
Introduction
Hypohidrotic ectodermal dysplasia (HED) is a rare
syndrome associated with aberrant development of
the hair, teeth, and eccrine sweat glands (1). The
majority of cases of HED are X-linked and are due to
mutations of the gene coding for ectodysplasin-A, a
member of the TNF superfamily (2). A minority of
cases are autosomal recessive and are due to muta-
tions in the ectodysplasin-A receptor, which is 
the homologue of the murine downless gene (3), or a
mutation in the Edar-associated death domain
adapter protein, which is involved in downstream 
signaling from the ectodysplasin-A receptor (4). A
small subset of X-linked cases of HED are associated
with immunodeficiency, characterized by suscepti-
bility to mycobacterial and streptococcal infections,

dys-γ-globulinemia (with decreased IgG and
decreased or elevated IgM and IgA), poor polysac-
charide-specific antibody responses, and depressed
antigen-specific lymphocyte proliferation (1, 5–9).

Recent studies have demonstrated HED with
immunodeficiency (HED-ID) to be associated with
mutations in the gene coding for NF-κB essential
modifier (NEMO), also known as I-κB kinase (IKK)-γ
(7–9). The NEMO gene consists of ten exons and
codes for a scaffold protein that binds IKK-α and
IKK-β and is essential for forming a functional IKK
complex (10). Signaling by a variety of cell surface
receptors activates the IKK complex, rendering it
capable of phosphorylating I-κBα, which allows
translocation of NF-κB to the nucleus where it par-
ticipates in transcriptional regulation (11). The
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NF-κB essential modifier (NEMO), also known as IKK-γ, is a member of the I-κB kinase complex
responsible for phosphorylating I-κB, allowing the release and activation of NF-κB. Boys with an
expressed NEMO mutation have an X-linked syndrome characterized by hypohidrotic ectodermal
dysplasia with immune deficiency (HED-ID). The immunophenotype resulting from NEMO
mutation is highly variable, with deficits in both T and B cell responses. We evaluated three
patients with NEMO mutations (L153R, Q403X, and C417R) and HED-ID who had evidence of
defective CD40 signaling. All three patients had normal percentages of peripheral blood NK cells,
but impaired NK cell cytotoxic activity. This was not due to a generalized defect in cytotoxicity
because antibody-dependent cellular cytotoxicity was intact. This abnormality was partially
reversed by in vitro addition of IL-2, which was also able to induce NF-κB activation. In one
patient with recurrent cytomegalovirus infections, administration of IL-2 partially corrected the
NK cell killing deficit. These data suggest that NEMO participates in signaling pathways leading
to NK cell cytotoxicity and that IL-2 can activate NF-κB and partially overcome the NK cell defect
in patients with NEMO mutations.
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majority of patients with HED-ID who have been
evaluated have a point mutation in the C-terminal
portion of the NEMO gene that encodes a zinc finger
domain believed to be an important modulator for
upstream activators (7–9). These point mutations are
associated with reduced IKK function (8, 9). Inconti-
nentia pigmenti, an HED-like syndrome in females
that is most prominently characterized by skin hyper-
pigmentation and dermal scarring, is also due to
mutations in one of the two NEMO alleles (12). The
NEMO mutations found in women with incontinen-
tia pigmenti involve significant frameshifts and large
deletions that are associated with complete loss of
IKK function in affected cells, making offspring who
carry the mutation die in utero (12, 13).

Natural killer (NK) cells are lymphocytes that lack
surface expression of T cell receptor/CD3 and Ig that
are important in defense against certain infectious
disease. Complete absence of NK cells has been asso-
ciated with susceptibility to infection with her-
pesviruses (14, 15) and other viral pathogens (16). A
number of receptors on NK cells are capable of medi-
ating cytotoxicity toward tumor cells or virally infect-
ed cells without prior sensitization, resulting in the
exocytosis of lytic granules (17). This is known as NK
cell cytotoxicity, or natural or spontaneous cytotoxi-
city. Examples of molecules involved in initiating NK
cell cytotoxicity include activating killer cell
immunoglobulin-like receptors (KIRs) and β inte-
grins. The control of this activity is ensured via dom-
inant inhibition by ligation of inhibitory KIRs that
recognize a variety of MHC class I molecules. NK cells
are also the major mediators of antibody-dependent
cellular cytotoxicity (ADCC), which is initiated by lig-
ation of their surface FcγIII receptor, CD16.

