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Abstract
Background—Human hypomorphic NEMO mutations cause diverse clinical immunologic
phenotypes, but understanding their scope and mechanistic links immune function and genotype is
incomplete.

Objective—We created and analyzed a database of hypomorphic NEMO mutations to determine
the spectrum of phenotypes and their associated genotypes and sought to establish a standardized
NEMO reconstitution system to obtain mechanistic insights.

Methods—Phenotypes of 72 individuals with NEMO mutations were compiled. NEMO L153R
and C417R were investigated further in a reconstitution system. TNF-α or Toll-like receptor 5 signals
were evaluated for NF-κB activation, programmed cell death, and A20 gene expression.

Results—32 different mutations were identified; 53% affect the zinc finger domain. 81% were
associated with Ectodermal dysplasia, 76% with serious pyogenic infection, 39% with mycobacterial
infection, 19% with serious viral infection, 21% with inflammatory diseases. 36% died at a mean
age of 6.4 years. CD40, IL-1, TNF-α, TLR, and TCR signals were impaired in 15/16 (94%), 6/7
(86%), 9/11 (77%), 9/14 (64%), and 7/18 (39%), respectively. Hypomorphism-reconstituted NEMO-
deficient cells demonstrated partial restoration of NEMO functions. Although both L153R and
C417R impaired TLR and TNF-α induced NF-κB activation, L153R also increased TNF-α-induced
programmed cell death with decreased A20 expression.

Conclusion—Distinct NEMO hypomorphs define specific disease and genetic characteristics. A
reconstitution system can identify attributes of hypomorphisms independent of an individual’s
genetic background. Apoptosis susceptibility in L153R reconstituted cells defines a specific
phenotype of this mutation that likely contributes to the excessive inflammation with which it is
clinically associated.
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INTRODUCTION
NEMO is a 419 amino acid regulatory protein encoded by 10 exons X-chromosome1. NEMO
participates in the IκB kinase (IKK) complex contains IKKα and IKKβ kinases2. The IKK
complex enables nuclear translocation of NF-κB dimers by phosphorylating the inhibitor of
NF-κB, This targets IκB for proteosomal degradation releasing its hold on NF-κB in the
cytoplasm.

Amorphic NEMO mutations are lethal to males, but hypomorphic mutations can result in
ectodermal dysplasia and immunodeficiency. This disease was defined by familial
susceptibility to mycobacterial infection, infection with pyogenic bacteria, and abnormal
immunoglobulin production in the setting of variable T and B cell defects.3,4,5

The ectodermal dysplasia results from an inability of the Ectodysplasin A Receptor (a TNF
receptor family member) to induce NF-κB activation following ligation4. A variety of
immunoreceptor functions that depend on NEMO-induced NF-κB activation are similarly
defective in patients with NEMO hypomophisms. The clinical and immunological phenotypes
attributed to NEMO hypomorphs has expanded substantially in recent years. Thus, we have
compiled these in to a database to further define the clinical syndrome. We have also utilized
reconstitution system to exploit mechanistic insights derived from the naturally occurring
mutations and to test the hypothesis that they are independent of genetic background.

METHODS
Database

72 individuals with hypomorphic NEMO mutations were identified using Medline, our own
patient evaluations, and conference abstracts. Brothers of index cases having characteristic
disease features were assumed to carry the same mutation. Detailed definitions of specific
clinical and immunologic categories are provided in supplemental methods. Patients evaluated
through our center were done so in accordance with our Institutional Review Board for the
protection of human subjects.

Constructs and cell lines
3T8 is a previously described6 Jurkat cell line expressing an NF-κB reporter construct
containing the rat Thy-1 gene, and is designated parental NEMO (pNEMO). pNEMO was
previously mutagenized to generate a NEMO deficient line, 83216, herein designated NEMO
(−), genomic sequencing of which revealed a hemizygous point mutation 1000G>T leading to
a predicted Glu334X (Figure S1). Direct evaluation of NEMO protein in cells using polyclonal
and monoclonal antibodies raised against full-length and the leucine zipper of NEMO,
respectively, however, demonstrated negligible specific protein (Figure S2). NEMO cDNA
was cloned to generate the following cell lines: wild-type reconstituted NEMO(−) (rNEMO);
L153R reconstituted NEMO(−) (L153R); C417R reconstituted NEMO(−) (C417R); empty
vector reconstituted NEMO(−) (GFP-NEMO(−); and empty vector transduced pNEMO (GFP-
pNEMO) (details in supplemental methods).

