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Generation of EBV-transformed cell lines

EBV-transformed cell lines (EBV-LCLs) were generated by in vitro
transformation of human B cells with EBV (strain B95-8), as described
elsewhere (10). Based on the results of STAT/ sequence analysis, EBV-
LCLs from Patient 1 with T385M and wild-type (Wt) alleles and Patient 3
with R274Q and Wt alleles were designated as T385M/Wt and R274Q/Wt,
respectively. Two age-matched control EBV-LCLs, designated Wt-1 and
Wt-2, were used as controls. EBV-LCLs from Patient 2 were not obtained.

Stimulation reagents

For stimulation, 1:1000 diluted recombinant human IFN-y la (Shionogi,
Osaka, Japan; 1000 JRU/ml, 200 ng/ml), 1500 U/ml recombinant human
IFN-a (Biosource International, Camarillo, CA), 20 ng/ml IL-27 (R&D
Systems, Minneapolis, MN), and 100 ug/ml Curdlan (Wako, Osaka, Ja-
pan) were used.

DNA isolation, PCR, and sequence analysis of PCR products
and TOPO-TA clones

These procedures were performed following the methods described else-
where (10).

Measurement of CXCLIO (IP-10) concentration in supernatant
of monocyte-derived macrophages and EBV-LCLs using
Cytometric Bead Array

To accurately evaluate STAT1 function by studying supernatant IP-10
production from macrophages, monocytes were first purified from
PBMCs with CD14 MicroBeads (Miltenyi Biotec, Bergisch Gladbach,
Germany) to avoid contamination of other cells. A total of 5 X 10° cells/ml
monocytes was then differentiated into macrophages by culturing for 7 d in
RPMI 1640 containing 10% FBS in the presence of 5 ng/ml M-CSF (R&D
Systems). To determine the effect of IFN-v, differentiated macrophages in
triplicate were not stimulated, were stimulated with 1 pwg/ml LPS (Sigma,
St Louis, MO), or were prestimulated with 1000 U/ml (200 ng/ml) IFN-y
(Shionogi) for 2 h and then stimulated with 1 pg/ml LPS for 24 h (IFN-y-
LPS stimulation), and supernatant was harvested for IP-10 measurement.
For studying IP-10 production from EBV-LCLs, 1 X 10° cells/ml EBV-
LCLs were cultured in the presence of 1000 U/ml IFN-y for 6 h. The
concentration of IP-10 in the supernatant was measured with Cytometric
Bead Array (BD, San Diego, CA), following the manufacturer’s instruc-
tions. Data from triplicate independent experiments are reported as the
mean * SD.

Preparation of nuclear extract

Nuclear extract was prepared essentially as described greviously .
Briefly, harvested cells were washed with Ca®* and Mg**-free PBS and
pelleted by centrifugation at 1500 X g for 5 min at 4°C. The resulting cell
pellets were resuspended in cytoplasmic extract buffer (10 mM HEPES
[pH 7.9], 10 mM KCI, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM DTT, 1 mM
Na3VO,, I mM NaF [pH 8]) with the addition of the recommended volume
of dissolved protease inhibitor mixture tablets (Roche). After incubation
on ice for 15 min, a 1:16 volume of 10% Nonidet P-40 was added. The
suspension was vortexed and then centrifuged at 1500 X g for 5 min at
4°C. The pellets were washed again with cytoplasmic extract buffer
without Nonidet P-40, resuspended with nuclear extract buffer (20 mM
HEPES [pH 7.9], 400 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM DTT,
1 mM NazVO,, 1 mM NaF [pH 8]) with the addition of protease inhibitor,
and incubated at 4°C for 30 min. After centrifugation at maximum speed
for 5 min at 4°C, the supernatant was saved as nuclear extract. Protein
concentration was measured by Protein Assay (Bio-Rad, Hercules, CA).

Western blot analysis

After addition of SDS sample buffer, 10 pg nuclear extract was separated
by 7.5% polyacrylamide gels and transferred to Immobilon-P Transfer
Membranes (Millipore, Billerica, MA). Anti-lamin A Ab (BioLegend,
San Diego, CA) was used as a loading control for nuclear extract. All of
the primary Abs were used at the final concentration of 1 pg/ml. HRP-
conjugated anti-mouse IgG secondary Abs (GE Healthcare, Buck-
inghamshire, U.K.) were used at 1:2000 dilution. The blots were then
visualized by Pierce Western blotting Substrate (Thermo, Rockford, IL).

Studies of STATI phosphorylation state and staurosporine and
pervanadate treatment of cells

We assessed dephosphorylation with the tyrosine kinase inhibitor staur-
osporine in EBV-LCLs. A total of 1 X 10° cells/ml EBV-LCLs was
stimulated with IFN-y for 30 min and then incubated with 1 uM staur-
osporine (Alomone Labs, Jerusalem, Israel) for 15, 30, or 60 min. The
phosphatase inhibitor pervanadate was prepared by mixing 200 mM so-
dium orthovanadate (Wako, Osaka, Japan) and 100 mM H,0, at a 2:1 ratio
for 15 min at 22°C. EBV-LCLs were treated with pervanadate (0.8 mM
orthovanadate and 0.2 mM H,0,) for 5 min and then stimulated with
IFN-y for 30 min. The nuclear extract from each condition was subjected
to SDS-PAGE. The phosphorylation state of STAT1 was evaluated with
anti-human STAT1 (pY701) Ab purchased from BD. The membrane was
then stripped and reprobed with anti-human STAT1 (BD) and anti-lamin
A (BiolLegend) Abs.
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FIGURE 2. T385M was associated with higher levels of IP-10 production following IFN-y stimulation in monocyte-derived macrophages and in EBV-
LCLs. (A) Monocyte-derived macrophages were cultured in the presence of media, LPS, or IFN-y-LPS for 24 h. IP-10 production was studied in the
supernatant. Data shown are mean * SD of triplicate independent experiments. (B) EBV-LCLs were stimulated with IFN-y for 6 h, and IP-10 production
was studied in the supernatant. Data shown are mean * SD of triplicate independent experiments. Conl, Control for Patient 1 obtained and analyzed at the
same time; Con2, control for Patient 3 obtained and analyzed at the same time; Ptl, Patient 1; Pt3, Patient 3; (—), media.

Flow cytometric analysis of intracellular IL-17A expression in
CD4™ cells

PBMCs at a density of 1 X 10° cells/ml were stimulated with 20 ng/ml
PMA plus 500 ng/ml ionomycin for 6 h in the presence of GolgiStop (BD).
Harvested PBMCs were washed and stained with PECy5-conjugated anti-
human CD4 Ab (BioLegend) for 20 min at 4°C. Cells were washed three
times and fixed and permeabilized with Cytofix/Cytoperm solution (BD)
for 20 min at 4°C. Cells were then washed, incubated for 30 min with PE-
conjugated anti-human 1L-17A (BioLegend) or FITC-conjugated anti-
human IFN-y Abs (BioLegend), washed, and analyzed with a FACSCali-
bur (BD).