Ligation of cell surface NK cell–activating receptors
results in activation of cytoplasmic protein kinases,
leading to cytolytic activity. Although many kinases are
common to both ADCC and NK cell cytotoxicity path-
ways, there appear to be noticeable differences (18).
Specifically, NK cell cytotoxic activity relies upon phos-
phatidylinositol 3-kinase (PI3K) and proline-rich tyro-
sine kinase-2 (19–22). Naturally occurring human
mutations delineating the intracellular distinctions
between NK cell cytotoxicity and ADCC have not been
described. Thus, the relative usefulness of each of these
two individual NK cell activities in the control of
human disease is unknown.

The studies presented here demonstrate deficiency of
NK cell cytotoxicity, but normal ADCC in boys with
HED-ID and mutations in NEMO. These results sug-
gest a role for NEMO in NK cell cytotoxicity.

Methods
Patients, controls, and treatments. Three patients with
HED determined by clinical appearance and skin
biopsy demonstrating absent eccrine sweat glands,
were evaluated with parental consent/patient assent.
All studies were approved by the Children’s Hospital

Committee on Clinical Investigation (CH-CCI).
Blood samples were obtained from patients or
healthy adult and adolescent volunteer control
donors who had no recent history of illness and were
tested on the same or the following day blood was
drawn. Disease controls 1 and 2 were a 4-year-old
with recurrent herpes simplex encephalitis and a 
12-year-old with disseminated varicella. Neither dis-
ease control had a defined immune defect. In vivo 
IL-2 (aldesleukin; Chiron Corp., Emeryville, Califor-
nia, USA) treatment was a continuous infusion of 
1 × 106 U/m2 for 5 days. Separate parental consent
and CH-CCI approval was obtained for therapy.

Patient 1 had Listeria monocytogenes sepsis, Strepto-
coccus bovis meningitis, cytomegalovirus (CMV) sep-
sis, and recurrent CMV colitis. After his initial CMV
episode, CMV-specific IgM was 309 U (>50 is consis-
tent with a primary response), and during his second
CMV recurrence, CMV-specific IgG was 4.28 IU/ml
(>1.09 is consistent with a protective response). Total
IgG ranged from 99 to 374 mg/dl (normal range for
this patient’s age is 500–1,500); IgM was 14–59 mg/dl
(normal: 30–100), IgA was 17–435 mg/dl (normal:
10–75), and IgE was 1–3 U/ml (normal: 4–60).
Detectable titer against diphtheria and tetanus, as
well as in vitro proliferation to diphtheria and
tetanus were present after two immunizations, and
delayed-type hypersensitivity reaction to Candida was
positive. Sequence evaluation of the gene coding for
ectodysplasin-A was unremarkable. Our evaluations
of this patient were performed when he was between
14 and 24 months of age.

Patient 2 had sinusitis, pneumonia, gram-positive
bacteremia, and oral herpetic lesions. At age 7 he
developed cutaneous granulomas and had Mycobac-
terium avium-intracellulare isolated from blood, bone
marrow, and skin. At presentation, IgG was 170
mg/dl (normal: 280–1,500), IgA was less than 10
mg/dl (normal: 16–50), and IgM was 14 mg/dl (nor-
mal: 15–70); he was treated with regular intravenous
immunoglobulin therapy. He had normal mitogen-
induced proliferation, and present but decreased spe-
cific antibody and proliferative responses. Our eval-
uations of this patient were performed when he was
17 years old.

