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Abstract

Purpose Anhidrotic ectodermal dysplasia with immunodefi-
ciency (EDA-ID) is caused by mutations in the NF-«kB essen-
tial modulator (VEMO) or NF-kB inhibitor, alpha (/KBA)
genes. A heterozygous NEMO mutation causes incontinentia
pigmenti (IP) in females, while a hemizygous hypomorphic
mutation of NEMO causes EDA-ID in males. In general, im-
munodeficiency is not shown in IP patients. Here, we inves-
tigated two female patients with IP and immunodeficiency.
Methods The patients were initially suspected to have IRAK4
deficiency and Mendelian susceptibility to mycobacterial dis-
ease, respectively, because of recurrent pneumonia with
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delayed umbilical cord detachment or disseminated mycobac-
terial infectious disease. We measured tumor necrosis factor
(TNF)-o production and performed mutation screening.
Results The TNF-o production from lipopolysaccharide
(LPS)-stimulated CD14-positive cells was partially defective
in both female patients. A genetic analysis showed them to
carry the heterozygous NEMO mutations c.1167_1168insC or
¢.1192C>T. Although NEMO mutations in IP patients are typ-
ically eliminated by X-inactivation skewing, an analysis of
cDNA obtained from the somatic cells of the patients showed
the persistence of these mutations in peripheral blood mono-
nuclear cells and peripheral granulocytes. A NF-«kB reporter
gene analysis using NEMO-deficient HEK293 cells showed
the loss of NF-kB activity in these NEMO mutants, while the
NF-«kB protein expression levels by the NEMO mutants were
consistent with those of wild-type NEMO.

Conclusions The delayed skewing of the mutant allele may be
responsible for the observed innate immune defect in these
patients. The detection of LPS unresponsiveness is suitable
for identifying female IP patients with immunodeficiency.

Keywords Anhidrotic ectodermal dysplasia with
immunodeficiency - incontinentia pigmenti - NEMO -
lipopolysaccharide

Introduction

Genetic defects in the signaling pathways of the Toll-like re-
ceptor (TLR) and interleukin (IL)-1 families are known to
cause innate immune deficiency syndromes such as IL-1 re-
ceptor-associated kinase 4 (IRAK4) deficiency (MIM607676)
and anhidrotic ectodermal dysplasia with immunodeficiency
(EDA-ID; MIM300291 and 612132) [1]. EDA-ID is caused
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by mutations in the NF-«kB essential modulator (NEMO) or
NF-kB inhibitor, alpha (/KBA) genes. NEMO deficiency is an
X-linked inheritance disease. A hemizygous hypomorphic
mutation of NEMO causes EDA-ID in males, while a hetero-
zygous NEMO mutation causes incontinentia pigmenti (IP;
MIM308300) in females. NEMO is also one of the causative
genes for Mendelian susceptibility to mycobacterial diseases
(MSMD) [2, 3]. Several screening systems have been devel-
oped for the rapid diagnosis of IRAK4 deficiency, including
using flow cytometry for the detection of unresponsiveness to
lipopolysaccharide (LPS) as a representative TLR ligand.
EDA-ID also shows partial LPS unresponsiveness [4—6].

IP, also known as Bloch—Sulzberger syndrome, is a pro-
gressive skin disorder that involves four characteristic sequen-
tial cutaneous disease stages: perinatal inflammatory vesicles,
verrucous patches, a distinctive pattern of hyperpigmentation,
and dermal scarring. IP patients also have abnormalities of the
hair, nails, teeth, eyes, and central nervous system.
Approximately 80-90% of the IP patients have a common
heterozygous large deletion of NEMO, known as Aexon 4—
10. Other IP patients carry nonsense, frameshift, or missense
mutations of NEMO [7].

Typically, female IP patients do not show immunodeficien-
cy. Here, we present two female IP patients with immunodefi-
ciency (IP-ID) who we identified using our rapid screening for
the detection of lipopolysaccharide (LPS) unresponsiveness.