Results
A possible DBD mutation in STATI

We first performed direct sequence analysis of the genes respon-
sible for CMC in our patients: AIRE, CLEC7A, CARD9, ILI7RA,
ILI7F, IL2Ra, and STATI (4-6, 12—-17). This study demonstrated
that Patient 1 and Patient 2 have the same heterozygous base
change in STATI (c.1154C>T, p.T385M) (Fig. 1A), which was
confirmed by the sequence analysis of TOPO-TA clones (Fig. 1B,

W1 T385MAVL R274Q/Wt

data not shown). This base change has not been reported either as
a mutation or as a single nucleotide polymorphism in the National
Center for Biotechnology Information database, Ensembl data-
base, or the Single Nucleotide Polymorphism Database, and it was
not present in the family members of Patient 1 (Fig. 1C) or in 108
normal healthy controls (data not shown). Furthermore, the af-
fected residue was evolutionarily conserved, as shown in Fig. 1D.
The polymorphism phenotype-2 (PolyPhen-2) algorithm (http://
genetics.bwh.harvard.edu/pph2/index.shtml), a structure sequence-
based amino acid substitution-prediction method, predicted
p.T385M as probably damaging, with a score of 1.000 (sensitivity:
0.00; specificity: 1.00). The sort intolerant from tolerant algorithm
(http://sift.jcvi.org/) also predicted this amino acid substitution
as deleterious. These results strongly indicate that c.1153C>T
(p-T385M) is a de novo disease-causing mutation. Patient 1 was
also shown to have an unreported heterozygous base change in
CARD?9 (c.661G>A, p.K221E). However, this base change was
also detected in his healthy father (data not shown). Additionally,
PBMCs from Patient 1 showed normal IL-6 production in response
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FIGURE 3. T385M was associated with hyper-
phosphorylation of STAT1 in response to IFN-vy,
IFN-a, and IL-27 stimulation. Western blot analysis
of STAT1p in nuclear extracts from EBV-LCLs was
performed. Lamin A was used as a loading control.
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to B-p-glucan stimulation with Curdlan (data not shown), indi-
cating that the base change of c.661G>A, p.K221E in CARDY is
not a disease-causing mutation but a single nucleotide polymor-
phism. The rest of the genes studied were demonstrated to be
normal in both patients.

T385M is associated with gain of STATI function

Gain-of-function mutations in STAT] were very recently shown to
be the genetic cause of autosomal-dominant or sporadic CMC (4-
6). The reported mutations have been exclusively localized in the
CC domain, leading to gain of STAT! function due to impaired
STAT1 dephosphorylation (4). To study whether the base change
of ¢.1153C>T, p.T385M affecting the DBD of STAT1 also leads
to gain of STATI1 function, the production of the downstream
target of STAT1, IP-10, was studied following IFN-vy stimulation.
IP-10 production was significantly higher in monocyte-derived
macrophages from Patient 1 (T385M/Wt) and Patient 3 (R274Q/
Wt) than in the matched control macrophages after IFN-y-LPS
stimulation (Fig. 2A). IP-10 production was also significantly
higher in EBV-LCLs from Patient 1 (T385M/Wt) and Patient 3

STAT1p

STAT

Lamin A

(R274Q/Wt) after IFN-y stimulation (Fig. 2B). These results in-
dicated that T385M is a mutation leading to gain of STATI
function.

STATI T385M leads to STATI hyperphosphorylation in
response to IFN-v, IFN-a, and IL-27 stimulation, which is due
to impaired dephosphorylation

We then studied the STAT! phosphorylation state in EBV-LCLs
to determine the mechanisms of the gain of STAT1 function.
Expression of phosphorylated STAT1 (STAT1p) protein following
IFN-vy stimulation was higher in T385M/Wt and R274Q/Wt EBV-
LCLs than in Wt EBV-LCLs (Fig. 3A). The hyperphosphorylated
state of STAT1 was also observed following stimulation with
IFN-a and IL-27 (Fig. 3B, 3C). Additionally, expression of total
STATI in nuclear extract tends to be higher in T385M/Wt and
R274Q/Wt EBV-LCLs than in Wt EBV-LCLs, especially without
stimulation (Fig. 3). The mechanisms underlying STAT1 hyper-
phosphorylation in T385M/Wt EBV-LCLs were further explored
with the tyrosine kinase inhibitor staurosporine and the phospha-
tase inhibitor pervanadate. The dephosphorylation of IFN-y—ac-
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tivated T385M/Wt EBV-LCLs was impaired in the presence of
staurosporine, as observed in R274Q/Wt EBV-LCLs (Fig. 4A).
In contrast, with pervanadate treatment, the phosphorylation
of STAT1 in T385M/Wt EBV-LCLs was similar to that seen in
Wt EBV-LCLs (Fig. 4B). Therefore, the mechanisms underlying
STAT1 hyperphosphorylation in T385M/Wt EBV-LCLs involve
impaired dephosphorylation of STAT1, as observed in R274Q/Wt
EBV-LCLs.

Patient 1 with the heterozygous T385M mutation in STATI had
deficient Thi7 cells

Deficient development of Th17 cells was documented to be as-
sociated with the development of CMC. CMC patients with gain-
of-function mutations of STATI affecting the CC domain have
shown this defect (4). Therefore, we studied the proportion of
CD4™IL-17A* cells among CD4* cells in our patients after PMA
plus ionomycin stimulation for 6 h. We also studied the population
of CD4*TFN-y* cells to evaluate Thl development. Patient 1 with
the heterozygous T385M/Wt mutation of STAT! was reproducibly
demonstrated to have dramatically reduced CD4*IL-17A" cells
(0.2% of CD4™ cells), and Patient 3 with the heterozygous R274Q
mutation had significantly reduced, but a little higher, CD4*IL-
17A* cells (0.7% of CD4" cells) (Fig. 5). The p value estimated
using the Mann—-Whitney U test was 0.039 between controls and
the two patients. In contrast, both patients and controls had
comparable percentages of CD4*TFN-y* cells (Fig. 5).

Discussion

To our knowledge, this study shows for the first time that the
de novo heterozygous mutation of c.1153C>T in exon 14
(p.-T385M), affecting the DBD of STATI, is the genetic cause of
sporadic CMC in two unrelated Japanese patients. The underlying
mechanisms involve gain of STAT! function due to impaired
STAT1 dephosphorylation, as observed in the CC domain muta-
tions (4).

Recent extensive studies of the STAT1 molecule reveal the
association between the mutations affecting DBD and gain of
STAT1 function. Based on crystallographic analysis, Darnell’s
group (7, 8) proposed a model of reorientation of phosphorylated
“paralle]” STAT1 dimers to an “antiparallel” form after leaving
the DNA, which allows for reciprocal association of the CC do-
main and a pocket residue of the DBD for dephosphorylation.
They further demonstrated in direct mutagenesis experiments that
mutations of the pocket residues of the DBD, Q340A or Q340W,
G384A or G384W, and Q408A or Q408W, resulted in impaired
dephosphorylation of STAT! (8). The fact that T385, the amino
acid altered in two of our patients, is evolutionarily conserved and
is positioned next to the pocket residue G384 may indicate that it
is also critical in the reciprocal association with the CC domain for
stabilizing the antiparallel structure and for dephosphorylation. It
is also possible that this mutation of the DBD leads to impaired
dissociation from the DNA, which may also cause a resistance to
dephosphorylation of the STAT1 molecule. Higher expression of
total STAT1 in nuclear extracts from T385M/Wt and R274Q/Wt
EBV-LCLs than from Wt EBV-LCLs may reflect impaired nuclear
export due to a resistance to dephosphorylation of the mutant
STAT1 molecule (18), although the precise mechanisms were not
determined in this study.