Patient 3 had recurrent sinopulmonary infections,
Staphylococcus aureus adenitis, and Klebsiella pneumoni-
ae bacteremia. At 14 years of age he developed granu-
lomatous chronic vertebral osteomyelitis from which
Mycobacterium abscessus was isolated. Prior to starting
intravenous immunoglobulin at age 2, this patient’s
IgG was 116 mg/dl (normal: 300–1500), IgA was 326
mg/dl (normal: 30–150), and IgM was 56 mg/dl (nor-
mal: 20–100). Serum tetanus titer and delayed hyper-
sensitivity were negative despite three immuniza-
tions. He had normal mitogen-induced lymphocyte
proliferation but reduced antigen-specific responses.
Our evaluations of this patient were performed when
he was 16 years old.
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Cell preparation and culture conditions. PBMCs were
obtained from fresh heparinized blood by density
gradient centrifugation on Ficoll-Hypaque (Amer-
sham Pharmacia Biotech, Piscataway, New Jersey,
USA). Cell populations were phenotyped by flow
cytometry using a FACSCalibur flow cytometer and
commercially available monoclonal antibodies con-
jugated directly to FITC or phycoerythrin (PE) (Bec-
ton Dickinson Immunocytometry Systems, San Jose,
California, USA). Cell culture and stimulation assays
were performed in RPMI 1640 containing 10% heat-
inactivated FBS, 2 mmol/l L-glutamine, 50 µg/ml
streptomycin, and 100 U/ml penicillin. For in vitro
ligation of CD40, either anti-CD40 monoclonal
antibody 626.1 (a gift of S.M. Fu, University of Vir-
ginia, Charlottesville, Virginia, USA) or soluble
murine/human CD8:CD40L (sCD40L) with rat anti-
mouse CD8 (obtained as described in ref. 23) were
added to the cultures. B cell–enriched populations
were prepared from PBMCs by the removal of T cells
by rosetting (24). Enriched populations contained
85% B cells, 5% T cells, and 10% other cells. NK cell
enrichment was performed using the Dynabeads NK
cell negative selection system according to manufac-
turer recommendations (Dynal Biotech, Great Neck,
New York, USA) and yielded greater than 90%
CD56+/CD3– cells. Patient NK cells in total PBMCs
were evaluated by flow cytometry using the standard
clinical reagent consisting of CD56-PE, CD16-PE,
and CD3-FITC, or by tricolor staining using 
CD56-PE, CD16-FITC, and CD3-CY5 (Becton Dick-
inson Immunocytometry Systems). Human recom-
binant IL-2 (Chiron Corp.) or IL-4 (R&D Systems
Inc., Minneapolis, Minnesota, USA) was used as
specified. Phytohemagglutinin (PHA; Murex Biotech
Ltd., Dartford, United Kingdom) was used for stim-
ulation of PBMCs at 2 µg/ml.

NEMO amplification and sequencing. Total genomic
DNA and RNA were extracted from fresh PBMCs,
and cDNA was prepared by standard methods. Indi-
vidual PCR primers for each exon of NEMO were
designed from the GenBank sequence for the gene
and used for amplification of genomic and cDNA
sequences. Exon 4 was evaluated using the following
primers: 5′-CAGTGCTGACAGGAAGTGGC-3′ for 5′
amplification and 5′-AACCCTGGAAGGGGTCTCCG-
GAG-3′ for 3′ amplification. Primers and approach
for determination of exon 10 mutations were as
described (7, 9). Sequences were obtained from both
the 5′ and 3′ ends of PCR products.

CD40 functional assays. For proliferation studies, cells
were cultured at 1 × 106 cells/ml for 96 hours in the
presence or absence of 5 ng/ml IL-4 and/or 5 µg/ml
anti-CD40 monoclonal antibody with 3H-thymidine
added for the final 18 hours. Cellular incorporation
of 3H was assayed by water lysis and filter-binding, fol-
lowed by liquid scintillation using a Wallac 1042 scin-
tillation counter (Perkin-Elmer Inc., Boston, Massa-
chusetts, USA). Induction of activation markers was

performed by incubating 1 × 106 PBMCs/ml with 
5 µg/ml anti-CD40 monoclonal antibody or media
for 96 hours. Cells were washed twice and prepared
for flow cytometric analysis using FITC-labeled anti-
CD20 and either PE-labeled anti-CD23, or anti-CD54
(BD Pharmingen, San Diego, California, USA). Gated
lymphocytes were analyzed for CD20, and positive
events were evaluated for PE positivity. For IgE pro-
duction, PBMCs were cultured at 1.5 × 106 cells/ml
with or without 100 U/ml IL-4 and/or soluble murine
CD8:CD40L for 14 days. Cell supernatants were 
harvested and assessed for IgE content by ELISA 
as described (25).

Electrophoretic mobility-shift assay. Evaluation of NF-κB
was performed on nuclear extracts as described (26).
The NF-κB probe (Promega Corp., Madison, Wiscon-
sin, USA) was end-labeled with γ-32P ATP (Perkin-
Elmer Inc.). To evaluate CD40 function, nuclear
extracts were prepared from B cell–enriched popula-
tions that were incubated for 30 minutes with sCD40L
or medium. To determine the effect of IL-2, nuclear
extracts were prepared from PBMCs that were incu-
bated for 18 hours with 2 µg/ml PHA, rested in the
absence of PHA for 5 hours, and then stimulated with
1,000 U/ml IL-2 for 5 hours. Radiographic signals were
quantified by densitometry using NIH Image 1.62,
with which signal found after stimulation was nor-
malized to the unstimulated state.