Methods
Patients

P1. The patient is a 6-year-old female whose umbilical
cord detachment was delayed (28 days after birth). She
showed an atypical progress of IP with no skin rash during
early infancy. At the age of 6 months, she developed a skin
ulcer following the Bacillus Calmette—Guérin (BCG) vac-
cination, after which generalized pustules appeared. At the
age of 1 year, her skin presentation gradually changed to
linear and whorled nevoid hypermelanosis. The skin ap-
pearance in the patient at the age of 3 years is shown in
Fig. 1a. Febrile episodes became frequent after the age of
4 months, and from 3 years of age, she had recurrent pneu-
monia. Nontypable Haemophilus influenzae was detected
in her throat using a bacterial culture test, although her
serum titer levels of antibodies against H. influenzae were
sufficient owing to Hib vaccination. Her immunological
parameters at the age of 3 years are shown in Table 1.
After the start of prophylaxis with sulfamethoxazole/tri-
methoprim, the frequency of her infections decreased.
Her family members have no symptoms suggestive of IP
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or immunodeficiency. She was initially suspected to have
IRAK4 deficiency because of her recurrent infections, de-
lay in umbilical cord detachment, and below-mentioned
LPS unresponsiveness [4, 8].

P2. The patient is a 14-year-old female. No delay was seen in
her umbilical cord detachment. At the age of 5 months, she
received the BCG vaccination. At the age of 6 months, she
developed a fever, a skin ulcer at the BCG inoculation site, an
axillary lymphadenitis on the same side, and BCG dermatitis.
After the administration of antibiotics for 10 days, only the
axillary lymphadenopathy remained. At the age of 3 years,
swelling appeared around her lips. This was diagnosed as
granulomatous cheilitis, and disseminated BCG disease was
suspected. At the age of 9 years, she received isonicotinic acid
hydrazide (INH) for 5 months, after which her symptoms
improved. However, after the completion of INH administra-
tion, her lip swelling relapsed. The patient’s facial appearance,
with continuous swelling around the lips, at the age of 11 years
is shown in Fig. 1b. T2 imaging showed a left axillary lymph-
adenopathy, and the corresponding histology showed necrotic
tissue with a thin layer of epithelioid cells. Finally, after the
extraction of her axillary lymph node and the administration
of roxithromycin and tranilast for 3 and 5 months, respective-
ly, she recovered. Mycobacterium tuberculosis was detected
in her extracted axillary lymph node using a PCR analysis that
could detect the M. tuberculosis complex, including
Mycobacterium bovis. However, no additional analyses were
conducted to identify the specific strain. Her immunological
parameters at the age of 14 years are shown in Table 1. She
was initially suspected to have MSMD. However, after genet-
ic diagnosis, her history of skin disorders was disclosed,
which led to an updated diagnosis of IP with immunodeficien-
cy. At present, a slight hyperpigmentation following the
Blaschko lines remains on her skin, and her left lower third
molar tooth is defective. Her family members have no skin
disorder symptoms suggestive of IP.

Cell Culture

Blood samples were provided from both patients and their
parents, two 1-year-old typical IP patients (NEMO Aexon
4-10) diagnosed by a previously described method [9], an
XL-EDA-ED patient (NEMO E391X), an IRAK4-deficient
patient (IRAK4 c.118-123insA) [10], and age-matched
healthy child controls. Peripheral blood mononuclear cells
(PBMCs) were isolated from heparinized blood with gradi-
ent centrifugation using Ficoll-Paque (GE Healthcare,
Uppsala, Sweden). PBMCs were cultured in RPMI-1640
medium supplemented with 10% heat-inactivated fetal calf
serum (FCS), L-glutamine (2 mmol/L), penicillin (100 U/
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Fig. 1 Pedigrees of the families
with heterozygous NEMO
mutations and clinical
manifestations in the affected

patients. a Family tree of P1 and
her skin appearance at the age of

3 years. b Family tree of P2, her
facial appearance with continuous
swelling around the lips at the age
of 11 years, and the slight
hyperpigmentation following the
Blaschko line on her arm at the
age of 14 years. T2 imaging and
the corresponding histology, as
well as dental panoramic
radiography, are shown. This
photography is included with
permission from the patients’