Western blot
Western blotting was performed as previously described8 (details in supplemental methods).

Statistics
Student’s t-test was performed to evaluate mean data where indicated.

Hanson et al. Page 2

J Allergy Clin Immunol. Author manuscript; available in PMC 2009 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



NF-κB reporter and Apoptosis assays
1×106 cells were treated with 10ng/mL recombinant human TNF-α (R&D Systems) or 50ng/
mL recombinant Salmonella Flagellin (Invivogen) after which cells were collected, washed
and incubated with phycoerythrin-conjugated anti-rat Thy-1 antibody (BD). Apoptosis was
concurrently assayed by resuspension in binding buffer (10uM HEPES, 140mM NaCl and 2.5
mM CaCl2) containing AnnexinV-Cy5 and 7-AAD (BD).

Intracellular NEMO FACS
Cells were fixed and permeabilized in cytofix-cytoperm solution (BD), washed and incubated
with mouse anti-NEMO mAb (clone 54, BD), or isotype-matched IgG control (clone
MOPC-21, BD) for 1h. After washing, cells were incubated for 1 hr with Alexaflour 647-
conjugated anti-Mouse IgG (Invitrogen), and analyzed by FACS.

mRNA isolation and analysis
RNA was extracted from cells, cDNA generated and A20 or actin targets amplified as
described8.

RESULTS
IKBKG hypomorphism and spectrum of disease

As IKBKG hypomorphisms cause a variety of phenotypes, a database was compiled to gage
diversity and potentially identify genotype/phenotype correlations. 72 individuals were
included (Figure 1). Missense mutations account for 40%, splice-site 21%, frameshift 25%,
and nonsense 14%. 11 mutations were shared by 51 patients; the other 21 mutations were
unique. 53% of mutations specifically affected the Zinc Finger domain, either due to missense,
nonsense or frameshift. 3% were within the region aa50–120 important for interacting with the
other members of the IKK complex9 and 15% were in the region responsible for allowing
NEMO oligomerization10. 7% of mutations affected the NEMO ubiquitin binding domain
(NUB), important for binding K63-linked polyubiquitin11. Two patients were female12,13
but had defective X chromosome lyonization and characteristics of the disease.

Patient clinical and immunologic characteristics were compiled according to clinical
phenotype, infectious susceptibility, and immune capacity (see supplementary methods for
definitions). 50 categories were defined and considered for each patient (Table S1–S4). For
any category where insufficient details were available, patients were excluded from
calculations. 77% (40/52) of patients were diagnosed with EDA or met our definition. 4%
(2/52) of patients had dental abnormalities alone and were not included as having EDA. Three
discrete regions of NEMO contained alterations not resulting in an ectodermal phenotype (Fig
2A). Osteopetrosis has been described in 7.5% (5/65) of patients (Fig 2B). In one, bone
demonstrated no osteoclasts14, but in others varying severities of pathology were identified.
15,16 10% (6/65) of patients had vascular anomalies affecting lymphatic or venous
systems4,15,17,18,19,20 (Fig 2B), ranging from transient lower limb edema17 to persistent
defects with abnormal lymphoscintigrams15 or multiple lymphangiomas.16