Cytotoxicity assays. Standard 4-hour 51Cr release
assays were performed as described (16). PBMCs were
used as effector cells. 51Cr-labeled K562 (an NK
cell–sensitive erythroleukemia cell line), CL27A (an
NK cell–resistant murine lymphoma cell line), or
ZKBB (an NK cell–resistant human B lymphoblas-
toid cell line) were used as target cells at effector-to-
target cell (E:T) ratios of 100:1, 50:1, 25:1, 12.5:1,
6.2:1, and 3.1:1. When enriched NK cells were evalu-
ated, tenfold fewer effector cells were used. NK cell
cytotoxicity is defined as lysis of K562 target cells.
Individual assays were performed in duplicate or trip-
licate with 1 × 104 target cells in 96-well V-bottom
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Figure 1
NEMO mutations in patients with HED-ID. A schematic diagram of
the human NEMO protein is shown with the individual domains
labeled in boxes (αH, α-helix; C-C, coiled-coil; LZ, leucine zipper; ZF,
zinc finger). Sequences containing amino acid substitutions in the
three patients studied are displayed in brackets below the gene map.
Arrows indicate positions of amino acid substitutions. The particu-
lar amino acid altered (underlined) and the substituted residues (cir-
cled) are shown. The specific nucleotide point mutation resulting in
the missense amino acid is listed above the gene mutation.



plates. After 4 hours of incubation at 37°C, super-
natants were assessed for free isotope, and percent
specific lysis was calculated as 100 × (free isotope –
spontaneously released isotope)/(total releasable iso-
tope – spontaneously released isotope). Mean data
were compared using the two-tailed Student t test.
Lytic units were defined as the inverse of the number
of lymphocytes required to mediate 20% lysis of K562
cells × 1 × 104. In vitro IL-2 stimulation was per-
formed by adding 1,000 U/ml IL-2 at the start of the
4-hour cytotoxicity assay where indicated. ADCC was
determined by the addition of CL27A mouse poly-
clonal antibody to CL27A, or monoclonal anti-CD20
(Rituximab; Genentech Inc., South San Francisco,
California, USA) to ZKBB cells prior to combination
of effector and target cells. Lysis of CL27A or ZKBB
cells without antibody was measured with patient
and control PBMCs and was consistently negative.
Patient and respective control samples were always
evaluated in parallel using the same antibody/target
cell combination.

Results
Patients with HED-ID possess functionally significant
NEMO mutations. Individual exons of the NEMO gene
were amplified by PCR. A single base substitution
was detected in each of the three patients. Because
NEMO is also present as a pseudogene containing
exons 3–10, NEMO cDNA was also analyzed to con-
firm that the mutation was in the expressed NEMO
gene. Patient 1 had a T458 → G point mutation in
exon 4 that results in L153 → R substitution within
the first coiled coil domain (Figure 1). Patient 2 had
a C1207 → T point mutation in exon 10, resulting in
a Q403 → X truncation of the zinc finger domain.
Patient 3 had a T1249 → C point mutation in exon
10, causing a C417 → R substitution within the zinc
finger domain. The mutations in patients 1 and 2
have not been previously described, whereas the
mutation found in patient 3 has been reported in
other individuals with HED-ID (7–9). None of these
mutations had been found in previous analyses of at
least 40 normal chromosomes (7, 9).
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Figure 2
Functional consequences of CD40 liga-
tion in PBMC cultures from patients with
NEMO mutation. (a) Proliferation of
PBMCs incubated with control medium,
IL-4, anti-CD40, or IL-4 + anti-CD40 was
determined by 3H incorporation. Black
bars show proliferation in a control donor
and white bars show proliferation in
patients. Data are representative of two
experiments each from each patient. (b)
Surface expression of CD23 and CD54
was evaluated on CD20+ lymphocytes in
representative controls (black bars) or
patients (dark gray bars) and on anti-
CD40–stimulated cells of controls (white
bars) or patients (light gray bars). (c) IgE
production was measured in supernatants
of PBMC cultures from control donors
(black bars) or patients (white bars) after
incubation with medium, sCD40L, IL-4,
or sCD40L + IL-4.