parents

mL), and streptomycin (100 pg/mL). PBMCs were seeded
at a density of 10° cells/mL and cultured in the presence or
absence of 100 ng/mL LPS from Escherichia coli 0127:B8
(Sigma-Aldrich, St. Louis, MO, USA) for 24 h in 24-well
plates at 37 °C in a humidified atmosphere containing 5%
CO,. Human embryonic kidney (HEK) 293 cells (pur-
chased from the Japanese Collection of Research
Bioresources, Osaka, Japan) were cultured in high glucose
Dulbecco’s modified Eagle’s medium (Invitrogen,
Carlsbad, CA, USA) supplemented with 10% heat-
inactivated FCS (Sigma-Aldrich), penicillin (100 U/mL),
and streptomycin (100 pg/mL).

Detection of TNF-a-Producing Cells Using Intracellular
Cytokine Staining

The responsiveness to LPS was evaluated by the intra-
cellular staining of CD14* monocytes for the production

of tumor necrosis factor (TNF)-«. Heparinized whole
blood (0.5 mL) was added to 0.5 mL of RPMI-1640
medium and then incubated with or without 100 ng/
mL ultra-pure LPS (InvivoGen, San Diego, CA, USA)
in the presence of 10 pg/mL of brefeldin A (Sigma-
Aldrich) for 4 h at 37 °C in a humidified atmosphere
containing 5% CO,. Surface staining for CD14 using an
IOTest fluorescein isothiocyanate-conjugated anti-CD14
antibody (Beckman Coulter, Brea, CA, USA) was per-
formed at room temperature for 20 min. The blood sam-
ples were then fixed and permeabilized with IntraPrep™
Permeabilization Reagent (Beckman Coulter). Finally,
the cells were incubated with IOTest TNFx-PE
(Beckman Coulter) for 40 min and then analyzed with
flow cytometry. The percentages of TNF-a-producing
cells in the CD14" cell population were evaluated. The
proportion of TNF-a-positive cells stimulated with LPS
was over 90% in the control subjects [4, 6, 11].
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Table 1 Immunological findings
of the patients

P1 (3 years old)

P2 (14 years old)

Blood cells, /pL (control)
Leukocytes

Lymphocytes
Neutrophils

Lymphocytes subsets, % in lymphocytes (control)
CD3

CD4

CD8

CDI19

NK (CD3", CD36%, CD16")

Serum immunoglobulin levels (control)
1gG (mg/dL)

IgA (mg/dL)
IgM (mg/dL)
IgD (mg/dL)
IgE (U/mL)

1gG subclass, mg/dL (control)
1gG1

1gG2
1gG3
1G4

Specific antibodies, pg/mL (control)
Streptococcus pneumonia specific total 1gG2

Haemophilus influenza type b specific IgG
T cell function
Lymphocyte proliferation assay, cpm (control)

No stimulus

PHA

@ Springer

8100
(5500-15,500)
2260
(2000-8000)
4890
(1500-8500)

81.2
(56.0-75.0)
579
(28.0-47.0)
224
(16.0-30.0)
73
(14.0-33.0)
40
(4.0-17.0)

1285
(535-1340)
161
(24-167)
97
(75-306)
24.1
(0-9.0)
796
(0-173)

959
(390.2-955.2)
87.9
(58.5-292.1)
436
(11.4-98.8)
43
(1.2-76.7)

1.94
(>0.20)
545
(>0.15)

111
(127-456)
41,200
(20500-56,800)

5830
(4500-13,000)
1950
(1200-5200)
2920
(1800-8000)

75.5
(56.0-84.0)
49.5
(31.0-52.0)
242
(18.0-35.0)
115
(6.0-23.0)
7.8
(3.0-22.0)

1284
(785-1730)
102
(73-388)
63
(85-338)
23

(0-9.0)
623
(0-173)

813
(411.1-1138.4)
529
(181.5-700.0)
50.6
(13.1-120.2)
37.0
(1.6-143.2)

236
(>0.20)
NP
(>0.15)

117

(127-456)
18,600
(20500-56,800)
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Table 1 (continued)

P1 (3 years old) P2 (14 years old)