Inflammatory conditions or auto-immunity affected 25% (15/61) of patients (Fig 2C). The most
frequent was inflammatory colitis21, and occurred in 21% (13/61). 46% (6/13) of these
individuals had intractable diarrhea, and 30% (4/13) were diagnosed with failure to thrive.
Autoantibody-associated disease was described in 1 patient with autoimmune hemolytic
anemia22. Chronic arthritis affected 3% (2/66)23. Hemophagoctyic syndrome following
Klebsiella pneumoniae infection was identified in one patient14. 14% (9/66) of individuals
were small for gestational age, but most were from a single kindred18. Pre-eclampsia
complicated 3% (2/66) of deliveries.20,24
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The most common infections included pneumonia (31%-19/61) leading to bronchiectasis in
9%, bacteremia or sepsis (33%-20/61), skin and deep tissue abscess formation (30%-18/61),
intestinal infection (23%-14/61), encephalitis or meningitis (20%-12/61), sinusitis (11%-7/61),
and osteomyelitis (11%-6/61) – usually with atypical mycobacteria (Fig 2D, TableS2).
Pyogenic bacterial infection was identified in 87% (45/52) of patients in whom an organism
of any kind was identified. Pathogens identified in greater than 10% included Streptococcus
pneumoniae, Haemophilus influenza, and Staphylococcus aureus Mycobacterial infection,
most commonly due to mycobacterium avium intracellulare affected 44% (23/52) (Fig 2E),
and included cellulitis, osteomyelitis, lymphadenitis, pneumonia, and disseminated forms.
Serious viral infection occurred in 21% (11/52) and included herpes simplex virus
encephalitis22, severe adenoviral gastroenteritis16, and cytomegalovirus sepsis23. Fungal and
opportunistic infections occurred in 10% (6/52) of patients; Pneumocystis and oral candidiasis
were predominant.

IVIG replacement therapy was documented in 29/58 (50 %) individuals who survived beyond
6 months. Antibiotic prophylaxis to prevent Pneumocystis and/or mycobacteria was provided
to 11/58 patients (19%). Additional interventions documented included cytokine therapy to
augment immune function27, IFN-γ as an anti-mycobacterial25,28, and hematopoietic stem-
cell transplantation15.

Immunologic Functions in patients with IKBKG hypomorphisms
Given the range of immunoreceptors that utilize NEMO it is possible that specific infectious
susceptibilities are defined by the impact of individual mutations on immune signaling.
Evaluation of TNFαR, CD40, TLR, IL-1R, and T cell receptor signaling, as well as antigen
presenting cell costimulation, antibody repertoire generation, B and T cell development and
memory, NK cell function, and monocyte activation have all been recorded. All mutations
tested demonstrated some impairment in NF-κB signaling as defined in the supplemental
methods. Defects in the TNFR superfamily functions were common with 82% (9/11) impairing
TNF-α-induced NF-κB activation, but R319Q25, D406V5 and C417R5 mutations did not (Fig
2F, Table S3). CD40 signaling impairment was found in 94% (15/16), however only 40%
(6/15) of these had an immunoglobulin class switch defect (Fig 2G, Table S3).
Hypogammaglobulinemia occurred in 24/41 (59%), but correlated with impaired CD40
signaling only in Zinc Finger mutations. Defects in specific antibody production occurred in
64% (18/28), and deficits in specific antibodies against Streptococcus pneumoniae were
identified in 72% (13/16) of patients tested. Of patients with specific antibody defects, only
15% (6/40) had low IgG with normal or elevated IgM. Defects in other immune responses and
pathways were also common. 86% (6/7) patients had abnormal IL-1 signaling, and 64% (9/14)
had abnormal TLR signaling (Fig 2H). 39% (7/18) of individuals in which innate signaling
pathways were tested had no detectible abnormality in at least one test (TNFR, IL-1, TLR4 or
other TLR). Lymphocyte quantitation and proliferative function were frequently normal. 65%
(11/17) and 73% (8/11) had normal or elevated CD4 and CD8 counts, respectively. Mitogen-
induced, and antigen induced proliferation was normal in 91% (20/22) and 76% (11/14),
respectively (Fig 2I, Table S3). DTH testing, however, was normal in only 3/7 43%. Patients
with C417R mutation had impaired DC IL-12 secretion and failure to upregulate costimulatory
molecules26. NK cell cytotoxicity was globally deficient .14,23,27,28