CD40 is a member of the TNF receptor superfamily
expressed on all B cells. CD40 ligation induces prolif-
eration, CD23 and CD54 gene expression, and
immunoglobulin class switching (23–25). Deficits in
these CD40 signaling events have been demonstrated
in patients with NEMO mutations (9). The functional
significance of the mutations in our patients was eval-
uated by examining the response of their B cells to
CD40 ligation. PBMCs from control donors typically
demonstrated four- to eightfold induction of prolifer-
ation following CD40 ligation. In contrast, PBMCs
from all three patients proliferated poorly or not at all
in response to CD40 ligation (Figure 2a). Similar
results were obtained in B cell–enriched populations
(data not shown). The synergy between IL-4 and CD40
ligation in inducing proliferation observed in control
PBMCs was preserved in PBMCs from two of the three
patients with NEMO mutation. These results are con-
sistent with those of Doffinger et al. (8).

CD40-mediated upregulation of CD23 and CD54
surface expression in B cells was deficient in all three
patients (Figure 2b) and was consistent with prior
results (8, 9). IgE synthesis by PBMCs following stimu-
lation with sCD40L + IL-4 was normal in patients 1
and 2, but was severely deficient in patient 3 (Figure
2c). Variability in the IgE response in patients with
NEMO mutations has been previously reported (8).

CD40-mediated activation of the NF-κB pathway
has been demonstrated to be deficient in patients with
NEMO mutations in exon 10, one of whom had the
same mutation as our patient 3 (9). Because patient 1

had a novel exon 4 mutation, and because the only pre-
viously reported exon 4 mutation has not been func-
tionally characterized, we examined CD40-mediated
NF-κB activation in this patient. NF-κB activation was
evaluated in nuclear extracts of enriched B cells by elec-
trophoretic mobility-shift assay (EMSA) (Figure 3a).
CD40 ligation resulted in increased NF-κB binding in
control PBMCs (2.8-fold as quantitated by densitom-
etry). In contrast, CD40 ligation did not cause
increased NF-κB binding in the patient’s PBMCs, and
there was no detectable difference between stimulated
and unstimulated cells by densitometry.

Taken together, these data suggest that the NEMO
mutations in our patients are functionally significant.

Deficient NK cell cytotoxicity in patients with NEMO
mutations. The importance of NK cell activity in
defense against CMV infection has been established
(14). The recurrence of symptomatic CMV disease in
patient 1 in the face of an appropriate CMV-specific
antibody response, and preserved proliferation of T
cells in response to specific antigens, prompted us to
examine NK activity in our patients. All patients had
typical large granular lymphocytes as visualized by
light microscopy. Flow cytometric analysis per-
formed on multiple occasions revealed normal per-
centages of CD56+CD16+CD3– cells in all three
patients. At the time of initial evaluation, patient 1
had 11% NK cells (patient lifetime range 5–33%),
patient 2 had 6% (patient lifetime range 6–12%), and
patient 3 had 3% (patient lifetime range 2–13%). NK
cell cytotoxicity was evaluated by lysis of 51Cr-labeled
K562 cells. All three patients were deficient in K562
killing compared with healthy controls (Figure 4a).
Across multiple evaluations, the patients had a mean
of 5.4% ± 2.7% K562 lysis at a 50:1 E:T ratio compared
with 24.0% ± 3.8% for controls (P < 0.05). The defi-
ciency of NK cell cytotoxic activity in these patients
is unlikely to be due simply to persistent viral infec-
tion, because two patients with severe recurrent her-
pesvirus disease had normal K562 killing (Figure 4a).
To ensure that there was no cellular inhibitor of NK
cell cytotoxicity in the patients’ PBMCs, and to nor-
malize for slight differences in NK cell percentages of
PMBCs, NK cells enriched by negative selection from
patient 1 were examined. Enriched NK cell popula-
tions consisted of more than 93% CD56+CD3– NK
cells; of these, more than 85% expressed CD16. The
NK cell cytotoxicity of purified NK cells from the
patient was deficient, at 581 lytic units compared
with 3,677 lytic units from the normal control.