Con A 34,600 20,100
(20300-65,700) (20300-65,700)
NK cell activity, % (control) 13 46°
(18.040.0) (18.040.0)
Complement function
50% hemolytic complement activity, U/mL (control) 61.9 57.0
(22.049.4) (27.441.9)
Neutrophil function
Neutrophil sterilizing function, % (control) 95.7 99.6%
(70-100) (70-100)

PHA phytohemagglutinin, Con A concanavalin A, NP not performed

4NK cell activity, 50% hemolytic complement activity, and neutrophil sterilizing function of P2 were measured at

11 years old

Analysis of Cytokine Levels with an Enzyme-Linked
Immunosorbent Assay

Culture supernatants of PBMCs were centrifuged in test tubes
to remove cells and stored at —80 °C until assayed. TNF-« and
IL-12 p40/p70 concentrations were each measured using an
ELISA Kit (Invitrogen) with a detection limit of 1.7 and
2.0 pg/mL, respectively. The statistical significance of differ-
ences between the patient and the age-matched control sub-
jects was analyzed by a one-way ANOVA with Tukey’s mul-
tiple comparisons test using PRISM version 6.0 (GraphPad
software, San Diego, CA, USA), and p values of <0.05 were
considered statistically significant.

Mutation Analysis

Genomic DNA was extracted from peripheral blood using
the QIAamp DNA Blood Mini Kit (Qiagen, Venlo, the
Netherlands) according to the manufacturer’s instructions.
DNA fragments of /IRAK4, MYDS88, TIRAP, NEMO, and
IKBA were amplified using PCR and analyzed with the
BigDye Terminator v3.1 Cycle Sequencing Kit and an
Applied Biosystems 3730xl or 3130xl Genetic Analyzer
(Applied Biosystems, Foster City, CA, USA). Known path-
ogenic genes of MSMD (IFNGRI, IFNGR2, NEMO,
IL12B, IL12RB1, STATI, CYBB, IRFS8, and ISG15) were
analyzed using MiSeq (Illumina, San Diego, CA, USA),
and the possible variants detected were confirmed using
the Sanger sequencing method. DNA fragments of
NEMO were amplified by long-range PCR using the for-
ward primer 5'-GGTGAATTATCAGCATTCTG-3' and the
reverse primer 5'-AACAGCTGAAGCGTAAGGTG-3',
and then secondary PCR was performed for each exon
because of the existence of a highly homologous
pseudogene.

NEMO mRNA Analysis

The Oragene RNA collection kit (DNA Genotek Inc., Ottawa,
Canada) was used to extract messenger RNA (mRNA) from
saliva, and the QIAzol Lysis Reagent (Qiagen) was used to
obtain mRNA from peripheral blood and urine. SuperScript
II Reverse Transcriptase (Invitrogen) was then used to syn-
thesize complementary DNA (cDNA) from the resulting
mRNA. The regions of NEMO in which the mutations
c.1167 _1168insC and c.1192C>T are located were amplified
by PCR, and the resulting DNA sequences were analyzed
using a similar method to that used for the analysis of genomic
DNA (described previously). The allele frequency of
¢.1192C>T in cDNA was estimated by real-time PCR analysis
using a TagMan SNP genotyping assay (Thermo Fisher
Scientific, Waltham, MA, USA) according to the previously
described method [12]. The allele frequency of
c.1167_1168insC in cDNA was estimated by subcloning into
pGEM-T (Promega, Fitchburg, WI, USA) and then
performing a sequencing analysis, because this genotype
was not thought to be suitable for analysis by TagMan assay.

Vector Preparation

The ¢cDNA encoding human NEMO tagged at the N-terminus
with a c-myc-epitope (myc-NEMO) was cloned into plasmid
pcDNA3.1+ (Invitrogen). NEMO mutants ¢.793insA
(p-Q265TfsX19), c.1167 _1168insC (p.E390RfsX5),
c.1192C>T (p.P398S), and ¢.1217A>T (p.D406V) were gen-
erated using the KOD Plus Mutagenesis Kit (Toyobo Co.,
Osaka, Japan) according to the manufacturer’s instructions.
Expression plasmids of TLR4 and its co-receptors (pUNO-
hTLR4A-HA and pDUO2-hMD2/CD14) were purchased
from InvivoGen. The NF-kB luciferase reporter vector
(pGLA4.32-luc2P/NF-kappaB-RE/Hygro) and the Renilla lu-
ciferase reporter vector (pGL4.74-hRluc/TK) were purchased
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from Promega. The IKKy CRISPR/Cas9 KO plasmid (h) for
disrupting NEMO was purchased from Santa Cruz
Biotechnology (Dallas, TX, USA).