To evaluate consistency of expression of the most common phenotypes, the 11 shared
mutations were analyzed (Figure 3). The frequency of EDA was 100% in 9 of these mutations,
and 0–25% in the E315A and R319Q mutations. Inflammatory colitis occurred in 100% of the
E391X individuals, but in only 25–75% in the three other mutions in which it was reported,
although it appeared in 71% (5/7) of Δexon 4–6 mutations. This latter mutation was highly
correlated with mortality, 10/10 (100%) and SGA, 7/7 (100%). Susceptibility to mycobacterial
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infection was generally absent in individuals with mutations in the first coiled-coil and alpha-
helix. Hypogammaglobulinemia affected patients with Δex4–6, L227P and C417R
substitutions, and ZF truncations (with the exception of E391X). The hyper-IgM phenotype
was particular to individuals with C417 mutations

Hypomorphic NEMO complementation
We next wanted to determine the effect of particular NEMO mutations on NF-κB-dependent
signaling pathways. If we could establish that individual hypomorphisms possessed differential
properties in the context of a standardized genetic background it would support a mechanism
of genotype-phenotype correlations, thereby substantiating our central hypothesis. Thus a
NEMO(−) deficient Jurkat T cell line stably expressing an NF-κB reporting construct was used.
Wild-type or patient derived hypomorphic sequences were cloned into a retroviral vector
preceding internal ribosomal entry site (IRES) and green fluorescent protein (GFP) sequences.
The L153R and C417R mutations were selected because of their similarities and differences.
Both result in the originally described syndrome of EDA and immunodeficiency and both are
caused by missense mutations introducing an arginine. Differences included: 1) presence of
inflammatory colitis (L153R only); impaired LPS response (L153R only); and 3) Hyper-IgM
phenotype (C417R only). Recombinant retroviruses encoding wild-type NEMO sequences,
L153R, or C417R mutations were therefore generated and used to infect NEMO(−) cells. Non-
clonal populations which had stably incorporated the construct were selected by GFP FACS
and maintained as stable cultures. These were refined to express equal and physiological levels
of NEMO as determined by Western blot (Fig. 4A). The level of reconstituted NEMO in
individual cells was also comparable to that in parental Jurkat cells (pNEMO) as demonstrated
by intercellular NEMO FACS (Fig 4B). This correlated with GFP fluorescence in individual
reconstituted cells (Fig 4C), further demonstrating equivalent expression.

Activation of the NF-κB pathway measured by flow cytometry
To investigate the effects of NEMO hypomorphism on innate immune signaling in T cells,
Jurkat cells were cultured for 8h in the presence of Flagellin or TNF-α. Surface levels of rat
Thy1 expressed by the NF-κB reporter contruct were determined by FACS. Jurkat T cells
express TLR5 and exposure to the TLR5-ligand Flagellin leads to activation of NF-κB29,30.
Rat Thy-1 expression was not upregulated in NEMO(−) cells after TNF-α or Flagellin
stimulation but was in wild-type reconstituted NEMO cells (rNEMO) (Fig 5A). Rat Thy-1
upregulation in rNEMO cells was comparable to that in pNEMO cells (not shown). In contrast,
NEMO(−) cells reconstituted with L153R and C417R constructs had reduced NF-κB activation
in response to either TNF-α or Flagellin. Mean fluorescence intensity of induced rat Thy1 in
repeated experiments was significantly decreased by ~75–90%, respectively, compared to
control (Fig 5A).

IκB degradation
To dissect the mechanisms by which each NEMO hypomorphism affects NF-κB activation,
and delineate signaling pathways relative to the IKK complex, we initially measured IκBα
degradation at different times after TNF-α stimulation. TNF-α failed to induce rapid
degradation of IκB in NEMO(−) or L153R-NEMO cells (Fig 5B). In C417R-NEMO cells,
however, there was initial IκB degradation, and restoration of IκB levels at 60min. Quantitative
analysis of IκBα levels relative to actin confirmed these patterns (Fig 5B) and thus defines
differences between hypomorphism expressing and NEMO(−) cells.