To determine whether the deficiency of NK cell cyto-
toxicity in patients with NEMO mutations was due to
a generalized defect in NK cell cytotoxic functions,
ADCC was evaluated. ADCC was present at high lev-
els in the patients’ peripheral blood (Figure 4b). No
lysis of target cells occurred in the absence of added
antiserum (data not shown). These data demonstrate
that patients with NEMO mutation have a specific
defect in NK cell cytotoxic activity.
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Figure 3
Evaluation of nuclear NF-κB level in cells from a patient with
NEMO exon 4 mutation (patient 1). Nuclear extracts of enriched
B cells from patient 1 or a control donor were evaluated by EMSA
using a 32P-labeled NF-κB probe. (a) The effect of CD40 ligation
on the level of nuclear NF-κB was determined by incubation of
enriched B cells with control medium or sCD40L for 30 minutes
prior to cell lysis. (b) The ability of IL-2 to induce nuclear levels of
NF-κB was assessed in PBMCs by stimulation with PHA for 18
hours, followed by resting for 5 hours and subsequent incubation
with IL-2 or media for 5 hours prior to lysis. Nuclear extracts were
prepared and evaluated for NF-κB binding. The arrow points to
the retained NF-κB probe; the large band at the bottom of the gel
corresponds to free probe.



Effects of IL-2 stimulation on NK cell cytotoxicity in
patients with NEMO mutations. NK cell cytotoxic activ-
ity is known to be enhanced by a variety of cytokines.
Among the most effective is IL-2, which has also been
shown to induce NK activity in vitro and upon
administration in vivo (27). To determine whether
NK cell cytotoxicity in patients with NEMO muta-
tions can be induced by IL-2, PBMCs were incubated
with recombinant human IL-2 and lysis of K562 cells
was measured. As expected, in vitro addition of IL-2
enhanced K562 killing in control PBMCs (Figure 5).
At a 50:1 E:T ratio, there was a 2.3-fold ± 1.2-fold
increase over baseline (n = 3). IL-2 induced K562
killing in PBMCs from all three NEMO patients. At a
50:1 E:T ratio, induction over baseline was greater
than sevenfold in patient 1, 2.1-fold in patient 2, and
threefold in patient 3 (Figure 5). However, IL-2–stim-
ulated NK activity in the patients remained lower
than that in controls. These results suggest that IL-2
can partially overcome the deficit in NK cell cytotox-
icity in vitro in patients with NEMO mutations.

Induction of NK cell cytotoxicity in vivo by IL-2 in a
patient with NEMO mutation. The stimulatory effect of
IL-2 on in vitro NK cell cytotoxicity in NEMO
patients suggested that in vivo administration of 
IL-2 might enhance NK activity in these patients. The

recurrence of CMV disease in patient 1 despite anti-
gen-specific antibody and lymphocyte proliferative
responses, and the inability of this patient to tolerate
standard anti-CMV therapy, prompted us to examine
the effect of IL-2 administration on his NK activity.
The patient received 1 × 106 U/m2/d rhIL-2 intra-
venously for 5 days; he tolerated the therapy with no
adverse effects. Ex vivo NK cell cytotoxicity against
K562 cells was measured prior to, immediately after,
and 1, 2, 3, and 4 weeks after treatment (Figure 6). NK
cell cytotoxic activity became evident immediately
after therapy and persisted for at least 4 weeks. Fur-
ther stimulation of patient PBMCs with IL-2 in vitro
at each timepoint resulted in a fairly consistent addi-
tional increase in NK cell cytotoxicity that averaged
2.5-fold ± 0.1-fold at 50:1 E:T, suggesting that the NK
cells were not maximally stimulated by in vivo treat-
ment. These results suggest that in vivo administra-
tion of IL-2 partially overcomes the deficit in NK cell
cytotoxicity in a patient with NEMO mutation.

Induction of NF-κB by IL-2 in a patient with NEMO muta-
tion. IL-2 has been demonstrated to induce activation
of NF-κB in lymphocytes (28). To determine whether
IL-2 was capable of activating NF-κB in lymphocytes
with NEMO mutation, PBMCs from patient 1 were
activated with PHA, rested, and then stimulated with 
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Figure 4
Deficient NK cell cytotoxicity in patients with HED-ID
and NEMO mutation. (a) NK cell cytotoxicity was
assessed in PBMCs from patients (circles) and con-
trols (squares) by 51Cr-release assay with K562 target
cells (top panels). Results are representative of a total
of five experiments from patient 1 and two experi-
ments each from patients 2 and 3. Patient and control
samples were evaluated in parallel. Disease controls
(bottom panels) are as described in Methods. (b)
ADCC was measured in patients (circles) and controls
(squares) using CL27A cells and antiserum (patients
1 and 3), or ZKBB cells and anti-CD20 monoclonal
antibody (patient 2) as target cells. Lysis of 51Cr-
labeled target cells was determined after 4 hours.
Results are representative of three individual experi-
ments for patient 1 and one experiment for patients 2
and 3. Lysis of target cells without added antibody
was not detected. ADCC was always evaluated in par-
allel with K562 lysis.