There may be more patients with CMC who carry gain-of-
function mutations affecting the DBD of STAT1, given that sig-
nificant numbers of patients with STATI mutations are reported
from all over the world (4-6). Additionally, crystallographic
analysis and mutagenesis studies showed that mutations in the
N-terminal domain (aa 1-130) also resulted in persistent phos-
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phorylation (7, 8). This suggests that mutations affecting the
N-terminal domain may also be a genetic cause of CMC.

We demonstrated deficient Th17 cells (0.2% of CD4* cells) in
Patient 1 with the heterozygous T385M mutation, which was
similar to or more severe than the defect observed in Patient 3 with
the heterozygous R274Q mutation (0.7% of CD4* cells). Deficient
development of Th17 cells may explain the increased suscepti-
bility to Candida infection. IFN-v, IFN-«, and IL-27 are potent
inhibitors of Th17 cell development via STAT1 in mice and/or
humans (19-21). Therefore, gain of STAT1 function in response
to IFN-v, IFN-a, or IL-27, which was observed in our patients,
could be associated with deficient Th17 cell development. How-
ever, it remains to be determined precisely how gain of STAT1
function leads to deficient Th17 cells.

It is unclear whether there are differences in the clinical spectrum
or severity of the disease between patients with the DBD mutations
and the CC domain mutations. It might be worth noting that the two
patients with the DBD mutation of T385M developed bronchi-
ectasis in their early childhood, and one of them eventually de-
veloped HLH; these have not been described in patients with CC
domain mutations.

With regard to HLH, administration of an anti-IFN-y Ab was
recently shown to have a therapeutic effect in two murine models
of human hereditary HLH: perforin-deficient and Rab27a-deficient
mice (22). Careful evaluation of the results indicates that T385M
could be associated with higher expression of STAT 1p in response
to various stimulations (Fig. 3). Therefore, CMC patients with the
DBD mutation of T385M may be more susceptible to the con-
ditions presumably associated with enhanced IFN-y-STAT1 sig-
nals, such as HLH. Detailed investigations of the clinical spectrum
of these two populations should be conducted.
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Primary antibody deficiencies are the most common
primary immunodeficiency diseases in children [1]. A subset
of patients are affected by the loss of genes implicated in the
maturation of B cells in the bone marrow. Early development
of B cells is characterized by maturation of the B cell
receptor (BCR) and its downstream signaling pathways.
BCR maturation includes 2 checkpoints, namely a pro-
B-cell stage (CD34*CD10*CD19*) and a pre-B-cell stage
CD34-CD10*CD19"). During the pro-B-cell stage, different
components of BCR are expressed onto the surface of B cells
to create appropriate conditions for the pre-BCR stage. Intact
pre-BCR signaling leads to the rearrangement of light chains
and the expression of BCR on naive B cells [2]. B cells migrate
to secondary lymphoid organs for further adaptive maturation
and eventually plasma cell and memory B-cell formation.

Bruton tyrosine kinase (BTK) plays a crucial role in the
pre-BCR signaling pathway. BTK mutations are responsible for
X-linked agammaglobulinemia (XLA), which is the prototype
of early B-cell maturation disorders [3]. Other known causes
in humans are autosomal recessive mutations of pre-BCR
components (u-heavy chain [uHC], CD79a, CD79b, A5) and
BLNK, which is a scaffold protein in pro-BCR signaling [4].

Both XLA and recessive forms of agammaglobulinemia
share 3 diagnostic criteria: profoundly decreased levels of
serum globulins, recurrent bacterial infections, and absence
of circulating B cells. However, clinical course may vary
and therefore mutation analysis is needed to clearly identify
etiology. Here, we present the case of a patient with impaired
early B-cell maturation and severe clinical presentation in

J Investig Allergol Clin Immunol 2012; Vol. 22(1): 63-79

119

whom we found a novel homozygous mutation in the gene
coding for uHC.

A20-year old man was referred due to a life-long history of
recurrent infections. He was the second child of consanguineous
parents and had an older sister and a younger brother, both
healthy. There were no signs of immunodeficiency in any other
members of the family. The patient was fully immunized at
birth, and no complications were observed.

He remained well until the age of 3 months, when he
developed frequent pneumonia episodes, requiring several
outpatient admissions, followed by recurrent arthritis with
hospitalization every other year. Due to the destruction of
joints, he had an unusual gait. At 10 years of age, he lost his
hearing due to severe recurrent otitis media. Unfortunately,
there was no information about the causative pathogens. We
also noticed growth retardation (below the third percentile for
his age group), unilateral inguinal hernia, delayed pubertal
development, and small-for-age genitalia. Moreover the
clubbing of his fingers indicated a prolonged respiratory
disorder, confirmed by spirometry.

The levels of all immunoglobulin isotypes were below
normal: immunoglobulin (Ig) G=25 mg/dL (normal range,
656-1350 mg/dL), [gM=4 mg/dL (normal range,120-320 mg/dL),
IgA=absent (normal range, 86-320 mg/dL), IgE=1 IU/L
(normal range, 0-46 IU/L). Immunophenotyping of peripheral
blood lymphocytes showed extensive reduction of B cells (<1%
of total lymphocytes) with a normal T-cell population. At 3
years of age, the patient was put on prophylactic antibiotics
and intramuscular immunoglobulin, which was switched to
intravenous immunoglobulin (IVIg) at the age of 5 years.
Unfortunately, he died due to septicemia and disseminated
intravascular coagulation at the age of 20 years.

Western blot analysis disclosed normal BTK expression.
Given the consanguinity of the parents, we sequenced known
genes previously shown to be associated with a similar
phenotype (see above), and found a novel homozygous
mutation in the gene coding for uHC. A frame shift insertion
in the first exon (c.525-526 ins. C) led to a premature stop
codon in the CH2 domain.

Disorders with impaired antibody production can be
categorized according to early or late B-cell maturation.
Defects affecting early B-cell development are associated
with a reduced number of circulating B cells, whereas in later
stages, B cells are not able to efficiently produce antibodies.
While our understanding of early B-cell maturation is relatively
solid, much remains to be learned about later stages. In fact,
most patients with defective antibody production belong to this
second category. Although mutated genes involved in somatic
hypermutation, class switch recombination, and germinal
center formation have been implicated in a substantial number
of patients [5, 6], we do not have a clear explanation yet.

Patients with defective early B-cell maturation in the
bone marrow are usually treated with life-long monthly IVIg
infusions. Indeed, the introduction of agammaglobulinemia
by Bruton in 1952 and its successful management [7] was
followed by a series of observations indicating the relative
benefits of parenteral immunoglobulin [8].