NF-κB directed anti-apoptotic function in reconstituted cells
To determine the effects of NEMO hypomorphism on TNF-α-induced programmed cell death
in T cells, the individual cell lines were cultured in the presence of TNF-α for 8h. Cell surface
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binding of Annexin-V, which occurs during the early and late phases of apoptosis, and 7-amino
actinomycin D (7-AAD) uptake, which occurs only in dead cells was determined by FACS.
Following TNF-α activation of NEMO(−) cells, almost all (96%) cells bind Annexin-V, of
which 29% were in later phases of cell death as determined by 7-AAD retention (Fig 6A). In
rNEMO cells there was reduced Annexin-V binding (30%), and only 9.5% retained 7-AAD;
similar to pNEMO cells (not shown). L153R-NEMO cells bound Annexin-V substantially
(88%) after TNF-α stimulation and retained 7-AAD similarly to NEMO(−) cells (28%). In
contrast, C417R-NEMO cells demonstrated intermediate Annexin-V binding (55%) and 7-
AAD retention (11%), more closely resembling rNEMO cells. These differences were
confirmed in independently repeated experiments and Annexin-V binding in NEMO(−) and
L153R was significantly higher than in rNEMO cells (Fig 6B). rNEMO and C417R-NEMO
were not statistically different (P=0.17). As expected, Flagellin did not induce programmed
cell death (Fig 6B).

TNF-α-induced A20 gene expression
To evaluate whether differences in programmed cell death observed in L153R-NEMO
correlated with aberrant TNF-α-induced survival-gene expression, quantitative Real Time PCR
was performed. The anti-apoptotic A20 gene constitutively expressed in Jurkat cells is strongly
induced by TNF-α and requires NEMO function6. In rNEMO and pNEMO cells A20
expression was induced ~7 fold after TNF-α stimulation (Fig 6C). In contrast, induced A20
expression in L153R-NEMO cells was >50% reduced compared to rNEMO cells. In C417R-
NEMO cells, however, TNF-α induced A20 expression at levels similar to that in rNEMO cells.
Thus, hypomorphic NEMO mutations demonstrated differential ability to protect T cells from
TNF-α-induced programmed cell death, which may be at least in part due to impaired
expression of A20. This may help explain differences in clinical phenotype in patients with
these mutations, as L153R, but not C417R has been associated with an auto-inflammatory
phenotype.

DISCUSSION
The previous conception of human disease due to hypomorphic NEMO mutation is one, which
affects males, is associated with EDA in all but very rare cases, and is characterized by bacterial
infection with poor production of specific antibody. We assembled a database of known
mutations to discern phenotypic diversity of mutations and discover potential genotype/
phenotype correlations. Although many of the previous characteristics of disease are apparent
in the 72 patients considered here, the spectrum of disease due to NEMO hypomorphism is
different than what has been based on earlier series.3,4,21

Although originally described as EDA-ID, only 77% of individuals with NEMO mutation and
immunodeficiency in our database had EDA. As essentially all had immunodeficiency, a more
appropriate name for this syndrome might be NEMO mutation with immunodeficiency, or
NEMO-ID. Individuals demonstrated susceptibilities to pyogenic bacteria, atypical
mycobacteria, viruses, and Pneumocystis, with cases affected by the latter two increasing in
recent years. Autoinflammatory disease occurred frequently, most commonly affecting the gut.
21,23 Signaling defects were varied and increasing numbers of mutations that permit partial
TNF-α and TLR signaling have been identified (Fig F, H). Early mortality has been increasingly
described as the mean age at death in patients reported over the last 3 years was 2.3 as compared
to 6.4 for all patients in the database.

A finding consistent with previous understanding of disease was the high proportion of patients
affected by pyogenic infection. Similarly, CD40 signaling impaired in most mutations tested.
The classical hyper-IgM phenotype, however, affected a minority of patients, most specifically
ΔN3722, R175P31, C417 alterations3,5,23 or with X420 frameshift mutation4. Also, as
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expected approximately two-thirds of individuals had defective specific antibody production,
with a suggested selective inability to generate pneumococcus-specific antibodies.
Hypogammaglobulinemia was still present in the majority (~60%) and osteopetrosis and
lymphedema in the minority (~7.5%).