NEMO-Deficient Cell Preparation

NEMO-deficient HEK293 cells were created by the CRISPR/
Cas9 system. HEK293 cells were transfected with the IKKy
CRISPR/Cas9 KO plasmid (h) by Nucleofector II and the Cell
Line Nucleofector kit V (Lonza, Basel, Switzerland) using the
program Q-001. Single cell clones adjusted by the limited
dilution method were then cultured. Successful NEMO knock-
out was verified by the detection of a DNA fragment of the
target site and the direct sequencing of genomic DNA from
candidate clones along with the detection of endogenous pro-
tein expression with an immunoblot. The below-mentioned
NF-kB reporter gene activity assay was also performed after
TNF-, IL-18, or LPS stimulation (Fig. S1).

NF-kB Reporter Gene Activity

NEMO-deficient HEK293 cells were transfected with 50 ng
per well of pcDNA3.1+ control vector or pcDNA3.1+ myc-
NEMO (wild type or mutant) in 96-well plates using
Lipofectamine 2000 (Invitrogen) according to the manufac-
turer’s instructions. TLR4 and MD2-CD14 (for LPS stimula-
tion) or IL-18R 3 (for IL-18 stimulation) expression plasmids,
the NF-kB luciferase reporter, and the Renilla luciferase re-
porter vectors were co-transfected. After transfection, the cells
were incubated for 24 h and then stimulated with 100 ng/mL
LPS, 10 ng/mL IL-18, or 10 ng/mL TNF-« (R&D,
Minneapolis, MN, USA) for 6 h. The mature form of human
IL-18 was prepared using an E. coli expression system accord-
ing to previously reported methods [13]. Luciferase reporter
activity was analyzed using the Dual-Luciferase Reporter
Assay System (Promega) according to the manufacturer’s in-
structions. The statistical significance of differences in lucif-
erase activity between wild-type and mutant gene activity in
the NF-«kB reporter assays was analyzed using a one-way
ANOVA with Tukey’s multiple comparisons test, and p values
of <0.05 were considered statistically significant.

Western Blot Analysis

To detect protein expression, NEMO-deficient HEK293 cells
were seeded in six-well plates at a density of 2 x 10°/mL and
transfected with 1 pg of pcDNA3.1+ control vector or
pcDNA3.1+ myc-NEMO (wild type or mutant) using
Lipofectamine 2000 according to the manufacturer’s instruc-
tions. After 48 h of incubation, the cells were harvested and
lysed using hypotonic lysis buffer (pH 7.5: 10 mM Tris-HCI,
10 mM NaCl, 0.5% Triton-X100, and 10 mM EDTA) con-
taining a protease inhibitor mix (Roche Applied Science,
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Indianapolis, IN, USA). All extracts were adjusted to contain
equal amounts of total cellular proteins, as determined using
the Bradford method. The supernatants of cell lysates were
separated by electrophoresis on sodium dodecyl sulfate poly-
acrylamide gels and transferred to nitrocellulose membranes
using an iBlot Gel Transfer Device (Invitrogen). NEMO and
[3-actin proteins were detected with an anti-myc antibody
(Invitrogen), purified mouse anti-IKKy (BD Pharmingen,
Franklin Lakes, NJ, USA), or anti-3-actin antibody (Sigma-
Aldrich) followed by incubation with an anti-mouse IgG—
horseradish peroxidase conjugate (Promega).