We have reported on a rather complicated case of
antibody deficiency. The patient was clinically diagnosed at
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3 years of age and subsequently received adequate treatment
(400 mg/month IVIg) with conventional therapy. Despite this,
however, he did not survive beyond his twenties. It is notable
that the first manifestations were seen at 3 months, which is a
relatively young age compared to the situation in XLA patients
[3]. Given that early diagnosis of antibody deficiencies can
dramatically improve treatment outcomes [9], the patient might
have been a victim of delayed diagnosis. He also had recurrent
bacterial arthritis, which is not a usual presentation of XL A [3].
Most patients with XL.A reach a normal life span with IVIg
and prophylactic antibiotics. It has been suggested that XA
is a leaky form of B-cell maturation block when compared to
autosomal recessive forms of the phenotype {2]. Therefore,
delayed diagnosis in recessive forms of agammaglobulinemia
might have more dramatic consequences.

The patient also had delayed secondary sexual growth and
developmental anomalies. To the best of our knowledge, pure
B-cell deficiencies have not been described as a syndromic
disorder. However, given the fact that the patient’s parents
were consanguineous, it might be possible that he was affected
by other mutated genes. We cannot rule out such a putative
coincidence.

In conclusion, we have described a novel mutation in
the gene coding the uHC compartment of BCR. Our case
report endorses the face that pro-B arrests show a more
severe presentation than XL A. B-cell biology at its very early
development stages has still as many obscure corners as in
later stages.
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The derivation of induced pluripotent stem (iPS) cells from indi-
viduals of genetic disorders offers new opportunities for basic
research into these diseases and the development of therapeutic
compounds. Severe congenital neutropenia (SCN) is a serious
disorder characterized by severe neutropenia at birth. SCN is
associated with heterozygous mutations in the neutrophil elastase
[elastase, neutrophil-expressed (ELANE)] gene, but the mecha-
nisms that disrupt neutrophil development have not yet been clar-
ified because of the current lack of an appropriate disease model.
Here, we generated iPS cells from an individual with SCN (SCN-iPS
cells). Granulopoiesis from SCN-iPS cells revealed neutrophil mat-
uration arrest and little sensitivity to granulocyte-colony stimulat-
ing factor, reflecting a disease status of SCN. Molecular analysis of
the granulopoiesis from the SCN-iPS cells vs. control iPS cells
showed reduced expression of genes related to the wingless-type
mmtv integration site family, member 3a (Wnt3a)/g-catenin path-
way [e.g., lymphoid enhancer-binding factor 1], whereas Wnt3a
administration induced elevation lymphoid enhancer-binding factor
1-expression and the maturation of SCN-iPS cell-derived neutrophils.
These results indicate that SCN-iPS cells provide a useful disease
model for SCN, and the activation of the Wnt3a/p-catenin pathway
may offer a novel therapy for SCN with ELANE mutation.

apoptosis ]Eum‘olded protein response | SCN disease model

S evere congenital neutropenia (SCN) is a heterogeneous bone
marrow (BM) failure syndrome characterized by severe
neutropenia at birth, leading to recurrent infections by bacteria
or fungi (1). SCN patients reveal an arrest in neutrophil differ-
entiation in the BM at the promyelocyte or myelocyte stage (1),
as well as a propensity to develop myelodysplastic syndrome and
acute myeloid leukemia (2). Current treatment by high-dose
granulocyte-colony stimulating factor (G-CSF) administration
induces an increase in the number of mature neutrophils in the
peripheral blood of most SCN patients (3). Although this treat-
ment is curative for the severe infections, there is a concern that
high-dose G-CSF may increase the risk of hematologic malignancy
in these individuals (4).

Several genetic mutations have been identified in SCN patients.
Approximately 50% of autosomal-dominant SCN cases were
shown to have various heterozygous mutations in the gene encod-
ing neutrophil elastase [elastase, neutrophil-expressed (ELANE)]
(5, 6), a monomeric, 218-amino acid (25 kDa) chymotryptic serine
protease (7) that is synthesized during the early stages of primary
granule production in promyelocytes (8, 9). However, the mech-
anism(s) causing impaired neutrophil maturation in SCN patients
remains unclear due to the current lack of an appropriate
disease model.

www.pnas.org/cgi/doi/10.1073/pnas.1217039110

Results and Discussion

In the present study, we generated induced pluripotent stem
(iPS) cells from the BM cells obtained from an SCN patient with
a heterologous ELANE gene mutation (exon 5, 707 region,
C194X) (SCN-iPS cells) to provide the basis for an SCN disease
model. The patient who donated BM cells recurrently suffered
from severe infections without exogenous G-CSF administration,
but the G-CSF administration once a week prevented his repe-
ated infection. The SCN-iPS cells continued to show embryonic
stem cell morphology after >20 passages and also expressed
pluripotent markers (Fig. 514). The silencing of exogenous
genes and the capability to differentiate into three germ layers by
teratoma formation were confirmed for each of the three SCN-
iPS cell clones (Fig. SI B and (). Furthermore, the same
ELANE gene mutation that was present in the patient persisted
in the SCN-iPS cells (Fig. S10). The SCN-iPS cells, as well as
control iPS cells that were generated from healthy donors, had
the normal karyotype (Fig. S1£) (10, 11) and no mutations in the
mutation-sensitive region of the G-CSF receptor gene (12).

We first compared the hematopoietic differentiation from
SCN-iPS cells with that from control iPS cells that were gener-
ated from healthy donors. SCN-iPS and control iPS cells were
cocultured with a 15-Gy-irradiated murine stromal cell line (the
AGM-S3 cell line), as reported (13). After 12 d, the cocultured
cells were harvested, and the CD34™ cells separated from these
cells (SCN-iPS—CD34+ and control iPS-CD34" cells, respec-
tively) were cultured in a hematopoietic colony assay by using
a cytokine mixture (Materials and Methods). The number and size
of the erythroid (E) and mixed- hneage (Mix) colonies derived
from SCN-iPS-CD34* cells (1 x 10* cells) were nearly identical
to those of the corresponding colonies derived from control iPS—
CD34* cells (E colonies: SCN-iPS cells, 11.0 + 3.0, and control
iPS cells, 11.4 + 3.9; Mix colonies: SCN-iPS cells, 25.1 + 7.2,
and control iPS cells, 17.4 + 4.0) (Fig. 1 B and C and Fig. S2 A
and B). However, the number of myeloid colonies derived from
SCN-iPS-CD34™" vs. control iPS-CD34" cells was significantly
lower (SCN-iPS cells, 47.4 + 19.5; control iPS cells, 127.8 + 17.9;
P < 0.01), and the size of the colonies was also smaller (Fig. 1 4
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Fig. 1. Impaired neutrophil development from SCN-iPS cells. (A-C) A hematopoietic colony assay was performed by using 1 x 10* CD34" cells derived from
three SCN-iPS cell clones (SPN0101, SPN0102, and SPN0103) and three control iPS cell clones (controls 1, 2, and 3) in the presence of ‘a cytokine mixture.
Colonies were sorted as myeloid (4), erythroid (B), and mixed-lineage (Mix) (C). Data are shown as mean =+ SD. (D) Photographs of colonies (Left; 100x) and
cells in a GM colony (Right; 400x; May-Griinwald-Giemsa staining). (E) A hematopoietic colony assay with dose escalation of G-CSF was performed by using
1% 10° CD34* cells derived from SCN-iPS and control iPS cells. Filled and open bars indicate small colonies consisting of <100 cells and large colonies consisting
of >100 cells, respectively. Data are shown as the average of three independent experiments. (F) Photographs of a small colony derived from SCN-iPS cells
(SPN0102) in the presence of 10 ng/mL G-CSF, large colonies derived from SCN-iPS cells in the presence of 1,000 ng/mL G-CSF, and large colonies derived from

control iPS cells (control 1) in the presence of 10 ng/mL G-CSF. (Scale bars, 200 ym.)