As this was a retrospective investigation of anecdotal reports and case series, both an
ascertainment and reporting bias exist due to over-representation of severe and extraordinary
cases. Generalizations about disease in the native population, therefore, should be made with
caution. Recently reported cases have appeared to be more severe, but this is likely skewed
because of one large kindred18. Longitudinal evaluation of patients in prospective studies
would address these issues.

Interestingly, some phenotypes were characteristic of particular NEMO domains, while others
were private to few mutations. EDA was attributed to 3 distinct NEMO regions, largely sparing
mutations of the leucine zipper, and C-terminal portions of the first and second coiled-coil
domain (Fig 2A). The hyper-Igm phenotype occurred with mutations affecting the Zinc Finger
domain (Fig 2G) The region immediately preceeding the leucine zipper is required for signaling
by CD40 and TNF-α, but not IL-1/TLR or TCR. Certain mutations, such as Zinc Finger
truncations and Δexon4–6 splice mutations appear to globally affect function (Fig 2, all and
Tables S1–S4). Importantly, evaluation of grouped-mutations fail to define uniform
characteristics and thus the disease is quite variable.

In order to consider genotypic association independently of a patient’s genetic background, we
established a reconstitution system and studied 2 patient-derived hypomorphisms. These
mutations were selected not based upon the frequency with which they occurred, but rather
due to important similarities and differences, which made them suitable candidates to
demonstrate the proof-of-principal that functional differences between mutations could be
attributed to a specific hypomorphism. Wild-type NEMO reconstitution restored physiologic
function, but hypomorphisms did not. The C417R mutation permitted IκB degradation
following TNF-α stimulation, in agreement with results obtained in patient-derived cells5, and
was accompanied by A20 transcription and protection of cells from TNF-induced apoptosis
(Fig 5, Fig 6). Mutation of C417 is known to affect NEMO folding32. This may prevent
physical interaction between NEMO and proteins required for full signal transduction, but still
permit some kinase activity of the complex. In contrast, L153R resulted in full impairment of
IKK activity, with no IκB degradation following TNF stimulation, and increased apoptosis
after T cell exposure to TNF and failure to induce A20 expression. This may address
mechanisms for NEMO deficiency and inflammation, as the patient with an L153R
hypomorphism had severe intestinal inflammation23. Complete NEMO deficiency in
epithelial cells in mice causes inflammatory colitis and apoptosis, likely due to impaired barrier
to intestinal flora.33,34 An additional role in promoting inflammation after exposure of T cells
to innate immune signals, however, may also contribute to clinical phenotype. It may further
explain why not all individuals with NEMO-ID have intestinal inflammation.

Our analysis defines disease due to hypomorphic NEMO mutations as diverse and complex,
but there is suggestion of associations of particular phenotypes with NEMO genotypes, which
raise important biological specificities of altered regions of NEMO. The use of reconstitution
systems will help further important biological insights that can be derived from the disease.
Clinically the list of phenotypes attributed to mutations is expanding and warrants careful
consideration of patients with undiagnosed immunodeficiency.

Key messages
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• A database of human NEMO mutations reveals a broad associated spectrum of
infectious susceptibilities and immune dysfunction.