Results

The percentages of TNF-a-producing cells in the CD14" pop-
ulation of LPS-stimulated cells in both Patient 1 (P1) (57.2%)
and Patient 2 (P2) (70.8%) were partially decreased. The
IRAK4-deficient patient was almost completely defective in
TNF-« production (29.7%), and the XL-EDA-ID male patient
showed a partial reduction in TNF-« production (62.6%),
while the two typical IP patients showed a normal response
(97.3 or 98.5%). A representative result from this experiment
is shown in Fig. 2. The TNF-« and IL-12 p40/p70 production
levels from LPS-stimulated PBMCs of the IRAK4-deficient
patient, the XL-EDA-ID patients, and the two present cases
were also significantly decreased compared with those of the
healthy control subjects (Fig. S2a and S2b).

A genetic analysis revealed pathogenic NEMO mutations
in the present cases. The heterozygous mutation
c.1167 1168insC (E390RfsX5) was detected in the genomic
DNA of P1, and the heterozygous mutation c.1192C>T
(p.P398S) was detected in the genomic DNA of P2 (Fig.
3a). No mutations were detected in the genomic DNA of the
patients’ parents. The peaks of these mutant alleles were de-
tected at similar levels to those of wild alleles with the geno-
mic DNA from the cells of whole blood, saliva, and urine. It
should be noted that P398S is a novel mutation of NEMO.

Although NEMO mutations in IP patients are typically
eliminated by X-inactivation skewing, an analysis of the
cDNA from P1 obtained at 6 years of age revealed the pres-
ence of the c.1167_1168insC mutation in her PBMCs and
peripheral granulocytes. Additionally, a small mutation peak
was also seen in the cDNA from her urine but not in the cDNA
samples obtained from her saliva. Furthermore, an analysis of
the cDNA from P2 obtained at 14 years of age revealed that
the expression of the mutated allele (T allele) was clearly
dominant in her PBMCs, peripheral granulocytes, and saliva
(Fig. 3b). The mutant allele frequencies in the cDNA of
PBMC:s, peripheral granulocytes, urine, and saliva from P1
were 70 (21/30), 45.2 (14/31), 51.7 (15/29), and 0% (0/34),
respectively. Those of P2 were 76.1 + 1.04, 86.8 + 2.20,
63.9 + 1.02, and 88.8 & 0.64%, respectively.
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Fig. 2 Evaluation of the response against LPS. TNF-« production of LPS-stimulated CD14-positive cells was measured using flow cytometry

An NF-kB reporter gene analysis using NEMO-deficient
HEK293 cells created by the CRISPR/Cas9 system showed a loss
of activity of the NEMO mutants Q265TfsX19, E390R{sX5,
P398S, and D406V compared with the wild type. The three mu-
tants E390RfsXS, P398S, and D406V showed significantly
weaker reporter activity than the wild type, and Q265TfsX19
showed a complete lack of response against LPS (Fig. 4a). The
data shown are the mean + SD of triplicate wells and are repre-
sentative of three independent experiments with similar results.

The amounts of protein expression for myc-tagged NEMO
mutants E390R{sX5, P398S, and D406V were similar to the
wild-type expression levels, but that of Q265TfsX19 was de-
creased (Fig. 4b).

Discussion

Because P1 had recurrent infections and a delay in her umbil-
ical cord detachment and P2 had no immunodeficiency

symptoms other than disseminated mycobacterial infectious
disease, these cases were initially suspected to have IRAK4
deficiency and MSMD, respectively. Although IP patients
typically do not show immunodeficiency, heterozygous path-
ogenic NEMO mutations were identified in these two patients.
Both P1 and P2 showed partial LPS unresponsiveness, but
neither had any obvious reduction in T cell proliferation or
in the production of immunoglobulins (Table 1).