and D). In particular, only a few SCN-iPS cell-derived granulocyte
(G) colonies—myeloid colonies consisting of only granulocytes—
were detected (Fig. 14). SCN-iPS cell-derived granulocyte—
macrophage (GM) colonies—myeloid colonies consisting of
macrophages/monocytes with/without granulocytes—contained a
few immature myeloid cells in addition to macrophages/monocytes,
whereas control iPS cell-derived GM colonies included a substantial
number of mature, segmented, and band neutrophils (Fig. 1D).

We also found that Mix colonies derived from SCN-iPS cells,
but not control iPS cells, contained immature myeloid cells and
few mature neutrophils (Fig. S2 C and D). Next, we conducted
a hematopoietic colony assay using various concentrations of
G-CSF alone instead of the cytokine mixture to examine the
G-CSF dose dependency of neutrophil differentiation from SCN-
iPS and control iPS-CD34* cells. For all concentrations of G-CSF
used (1-1,000 ng/mL), the SCN-iPS cell-derived myeloid colonies
were significantly lower in number and smaller in size than the
control iPS cell-derived myeloid colonies (Fig. 1E). Myeloid col-
ony formation from control iPS cells reached a plateau at ~1-10
ng/mL G-CSF, whereas the number and size of those from SCN-
iPS cells gradually increased with increasing concentrations of
G-CSF. However, the values observed for SCN-iPS cells did not
reach those for the control iPS cells, even at the highest dose of

20f 6 | www.pnas.org/cgi/doi/10.1073/pnas. 1217039110

G-CSF used (1,000 ng/mL). Furthermore, large colonies consist-
ing of >100 cells derived from SCN-iPS cells were only found with
higher concentrations of G-CSF (Fig. 1F). Thus, granulopoiesis
initiated from SCN-iPS cells was relatively insensitive to G-CSF,
reflecting the inadequate in vivo response of neutrophils to G-CSF
in SCN patients (14, 15). Therefore, these results support the
applicability of the SCN-iPS cells established herein as a disease
model for SCN.

To examine neutrophil development from SCN-iPS cells in
more detail, SCN-iPS and control iPS-CD34™ cells (1 x 10* cells
each) were cocultured in suspension with AGM-S3 cells in the
presence of neutrophil differentiation medium (S/ Materials and
Methods). The number of nonadherent cells derived from SCN-
iPS-CD34* cells was lower than that from control iPS-CD34™
cells on day 14 of culture (SCN-iPS cells, 9.77 x 10* + 1.65 x 10*
cells; control iPS cells, 52.48 x 10* + 23.13 x 10% cells; P < 0.05)
(Fig. 2A4). The proportion of mature neutrophils among the
nonadherent cells was also significantly lower for SCN-iPS cells
relative to control iPS cells on day 14 (SPN-iPS cells, 15.53% =+
4.33%; control iPS cells, 71.285 =+ 3.30%; P < 0.05) (Fig. 2 B and
(), indicating that myeloid cells derived from SCN-iPS cells
revealed the maturation arrest in the neutrophil development.
We then examined a possibility that the maturation arrest in SCN-
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Fig. 2. Analysis of impaired neutrophil development from SCN-iPS cells. (4) Total number of nonadherent cells in the suspension culture of 1 x 10% CD34*
cells derived from SCN-iPS and control iPS cells. Data are shown as mean + SD. *P < 0.01. (B) Photographs of nonadherent cells derived from SCN-iPS (SPN0103)
and control iPS cells (control 1) on day 14 of culture (400x; May-Griinwald-Giemsa staining; scale bars, 50 um.) (C) Filled and open bars show the proportion of
mature neutrophils among the cells derived from SCN-iPS (filled bars) and control iPS {(open bars) cells on day 14 of suspension culture. Data are shown as
mean + SD. *P < 0.05. (D) Flow cytometric analysis of annexin V expression on cultured cells from SCN-iPS cells (SPN0102) or control iPS cells (control 1) on day 7.
(E) Sequential qRT-PCR analysis of the relative expression of ELANE mRNA [ELANE/hypoxanthine-guanine phosphoribosyltransferase (HPRT) expression]. Data
obtained from independent experiments using three SCN-iPS cell clones (SPN0101, SPN0102, and SPN0103) and three control iPS cell clones are shown as mean +
SD. **P < 0.01. (F and G) CD34" cells derived from SCN-iPS or control iPS cells were cultured in neutrophil differentiation medium (see text). On day 7, non-
adherent cells were collected and analyzed. (F) Representative gel showing spliced (S) and unspliced (US) XBP-1 bands on day 7. (G) gRT-PCR analysis of the
relative mRNA expression (target/HPRT expression) of BiP on day 7. Data are shown as mean + SD. *P < 0.05; different from control 1). (H) gRT-PCR analysis
of the relative mRNA expression (target / HPRT expression) of (/EBP-a, C/EBP-B, CVEBP-¢, SPI1, and BCL2 genes in non-adherent cells derived from SCN-iPS cells
(filled bars, SPN0103) and control iPS cells (open bars, control 1) on day 2 of suspension culture. Data are shown as the mean =+ the s.d. (**P < 0.01, *P < 0.05).

iPS cell-derived myeloid cells might be caused by their apoptosis.
In flow cytometric analysis, SCN-iPS cell-derived myeloid cells
contained a significantly higher proportion of annexin V-positive
cells than control iPS-derived myeloid cells on day 7 of culture,
suggesting that the maturation arrest in myeloid cells derived from
SCN-iPS cells might be caused by their apoptosis (Fig. 2D).

We next examined ELANE mRNA expression levels in
nonadherent cells derived from SCN-iPS vs. control iPS cells
(Fig. 2E). ELANE expression was significantly lower in non-
adherent cells derived from SCN-iPS vs. control iPS cells on
days 2 and 4 of culture (P < 0.01), as reported (16, 17).
However, the former was a little higher than the latter on day 7
(P < 0.01). This result may be explained by the existence of

Hiramoto et al.

SCN-iPS cell-derived myeloid cells arrested at an early stage
along the neutrophil differentiation pathway even on day 7 of
culture. We also examined the expression of proteinase 3 and
azurocidin, which comprise a family of closely related genes
encoding neutrophil granule proteins along with ELANE, and
found these genes were more highly expressed on day 4 (Fig. $3).