IL-2. Nuclear extracts were prepared and evaluated for
NF-κB binding by EMSA. NF-κB binding was
increased in both patient 1 and a representative con-
trol after IL-2 stimulation (Figure 3b). Densitometric
evaluation revealed a 3.7-fold increase in nuclear 
NF-κB binding after IL-2 stimulation for the patient
and a 2.7-fold increase for the control. These data
demonstrate that IL-2 is capable of inducing NF-κB in

a patient with NEMO mutation and suggest the pos-
sibility that this induction may allow for IL-2–mediat-
ed enhancement of NK cell cytotoxic activity.

Discussion
We present two previously unreported mutations of
human NEMO associated with HED-ID, one within
the first coiled-coiled domain (L153 → R) and the
other in the exon 10 zinc finger domain (Q403 → X),
as well as a previously reported exon 10 mutation
(C417→R) (7–9). A total of 18 NEMO mutations
associated with HED-ID have been previously
described. Fourteen are within exon 10, and five of
these, like our patient 3, alter position 417 (7–9, 12,
13, 29). Thus, greater than 75% of NEMO mutations
associated with HED-ID occur in exon 10, and 38% of
these affect amino acid 417. Of the four previously
described mutations outside of exon 10, only one is
within the first coiled-coil domain: R175 → P (5, 8).
Further immunologic studies of this mutation have
not been reported.

The functional significance of exon 10 mutations
has been demonstrated by the decreased ability of
cells from patients to phosphorylate I-κBα and/or
increase NF-κB binding activity after TNF or CD40L
stimulation (8, 9). In addition, impaired B cell prolif-
eration and cell surface upregulation of CD54 after
CD40L stimulation has also been found in these
patients (8, 9). The immunologic significance of the
three mutations reported here is shown by impaired
CD40-mediated proliferation and upregulation of B
cell activation markers in all patients, and by impaired
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Figure 5
In vitro IL-2 induction of NK cell cytotoxicity in PBMCs of patients
with HED-ID and NEMO mutation. The effect of IL-2 on NK cell
cytotoxic activity by PBMCs from control donors and patients was
evaluated in parallel. Effector cells were combined with 51Cr-labeled
target cells without (circles) or with 1,000 U/ml human recombinant
IL-2 added for the 4-hour duration of the assay (diamonds). Results
are representative of three individual experiments for patient 1 and
two each for patients 2 and 3.

Figure 6
Induction of ex vivo NK cell cytotoxic
activity after in vivo administration of
IL-2 to a patient with NEMO exon 4
mutation. Patient 1 was treated with 
1 × 106 U/m2 of human recombinant
IL-2 by continuous intravenous infu-
sion for 5 days. NK cytotoxicity was
determined ex vivo by lysis of 51Cr-
labeled target cells before treatment,
immediately after (0 wk), 1 week after,
2 weeks after, 3 weeks after, or 4 weeks
after treatment (circles). K562 lysis
mediated by PBMCs from untreated
control donors (squares) was per-
formed in parallel. Different control
donors were used in each assay.



CD40-mediated IL-4–dependent IgE isotype switch-
ing in one patient (Figure 2). Further demonstration
of defective NEMO signaling in our patient with the
unusual exon 4 mutation was provided by diminished
activation of NF-κB after ligation of CD40 (Figure 3).

The recurrent episodes of CMV with intact CMV-
specific antibody response in patient 1 led us to exam-
ine NK cells. Although all patients had normal NK cell
percentages and phenotype, NK cell cytotoxic activity
was grossly deficient in multiple determinations in all
three patients. The deficit was not due to a generalized
impairment in cytotoxicity, as ADCC was robust in all
three patients (Figure 4b).