Previously, only two suspected cases of female patients
with IP and immunodeficiency (IP-ID) have been described.
Kosaki et al. reported the first suspected case of IP-ID [14].
This individual had a heterozygous ¢.1167 _1168insC NEMO
mutation, which is also carried by the present case P1, and
showed recurrent infections, including respiratory tract infec-
tions, cervical lymphadenitis, otitis media, cellulitis, and soft
tissue abscesses at 4 years of age. She died at 11 years of age
after cardiac catheterization for the evaluation of her pulmo-
nary hypertension derived from secondary bronchiectasis. The
patient reported by Martinez-Pomar et al. was the second
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Fig. 3 Mutations identified in P1 and P2. a Heterozygous mutations
¢.1167_1168insC in P1 and ¢.1192C>T in P2 were detected in genomic
DNA from peripheral blood. b Analyses of mutations in cDNA from

possible case of IP-ID, with a heterozygous c.793insA NEMO
mutation [15]. She suffered transient immunodeficiency with
a low T cell proliferation and CD40L expression. Her immu-
nodeficiency symptoms disappeared at the age of 4 years after
X-inactivation skewing was completed. Furthermore, one fa-
milial case with IP presenting as intestinal Behget’s disease
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Fig. 4 In vitro functional analysis of NEMO variants. a NF-«kB reporter
gene analysis measuring the activity of NEMO mutants using NEMO-
deficient HEK293 cells. The data shown are the mean + SD of triplicate

@ Springer

Mononuclear cell

ACTTCTGCTGT TCCAAGTGC CAGT ACTTCTIGCTGTT

Granulocyte

CCAAG TGCCAGT

Anti-myc

Anti-f actin

Wolbhastii
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with a heterozygous NEMO missense mutation, D406V, has
also been reported [11]. Interestingly, although a mild partial
unresponsiveness against LPS was determined in the proband
of this family as well as in the present study, the clinical pre-
sentation was Behget’s disease rather than immunodeficiency.
Of note, the mother of the proband of this family has not yet
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undergone remission. Meanwhile, a recent report summariz-
ing the clinical data on a quite large cohort of IP patients
provided clear evidence of the disease heterogeneity, and it
indicated that a genotype—phenotype correlation is not always
observed in IP. Intriguingly, 11.7% of the IP patients showed
recurrent infections [16]. Thus, immunodeficiency in IP
seems to be a rare but possible symptom of this condition.

Although the present two patients are 6 and 14 years old,
their partial unresponsiveness against LPS has been retained.
In general, mutated alleles of NEMO would be expected to be
eliminated by X-inactivation skewing at an early stage [11].
Indeed, the two typical IP patients with NEMO Aexon 4-10,
which is a common heterozygous large deletion of NEMO
(null allele), that were included in this study showed a
completely normal response against LPS and had no symp-
toms of immunodeficiency at 1 year of age. However, in the
cases presented here, the expression of the mutated alleles was
retained in all of the analyzed cells from P1, except for the
cells derived from saliva, and in the all of the analyzed cells
from P2 (Fig. 3). The abovementioned IP patient with
Behget’s disease as well as her mother also showed a delay
in X-inactivation skewing [11]. Thus, we consider that such a
delay within immune cells might be the cause of LPS unre-
sponsiveness. In fact, our collaborators previously showed the
expression of mutant NEMO in various blood cell lineages of
the mothers of XL-EDA-ID patients, and their monocytes
with mutant NEMO expression were also retained at various
proportions [17]. The reason for this is unknown, but we ex-
plored one of the possible explanations in our in vitro assay of
the NEMO-deficient cell line, the results of which demonstrat-
ed that NF-kB activity and protein expression were retained
by the NEMO mutants. Because NF-kB is associated with cell
survival, null alleles can therefore cause more rapid skewing
than hypomorphic mutations, which are less strongly selected
against and persist for longer. However, the cells with
hypomorphic mutant expression might be responsible for the
delay in skewing. Additionally, mutated alleles in immune
cells might be dominantly inclined by an initially random
lyonization. The existence of several symptomatic female pa-
tients of X-linked recessive inherited diseases can be ex-
plained by this theory [18]. Here, P2 had a dominantly mutat-
ed allele expressed by blood cells and cells from saliva.
Therefore, we conclude that patients with a part of
hypomorphic mutations such as E390RfsX5, P398S, or
D406V might be expected to occasionally show IP-1D.

In this study, we revealed that the novel disease concept IP-
ID appears to be caused by a hypomorphic mutation of NEMO
and a delay in X-inactivation skewing in immune cells. These
rare cases can be detected using an evaluation of LPS
unresponsiveness.
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