It has been reported that induction of the endoplasmic re-
ticulum stress (ER) response and the unfolded protein response
(UPR) has been advanced as a potential explanation for the
molecular pathogenesis of SCN (18, 19). Thus, we examined ac-
tivation of the UPR by X-box binding protein 1 (XBP-1) mRNA
splicing on day 7. As shown in Fig. 2F, SPN-iPS cells induced
XBP-1 mRNA splicing. We also found the up-regulation of BiP
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(also known as GRP78 or HSPAS) (Fig. 2G). These results sug-
gested that ER stress response and UPR might be involved in the
pathogenesis in SCN.

To examine further the differences in gene expression between
the two cell types, a microarray analysis was carried out by using
CD34* cells derived from SCN-iPS and control iPS cells (three
clones of each) in suspension culture on day 2. At this early time
point, differences in cell number and morphology were not yet
readily discernible between SCN-iPS and control iPS cells, as
shown in Fig. 24. However, the microarray analysis revealed
a differential expression of various genes between the two cell
types. Transcription factor genes, which were related to neu-
trophil development [e.g., CCAAT/enhancer-binding protein
(C/EBP)-a (20), C/EBP-p (21), C/EBP-¢ (22), and SPI1 (also
known as PU.1) (23)], were all down-regulated in SCN-iPS cells.
B-cell chronic lymphocytic leukemia/lymphoma 2, which regu-
lates cell death under ER stress through the core mitochondrial
apoptosis pathway (24), was also down-regulated (Fig. 34).
These findings were confirmed by quantitative reverse-tran-
scriptional PCR (qRT-PCR), as shown in Fig. 2H.

Notably, the down-regulation of the genes in SCN-iPS cells
related to and regulated by the wingless-type mmtv integration
site family, member 3a (Wnt3a)/p-catenin pathway [e.g., Wnt3a,
lymphoid enhance-binding factor (LEF)-1, BIRCS (also known
as survivin), and cyclin D1] was also uncovered by microarray
analysis and gRT-PCR (Fig. 3 A-C and Fig. S4). Therefore, we

examined the effect of enhancement of Wnt3a/B-catenin signal-
ing by exogenous Wnt3a addition on the neutrophil development
of CD34" cells derived from SCN-iPS and control iPS cells.
Although Wnt3a did not stimulate the survival, proliferation, and
differentiation of CD34% cells derived from both iPS cells in the
absence of cytokines stimulating myelopoiesis including G-CSF,
the addition of Wnt3a to the neutrophil differentiation medium
induced a dose-dependent increase in the percentage of mature
neutrophils among the cultured cells, as shown in Fig. 3 D and
E. Furthermore, when Wnt3a was added concurrently with
1,000ng/mL G-CSF, the proportion of mature neutrophils in-
creased more than it did with Wnt3a or 1,000 ng/mL G-CSF alone,
reaching a value comparable with that observed for control iPS
cells (Fig. 4 A and B).

The reduced expression of LEF-1 (as regulated by the Wnt3a/
B-catenin pathway) reportedly plays a critical role in the defective
maturation of neutrophils in SCN patients (25). Therefore, we
next examined LEF-1 mRNA expression in SCN-iPS-CD34"
cells cultured in the presence of Wnt3a, G-CSF (1,000 ng/mL),
or both. Wnt3a and G-CSF both enhanced LEF-1 mRNA ex-
pression, but the most significant increase was observed in the
presence of Wnt3a plus G-CSF. LEF-1 expression in SCN-iPS—
CD34™* cells in response to Wnt3a plus G-CSF was almost the
same as that in control iPS-CD34™ cells (Fig. 4C). These results
substantiate the importance of LEF-1 in neutrophil development
and the pathogenesis of SCN, as shown (25). Moreover the
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Effects of Wnt3a on neutrophil development from SCN-iPS cells. (A) Heat map showing differential gene expression among SCN-iPS and control iPS

cells on day 2. Red, high gene expression; blue, low gene expression compared with gene expression in control 3. (B) gRT-PCR analysis of the relative mRNA
expression (target/HPRT expression) of Wnt3a on day 2. Filled and open bars indicate experiments using SCN-iPS cells (SPN0101, SPN0102, and SPN0103) and
control iPS cells (controls 1, 2, and 3), respectively. Data are shown as mean + SD. *P < 0.05. (C) gRT-PCR analysis of the relative expression (target/HPRT
expression) of genes regulated by the Wnt3a/p-catenin pathway (LEF-1, survivin, and cyclin D1) in SCN-iPS cells (filled bars, SPN0103) vs. control iPS cells (open
bars, control 1) on day 2 of suspension culture. Data are shown as mean + SD. **P < 0.01; *P < 0.05. (D) Proportion of mature neutrophils among the cells
derived from SCN-iPS cells (SPN0102) on day 14 of suspension culture with dose escalation of Wnt3a. Data are shown as mean + SD. **P < 0.01. (E) Pho-
tographs of nonadherent cells on day 7 of suspension culture with or without Wnt3a (500 ng/mL) (400x; May-Grinwald-Giemsa staining).
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Fig. 4. Effects of Wnt3a in combination with high-dose G-CSF. (A) Filled and open bars show the proportion of mature neutrophils among the cells derived
from SCN-iPS cells (SPN0101) on day 14 of suspension culture in the presence of neutrophil differentiation medium containing 10 ng/mL G-CSF (GCSF 10 ng/mL);
500 ng/mL Wnt3a and 10 ng/mL G-CSF (Wnt3a+GCSF 10 ng/mL); 1,000 ng/mL G-CSF (GCSF 1,000 ng/mL); or 500 ng/mL Wnt3a and 1,000 ng/mL G-CSF (Wnt3a +
GCSF 1,000 ng/mL); and that from control iPS cells (controls 1 and 2) cultured in the neutrophil differentiation medium containing 10 ng/mL G-CSF, respectively.
Data are shown as mean + SD. **P < 0.01; *P <.0.05. (B) The proportion of mature neutrophils among the cells derived from three SCN-iPS cell clones (SPN0O101,
SPN0102, and SPN0103) on day 14 of suspension culture in the presence of neutrophil differentiation medium containing 10 ng/mL G-CSF (GCSF 10 ng/mL);
500 ng/mL Wnt3a and 10 ng/mL G-CSF (Wnt3a+GCSF 10 ng/mL); or 500 ng/mL Wnt3a and 1,000 ng/mL G-CSF (Wnt3a + GCSF 1,000 ng/mL). Data are shown
as mean + SD. **P < 0.01; *P < 0.05. (C) Filled and open bars show the relative expression (target/HPRT expression) of LEF-1 mRNA in SCN-iPS cells (SPN0101)
on day 2 of suspension culture in the presence of differentiation medium containing the same combinations of Wnt3a and G-CSF as shown in A and that from
control iPS cells (control 2), respectively. Data are shown as mean + SD. **P < 0.01; *P < 0.05. (D) Filled and open bars show the relative expression (target/HPRT
expression) of (/EBP-a, BIRCS, or cyclin D1 mRNA in SCN-iPS cells (SPN0O101) on day 2 of suspension culture in the presence of differentiation medium containing
the same combinations of Wnt3a and G-CSF as shown in A and that from control iPS cells (control 2), respectively. Data are shown as mean + SD. **P < 0.01;
*P < 0.05. (F) Total cell numbers of nonadherent cells in suspension cultures of 1 x 10 CD34* cells derived from control iPS cells (control 2; red broken line)
and SCN-iPS cells (SPN0101) in the presence of neutrophil differentiation medium (black line) and those from SCN-iPS cells in the presence of neutrophil
differentiation medium containing 500 ng/mL Wnt3a (yellow line) or 1,000 ng/mL G-CSF (black line). Data are shown as mean + SD. **P < 0.05.