Gross deficiencies of NK cell activities have been
associated with increased susceptibility to herpes
group virus infection in humans (15), and an individ-
ual lacking NK cells had recurrent and severe herpes
group virus infections, including CMV (14). Results
obtained in a murine model of CMV have demon-
strated that NK cells are essential in antiviral defense
(30) and that NK cell cytolytic activity is critical in
viral control in certain organs (31). The ability to eval-
uate the contributions of NK cell cytotoxicity and
ADCC to the control of CMV has not previously been
possible. In particular, humans with phenotypically
normal NK cells capable of mediating ADCC but lack-
ing NK cell cytotoxicity have never been described.
Mice with this phenotype have been reported, but
details of their infectious susceptibility are unknown
(32). A patient with a mutant CD16 molecule had
phenotypically abnormal NK cells and absent NK cell
cytotoxicity but normal ADCC (33). This individual
had susceptibility to herpesvirus infections, further
implying the importance of NK cell cytotoxicity in
human control of this virus family. Our data from
patients with NEMO mutation suggest that deficient
NK cell cytotoxicity in the face of normal ADCC may
be clinically significant.

IL-12–driven production of IFN-γ by NK cells in
CMV infection is involved in murine models of infec-
tion (34). In this light, a specific inability to produce
IL-12 and TNF after stimulation with CD40L or LPS
has been observed in patients with NEMO mutation
(8, 9). Thus it is possible that deficiency in the 
IL-12/IFN-γ axis may contribute to the CMV suscep-
tibility of our patient with recurrent CMV. However,
serum IFN-γ was readily detectable in this patient
during symptomatic CMV disease (57 pg/ml). There-
fore, the deficiency of NK cell cytotoxicity observed
in patients with NEMO mutation may result in
impaired defense against certain viral infections and
be of clinical significance.

The involvement of NEMO in NK cell cytotoxicity
is intriguing and hitherto unappreciated. NK cell
cytolytic activity is believed to involve a cascade of
cytoplasmic protein kinases (18). Pharmacologic
inhibitors of transcription such as actinomycin D
have been reported not to affect NK cell cytotoxic
activity of fresh human PBMC, but to inhibit activity

induced by type I IFN (35). More recent studies have
shown activation of NF-κB in NK cell/target cell con-
jugates and that pyrrolidine dithiocarbamate inhibits
activity of NF-κB but not AP-1 in cultured NK cells
eliminating NK cell cytotoxic activity, suggesting a
specific role for NF-κB pathways in this activity (36).
If a NEMO to NF-κB pathway were to be involved in
NK cell cytotoxicity, there would be several potential
avenues for IKK activation. Firstly, PI3K, which is
used in NK cell cytotoxicity (19, 20), activates the ser-
ine-threonine kinase Akt in NK cells (19); Akt has
been reported to induce NF-κB activation (37). Sec-
ondly, proline-rich tyrosine kinase-2, which is impor-
tant for NK cell cytotoxicity but not ADCC, has also
been linked to NF-κB activation (21). An alternative
role for NEMO in NK cell cytotoxicity, however, may
be a direct, NF-κB–independent involvement of this
protein in intracytoplasmic events leading to 
cytotoxicity. In this light, an NF-κB–independent 
role for IKK-α has been demonstrated in ecto-
dermal development (38).

We found that IL-2 consistently induced NK cell
cytotoxicity both in vitro and in vivo in patients with
NEMO mutation (Figure 5 and Figure 6). This find-
ing suggests that IL-2 may overcome the block in NK
cell cytotoxicity caused by NEMO mutation. Our
data raise the possibility that the IL-2–induced activ-
ity would involve NF-κB, as IL-2 was capable of
inducing NF-κB in patient 1. The IL-2 signal may be
able to access the mutated NEMO to allow for NF-κB
activation because it may use intact domains of the
mutated NEMO molecule. An alternative possibility
is that IL-2 activates NF-κB and NK cell cytotoxic
activity via a pathway independent of NEMO (39). It
is unlikely that the IL-2 effect on NK cell cytotoxici-
ty in patients with NEMO mutation is due to induc-
tion of TNF, as it has been reported that these
patients have a grossly impaired ability to produce
TNF after in vitro stimulation (8, 9).

Our findings point to an important role for NEMO
and NF-κB activation in NK cell cytotoxicity. They
also demonstrate that IL-2 could provide a useful
therapeutic opportunity for patients with NEMO
mutation because this cytokine restores deficient NK
cell cytotoxicity.
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