• The database and in vitro reconstitution of mutations illustrates important
genotypic associations.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Hypomorphic NEMO mutations
Each asterisk represents an individual patient, and mutation types are color-coded. Structural
predictions indicate an extended alpha helix structure with 2 coiled coils, a leucine zipper and
zinc finger motifs. The minimal oligomerization domain, serine phosphorylation (p-S),
ubiquitination (U), sumoylation (S), ubiquitin binding (NUB), and IKK binding/NEMO
dimerization regions are shown.
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Figure 2. NEMO Phenotype maps
The following phenotypes are shown: Ectodermal dysplasia (A), lymphedema/osteopetrosis
(B), Inflammatory disease (C), Pyogenic infection (D), Mycobacterial infection (E), TNF-α
response (F), Hyper-IgM phenotype/CD40 (G), IL-1/TLR response (H), TCR response (I),
Mortality (J). Each oval represents the reported presence (shaded) or absence (dashed) of the
indicated phenotype, and is intended to reflect the protein region affected.
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Figure 3. Phenotype frequency of shared mutations
Each column represents a mutation which occurred in more than one individual. Frequency is
depicted by quartile and is color coded: High (red), intermediate (yellow), and low (green)
phenotype presence.
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Figure 4. Expression levels of reconstituted NEMO are equivalent by anti-NEMO Western blot,
intracellular FACS, and GFP FACS
A, Cells from reconstituted lines were lysed and probed with anti-NEMO monoclonal antibody
specific for the C-terminus. Actin blotting demonstrates equal loading. B, FACS to determine
GFP expression was performed on NEMO reconstituted cells lines, C, which was evaluated
by intracellular staining (n=2).
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Figure 5. Decreased NF-κB reporter expression after stimulation with TNF-α and Flagellin in
reconstituted NEMO(−) cells and impaired IκB degradation in the L153R but not C417R cell line
A, Cells were stained with rat-Thy-1PE and analyzed by FACS – decreased levels of expression
indicate decreased NF-κB activation in response to TNF-α and Flagellin in L153R and C417R .
Replicates of experiments indicate significant differences compared to rNEMO; means, SD
and p values are shown. B, Western blot of IκB levels from the various cell lines following
TNF-α activation. Densitometry measurements of IκBα/actin normalized to time=0 for each
cell line are indicated below individual bands.
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Figure 6. Apoptosis in TNF-α stimulated cells and A20 expression
A, Cell lines were activated with TNF-a and apoptosis was measured by Annexin-V and 7-
AAD. B, Replicates and statistical evaluation of repeated apoptosis assays. C, A20 transcripts
were quantified using real-time PCR and fold induction of A20 expression is reduced in L153R
reconstituted NEMO(−) cells, the result is representative of two independently conducted
experiments.
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Table 1
Clinical and immune function of individuals with hypomorphic NEMO mutation.

Functional or clinical category Observed
deficiency

Percent
affected

B cell costimulation/CD40 signaling1 15/16* 94%

Infectious susceptibility2 60/61 98%

   bacterial infection 45/52 86%

   myobacterial infection 23/52 44%

   PCP 4/52 8%

   DNA viral infection 11/52 21%

   meningitis 12/61 21%

   pneumonia 19/61 31%

   sepsis/bacteremia 20/61 33%

NK function3 10/10* 100%

TNF Response4 9/11* 82%

Ectodermal dysplasia (ED)5 40/52 77%

hyper IgM6 6/40 15%

hypogammaglobulinemia 24/41 59%

hyper IgA 13/35 37%

hyper IgD 2/5 40%

specific antibody deficiency 18/28 64%

specific Pneumococcal antibody 13/16 81%

IL-1 Response7 6/7* 86 %

TLR Response 9/14* 64%

Auto-immune/Inflammatory disease8 14/66 23%

Lymphedema 5/65 8%

Osteopetrosis 5/65 8%

Small for gestational age9 9/65 14%

Dead 24/66 36%
1
Impaired CD40 signaling by EMSA, reporter assay or ELISA or documented inability to undergo T-cell dependent immunoglobulin class switching or

memory B cell development
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2
Persistent or recurrent infection or life threatening infection.

3
Cytotoxicity by standard chromium release assay.

4
Impaired signaling by EMSA, reporter assay, IκB degradation or ELISA

5
Absence of eccrine sweat glands, hair and sparse or absent conical teeth.

6
Hyper IgM phenotype (elevated or normal IgM, low IgG and specific antibody production defect or class switch recombination defect)

7
Impaired IL-1β or TLR signaling by EMSA, reporter assay, CD62L shedding defect or ELISA

8
The presence of one or more of the following: sustained elevated serum inflammatory markers, chronic arthritis, autoimmune hemolytic anemia,

macrophage activation syndrome, non-infecctious colitis.

9
Lower than two standard deviations below the average weight for gestational age.

*
These assays were performed on a subset of individuals.
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