administration of Wnt3a led to up-regulate C/EBP-a, cyclin D1,  of impaired neutrophils in the presence of G-CSF, but not the

and BIRCS/survivin in addition to LEF-1 in the presence of G-
CSF (Fig. 4D). These results suggested that the up-regulation of
LEF-1 expression might promote granulopoiesis by increasing
the expressions of cyclin D1, BIRCS/survivin, and C/EBP-a and
its binding to LEF-1 in accordance with the previous report (25).
Interestingly, Wnt3a did not stimulate the proliferation of mye-
loid cells, whereas 1,000 ng/mL G-CSF did to a certain extent
(Fig. 4E). Hence, Wnt3a was capable of stimulating the maturation

Hiramoto et al.

proliferation of myeloid cells from SCN-iPS cells.

Importantly, aside from providing new insights into the mech-
anisms behind impaired neutrophil development in SCN patients,
the present study demonstrates that agents activating the Wnt3a/
fB-catenin pathway are potential candidates for new drugs for SCN
with mutations in the ELANE gene. Because endogenous G-CSF
is readily increased in SCN patients (26), these activating agents
may be viable alternatives to exogenous G-CSF treatment.
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Materials and Methods
Additional information is available in S/ Materials and Methods.

Generation of Human iPS Cells. BM fibroblasts from a patient with SCN and
skin dermal fibroblasts from a healthy donor were acquired after obtaining
informed consent after getting the approval by the Ethics Committee of the
Institute of Medical Science, University of Tokyo, in accordance with the
Declaration of Helsinki. The SCN patient presented with a heterozygous
mutation in the ELANE gene in the 707 region of exon 5. SCN-iPS cells were
established from the SCN-BM fibroblasts by transfection with the pMX ret-
roviral vector, as described (10). This vector expressed the human tran-
scription factors OCT3/4, SOX2, KLF4, and ¢-MYC. Control iPS cell clones,
control 1 (TkKDN4-M) and control 3 (201B7), were gifts from K. Eto and
S. Yamanaka (Kyoto University, Kyoto), respectively (10, 11). Control 2
(SPHO101) was newly generated from another healthy donor’s skin dermal
fibroblasts by using the same methods.

Hematopoietic Colony Assay. A hematopoietic colony assay was performed
in an aliquot of culture mixture, which contained 1.2% methylcellulose
(Shin-Etsu Chemical), 30% (vol/vol) FBS, 1% (vol/vol) deionized fraction V
BSA, 0.1 mM 2-mercaptoethanol (2-ME), o-minimum essential medium, and
a cytokine mixture consisting of 100 ng/mL human stem cell factor (hSCF)
(Wako), 100 ng/mL fusion protein 6 [FP6; a fusion protein of interleukin (IL)-
6 and IL-6 receptor] (a gift from Tosoh), 10 ng/mL human IL-3 (hiL-3) (a gift
from Kirin Brewery), 10 ng/mL human thrombopoietin (hTPO) (a gift from
Kirin Brewery), 10 ng/mL human G-CSF (a gift from Chugai Pharmaceutical),
and 5 U/mL human erythropoietin (a gift from Kirin Brewery). For dose es-
calation experiments, various concentrations (0, 1, 10, 100, and 1,000 ng/mL)

-
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of G-CSF were used instead of the cytokine mixture described above.
Colony types were determined according to established criteria on day 14
of culture by in situ observations under an inverted microscope (IX70;
Olympus) (27).

Suspension Culture and Neutrophil Differentiation Assay. CD34* cells (1 x 10%
cells) were cocultured with irradiate confluent AGM-S3 cells in neutrophil
differentiation medium containing Iscove’s modified Dulbecco’s medium,
10% FBS, 3 mM -glutamine, 1 x 107* M 2-ME, 1 x 10~ M nonessential amino
acids solution, 100 ng/mL hSCF, 100 ng/mL FP6, 10 ng/mL hiL-3, 10 ng/mL
hTPO, and 10 or 1,000 ng/mL human G-CSF. Wnt3a (10, 100, or 500 ng/mL})
(R&D) was then added. The medium was replaced with an equivalent volume
of fresh medium every 4 d. Living, nonadherent cells were counted following
0.4% trypan blue staining.

PCR primer. All primer sets used in this study are shown in Table S1.

Statistical Analysis. All data are presented as mean + SD. P < 0.05 was con-
sidered significant. Statistical analyses were performed by using Prism soft-
ware (GraphPad).
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Somatic mosaicism has been described
in several primary immunodeficiency dis-
eases and causes modified phenotypes
in affected patients. X-linked anhidrotic
ectodermal dysplasia with immunodefi-
ciency (XL-EDA-ID) is caused by hypomor-
phic mutations in the NF-xB essential
modulator (NEMO) gene and manifests
clinically in various ways. We have previ-

ously reported a case of XL-EDA-ID with
somatic mosaicism caused by a duplica-
tion mutation of the NEMO gene, but the
frequency of somatic mosaicism of NEMO
and its clinical impact on XL-EDA-ID is
not fully understood. In this study, so-
matic mosaicism of NEMO was evaluated
in XL-EDA-ID patients in Japan. Celis
expressing wild-type NEMO, most of

which were derived from the T-cell lin-
eage, were detected in 9 of 10 XL-EDA-ID
patients. These data indicate that the fre-
quency of somatic mosaicism of NEMOis
high in XL-ED-ID patients and that the
presence of somatic mosaicism of NEMO
could have an impact on the diagnosis
and treatment of XL-ED-ID patients.
(Blood. 2012;119(23):5458-5466)

Introduction

X-linked anhidrotic ectodermal dysplasia with immunodefi-
ciency (XL-EDA-ID) is a disease with clinical features includ-
ing hypohidrosis, delayed eruption of teeth, coarse hair, and
immunodeficiency associated with frequent bacterial infec-
tions.!3 The gene responsible for XL-EDA-ID has been identi-
fied as NF-kB essential modulator (NEMO).5® NEMO is
necessary for the function of 1kB kinase, which phosphorylates
and degrades IkB to activate NF-«xB.%!0 Defects in NEMO cause
various abnormalities in signal transduction pathways involving
NF-kB, and affect factors such as the IL-1 family protein
receptors, the TLRs, VEGFR-3, receptor activator of nuclear
factor kB (RANK), the ectodysplasin-A receptor, CD40, and the
TNF receptor 1.7 Whereas a complete loss of NEMO function in
humans is believed to cause embryonic lethality,!! NEMO
mutations in XL-EDA-ID patients are hypomorphic,® causing a
partial loss of NEMO functions.

