc-
ing profile of genomic DNA showing the heterozygous C/T polymorphism at position 89 and the heterozygous G/T (S321) disease-causing
mutation at position 94 in our patient. The two heterozygous positions from left (position 89) to right (position 94) appear as N nucleotides.

abolished, in fibroblasts from the child X-EDA-ID with
OL-EDA-ID carrying a hypomorphic mutation in
NEMO (3). Almost no decrease in the level of IkBo. was
seen with our patient P fibroblasts, whereas IxkBol
almost completely disappeared in fibroblasts from a
healthy control. A similar observation was made in
response to IL-1f (not shown). These data further sug-
gest that our patient and patients with XL-EDA-ID have
distinct genetic disorders in the NF-kB pathway. Impor-
tantly, the shifted form of IxBa, which results from its
phosphorylation by IKK, did not accumulate in patient
P, suggesting that the defect affected the phosphoryla-
tion of IkBa.. To confirm this hypothesis we analyzed
IxBa, phosphorylation in TNF-stimulated patient P
cells using an antibody specifically recognizing phos-
pho-Ser32. Phosphorylation at this site appeared
strongly reduced, representing less than 10% of Ser32
phosphorylation observed in WT cells (Figure 2c).

We then analyzed the fate of the other two inhibitors
of NF-xB (IkBp and IkBg), which are also phosphory-
lated by IKK in response to TNF-o. In fibroblasts from
patient X-EDA-ID, IxkBo degradation was impaired
but not abolished, whereas that of both IxBf and IxBe
was abolished (Figure 2d). In contrast, the degradation
of both IkBB and IkBe inhibitors was normal in
patient P, suggesting that IkBo. degradation is specif-
ically impaired and that there is a defect in the IKBA
gene encoding IkBo. We first sequenced IxkBo. cDNA

confirmed by sequencing the IKBA gene (Figure 3c).
Interestingly, it abolishes an MspA1 restriction site, a
feature that allowed us to quickly demonstrate its
absence in 100 healthy white controls (200 chromo-
somes). The S32I mutation was not found in the par-
ents or in healthy siblings, suggesting that the muta-
tional event occurred de novo in one of the parental
germlines. We also detected a heterozygous silent
polymorphism in the same region (C to T at position
89) (data not shown). No other mutations were found
in the remaining IKBA exons.

Previous studies have unambiguously established that
mutations of IkBo at Ser32 are gain-of-function, as they
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Figure 4

by use of three primer pairs covering the entire coding
region. We found a G to T substitution at position 94
(not shown). This substitution results in a heterozy-
gous serine to isoleucine substitution at position 32 of
the protein (designated S32I) (Figure 3a). Ser32 is a key
phospho-acceptor site of IkBa, and is conserved in the
other two IxB proteins (Figure 3b). This mutation was

Dominant effect of the S32| IKBA mutation on NF-kB activation.
HEK 293T cells were transfected with Igk-luc, a reporter plasmid for
NF-xB, and either an empty expression vector (control) or an expres-
sion vector encoding WT IkBa (WT), the S32I mutant or the
S32A/S36A double mutant. Twenty-four hours later, the cells were
stimulated with TNF-a.. The relative expression of IkBot molecules is
shown at the bottom, as detected by Western blotting.
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enhance the NF-kB-inhibitory function of IxBo by pre-
venting its degradation (13, 20-23). This is explained by
the fact that IkBa must be phosphorylated on both
Ser32 and Ser36 to be recognized by the E3 complex
that tags it with ubiquitin for proteasome-dependent
clearance. The expression of IkBo. molecules with a mis-
sense mutation at Ser32 was previously used as an effi-
cient way of blocking NF-kB signaling in WT cells (13,
20-23). Although mutation S32I had not specifically
been used in theses studies, they strongly suggested that
the S32I allele was dominant. Moreover, we showed that
the S321 and WT IKBA mRNAs were equally expressed
in our patient’s cells, as detected by direct sequencing of
RT-PCR products (not shown). To unambiguously doc-
ument the dominant feature of the S32I mutation, we
further showed that the S321 IKBA allele exerts a strong
inhibitory effect on NF-kB activation on transfection in
293T cells stimulated by TNF-a. (Figure 4a).

Our studies have shown that the S321 allele is detri-
mental in S32I/WT heterozygous cells, not only in
terms of NF-kB activation (Figure 1a) but also in terms
of IkBar degradation (Figure 2a). Interestingly, less than
10% of IxBa was phosphorylated and degraded in
WT/S321 IKBA fibroblasts on TNF-o. stimulation (Fig-

ure 2a), although about 50% degradation would be
expected in heterozygous cells. The strong dominant
effect of the S32I allele may be explained by our previ-
ous analysis of IP, in which IKK/NF-kB activation is
abolished as a result of loss-of-function NEMO muta-
tions (10). The amount of IkBa was increased in rest-
ing IP fibroblasts, suggesting that IKK directly controls
the steady-state level of IkBo. It is therefore tempting
to speculate that S321 IkBo molecules accumulate and
represent the vast majority of IKBa species in our
patient. In any case, our study demonstrates that an
autosomal dominant form of EDA-ID can be caused by
hypermorphic mutations in IKBA.

Having identified the molecular basis of EDA-ID in
our patient, we attempted to characterize the immuno-
logic consequences of the S321 IkBo. dominant muta-
tion. The hyper-IgM phenotype of the patient strongly
suggested that his B cell response to CD40 stimulation
was abnormal in terms of IgE secretion, proliferation or
both. B cells from the previously reported child with
OL-EDA-ID and hyper-IgM were able to switch but not
to proliferate after CD40 stimulation (3). The hyper-
IgM syndrome was, however, not a consistent feature of
NEMO-deficient patients with EDA-ID (3, 4). Blood
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Figure 5

PBMC and T cell analysis. (a) Peripheral blood cells from patient P, a healthy control, and patient X-EDA-ID with OL-EDA-ID were stimulated
by PHA, PMA-ionomycin, IL-12, IL-12 + IL-1B, or PHA, and IFN-y secretion was measured by ELISA. Results from one representative experiment
are shown. (b) Peripheral blood cells were stimulated by PMA-ionomycin or LPS + IFN-y, and TNF-0. secretion was measured by ELISA. Results
from one representative experiment are shown. (c¢) CD45RA and CD45RO expression on control (C) and patient (P) T cells at day 0 and day 10
of PHA + IL-2 stimulation in vitro, as detected by flow cytometry. (d) T cell proliferation (left) after 64 hours of stimulation with anti-CD3 alone,
or anti-CD3 in combination with anti-CD28. Production of IFN-y (right) in culture supernatants after 48 hours of stimulation with anti-CD3
alone or in combination with anti-CD28. Results from one representative experiment are shown. Data are normalized for 10° cells.
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IFN-y production in response to IL-12 plus IL-1f, and
to a lesser extent in response to IL-12 plus PHA, was
impaired in our patient P, like in the previously report-
ed patient X-EDA-ID with OL-EDA-ID (Figure Sa).
Blood TNF-o production in response to LPS (not
shown) or LPS plus IFN-y (Figure 5b) was also impaired,
whereas TNF-o production in response to PMA-iono-
mycin was less affected. These data indicate that IkBo
degradation is a crucial step of the NEMO-dependent
NF-kB activation pathway in immune cells stimulated
by LPS and IL-1p, as previously shown in patients with
complete IRAK-4 deficiency (24). The response of blood
cells to TNF-o and IL-18 was not tested.

Although potent stimuli, such as PHA or PMA-iono-
mycin, were capable of activating naive T cells from our
patient in vitro, these cells could not be stimulated by
CD3 or recall antigens in vitro and, importantly, did not
differentiate into detectable memory T cells in vivo. To
further analyze the profound T cell deficiency observed
in the IxBo-affected child, we generated T cell blasts by
costimulation with PHA and IL-2, and analyzed their
phenotype and response to various stimuli. All T cell
blasts had normally acquired HLA-DR and CD25 acti-
vation markers (not shown) and the CD45RO memory
phenotype (Figure 5c), indicating that the lack of blood
memory T cells reflected a lack of appropriate antigen-
driven TCR-CD3 stimulation in vivo. The memory T
cell blasts proliferated and produced IFN-y perfectly in
response not only to PHA and CD3 plus CD28, but also
to CD3 alone, indicating that the involvement of IxBo
and NF-xB in CD3-mediated T cell activation differs
between naive and memory T cells (Figure 5d).

Strikingly, the NEMO and IKBA mutations are both
associated with an impaired response to members of
the TIR (TLR, IL-1) and TNFR (EDAR, TNF-aR, and
CD40) superfamilies, but the immunodeficiency syn-
drome associated with IkBow mutation also involves a
severe T cell defect, with impaired TCR-CD3-mediat-
ed stimulation in vitro. The lack of a T cell response to
recall antigens in vitro, together with the lack of
detectable memory T cells in peripheral blood despite
amarked lymphocytosis, indicates that IkBo degrada-
tion is obligatory for TCR-CD3-mediated activation
of naive T cells in vivo. The blood T lymphocytosis
observed in our patient suggests that T cell home-
ostasis is also dependent on an intact IkBo degrada-
tion. In a related but distinct experimental system,
where a gain-of-function IkBo mutant was overex-
pressed in the T cell lineage by mouse transgenesis,
there was also a diminished number of memory CD8
T cells, but in the context of a substantial reduction of
the total number of CD8 and to a lesser extent CD4 T
cells in the periphery (25-28). No such defects have
been observed in NEMO patients.

Two hypotheses can be proposed to explain this dif-
ference. First, NF-xB is a family of dimeric transcrip-
tion factors formed by the combination of five distinct
subunits (RelA, relB, c-rel, p50, and p52) and the IxB
family of proteins may differentially regulate the vari-

ous NF-xB dimers. NEMO controls the degradation of
the three NF-kB inhibitors in various cell types (11-12).
Consequently, XL-EDA-ID is associated with similar
defects in the degradation of the three IxBs. In con-
trast, in autosomal dominant EDA-ID, the NF-kB mol-
ecules associated with IkBf and IkBg, but not those
associated with IkBo,, are normally recruited after IKK
activation. The T cell deficiency may therefore result
from a disturbed ratio of the various active NF-kB
species that reach the T cell nucleus and/or from a
decreased mobilization of NF-kB species specifically
regulated by IxBoin T cells.

Alternatively, NF-xB activation by TCR-CD3 may not
be very sensitive to NEMO mutations because of the
existence of alternative, NEMO-independent pathways.
Recently, NF-kB-inducing kinase (NIK) has been
shown to be involved in T cell activation (29), as well as
in several pathways that target IKK1 independently of
NEMO (30). Impaired NF-xB activation by CD3 via
NIK may thus occur in the IkBo-mutated but not in
the NEMO-mutated patients. The inhibition of this
NEMO-independent pathway may explain the severe T
cell immunodeficiency observed in the IkBa-mutated
patient. In any event, our identification of an autoso-
mal dominant form of EDA-ID with severe T cell defi-
ciency expands the spectrum of human diseases caused
by defective NF-kB signaling.
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