In XL-EDA-ID, NEMO defects lead to diverse immunologic
features including susceptibility to pathogens, impaired Ab
response to polysaccharides,>*!? hypogammaglobulinemia,!?
hyper IgM syndrome,'# and impaired NK-cell activity,'s with a
large degree of variability in phenotypes among the patients. For
example, approximately one-tenth of XL-EDA-ID patients
exhibit reduced mitogen-induced proliferation of T lympho-
cytes.’? Moreover, one-fourth suffer from inflammatory disor-

ders such as inflammatory bowel disease and rheumatoid
arthritis,! although the inflammatory process usually relies on
NF-kB activation.'® One explanation for this clinical variability
is that the XL-EDA-ID phenotype is NEMO genotype-specific.
Although the XL-EDA-ID database reported by Hanson et al
succeeds to some extent in linking the specific clinical features
to NEMO genotype,'? the penetrance of some clinical features is
not high and the mechanism accounting for this variability is
unknown.

Recently, we have reported a case of spontaneous reversion
mosaicism of the NEMO gene in XL-EDA-ID, which showed an
atypical phenotype involving decreased mitogen-induced T-cell
proliferation along with decreased CD4 T cells (patient 1).'7
There have been no subsequent reports on somatic mosaicism in
XL-EDA-ID, and its prevalenée and impact on the clinical
features of the disease is unknown. In this study, we describe the
younger brother of patient 1, who suffered from XL-EDA-ID
with the same mutation and somatic reversion mosaicism of
NEMO. Patient 2 showed intriguing laboratory findings in that
mitogen-induced T-cell proliferation varied in accordance with
the rate of detected reversion in the peripheral blood. These
2 cases led us to perform a nationwide study of XL-EDA-ID
patients in Japan that revealed a high incidence of somatic
mosaicism of NEMO.
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Table 1. Clinical and genetic features of XL-EDA-ID patients

FREQUENT MOSAICISM IN XL-EDA-ID PATIENTS 5459

Ectodermal Mitogen-induced Sex chromosome
Patient  Mutation dysplasia proliferation Infections Complications Therapy chimerism
1 Duplication. .~ + Reduced Sepsis (S.P. and P.A) Chronic dianthea G ©100% XY
Disseminated M.A.C. Failure to thrive RFP, CAM, AMK, EB
* . ’Skin abscess (SA.) Small intestinal stenosis . Rifabutin
Invasive Aspergillus Lymphedema
2 * Duplication 4 " Reduced Sepsis (Ecol)) Failure to thrive VIG, ST, EB, CAM 99.8% XY 0.2% X
Disseminated M.S. Rifabutin, SCT
3 D311E - Normal Disseminated B.C.G. CIVIG, INH 1100% XY
Sepsis (S.P.) RFP, SCT
4 Al69P S Normal Meningitis (S.P.) BD IVIG;ST,PSL. 99% XY
Interstitial pneumonia CyA, MTX, Infliximab
e G ; Rheumatoid arthritis G
5 L227P + Normal Recurrent pneumonia BD ST, mesalazine Not done
o e - Pyogenic coxitis . Infliximab S
Recurrent otitis media
6 R182P + Not done Recurrent otitis media IBD ST, mesalazine 99.8% XY 0.2% X
UTI, Recurrent stomatitis
o S Subepidermal abscess - g
7 R175P + Normal Recurrent sepsis (S.P.) IG 100% XY
8 Q348X o Normal Disseminated B.C.G. IBD e VIG ST - 100% XY
9 R175P + Normal Recurrent pneumonia 1BD vIG 100% XY
: ; : © . Recurrent otiti5 media : S-aminosélicylic acid. } :
3 D e : Kaposi,i(aricélliform eruption : : . : o . i
10 1167ins C + Normal Sepsis and Enteritis (E.A) Failure to thrive WVIG, SCT Not done
: . . Sepsis(C.GY . Pyloric stenosis, colon polyps E
UTH(K.P.)

S.P. indicates Streptococcus pneumoniae; P.A., Pseudomonas aeruginosa; IVIG, intravascular immunoglobulin infusion; M.A.C., Mycobacterium avium complex; S.A.,
Staphylococcus aureus; E coli, Escherichia coli; ST, trimethoprim-sulfamethoxazole; M.S., Mycobacterium szulgai, AMK, amikacin; EB, ethambutol; CAM, clarithromycin; SCT,
stem cell transplantation; B.C.G., Bacille de Calmette et Guerin; INH, isoniazid; RFP, rifampicin; I1BD, inflammatory bowel disease; PSL, prednisolone; CyA, cyclosporine A,
MTX, methotrexate; UTI, urinary tract infection; E.A., Enterobacter aerogenes; C.G., Candida glabrata; and K.P., Klebsiella pneumonia.

Methods

Informed consent

Informed consent was obtained from the patients and their families
following the Declaration of Helsinki according to the protocol of the
Internal Review Board of Kyoto University, which approved this study.

Patients

Patient 1 was an XL-EDA-ID patient with a duplication mutation of the
NEMO gene spanning intron 3 to exon 6. This patient has been reported
previously'” and died from an Aspergillus infection at the age of 4. Patient
2., born at term, was the younger brother of patient 1. This patient was also
diagnosed as XL-EDA-ID with the same duplication mutation as patient
1 by genetic study. He received trimethoprim-sulfamethoxazole prophy-
laxis and a monthly infusion of immunoglobulin from the age of 1 month.
The patient maintained good health and had a body weight of 7899g at
6 months when he started to fail to thrive. Except for poor weight gain,
patient 2 appeared active with a good appetite, negative C-reactive protein,
normal white blood celf counts, and no apparent symptoms. At 19 months
of age, Mycobacterium szulgai was detected by venous blood culture, and
the patient was treated with multidrug regimens including ethambutol,
rifabutin, and clarithromycin based on the treatment of systemic Mycobac-
terium avium complex infection. The patient responded well to the
treatment and his weight increased from 7830g to 9165g within a month
after the treatment was initiated. Patient 2 received an unrelated cord blood
cell transplantation at 26 months of age, containing 8.5 X 107 nucleated
cells/kg (4.4 X 105 CD34" cells/kg), which was matched at 5 of 8 loci:
mismatches occurred at 1 HLA-B and 1 HLA-C allele (according to
serology), and at | HLA-A, 1 HLA-B, and 1 HLA-C allele (according to
DNA typing). The preconditioning regimen consisted of fludarabine
(30 mg/m¥d) on days ~7 to —3, melphalan (70 mg/m%d) on days -6 to
—5, and rabbit anti-thymocyte globulin (2.5 mg/kg/d) on days —6to —2. At
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first, Tacrolimus (0.024 mg/kg/d) was used to prevent GVHD, but this was
switched to cyclosporin A (3 mg/kg/d) on day 9 because of drug-induced
encephalopathy. Neutrophil (> 0.5 X 10°L) and platelet (> 50 X 10%L)
engraftment were examined on days 13 and 40, respectively. Although
CD19* cells (2042/pL, 94% donor chimerism), CD56™ cells (242/pL., 97%
donor chimerism), and monocytes (557/pl.. 69% donor chimerism) were
successfully generated, CD3™ cells were not detected in the peripheral
blood by day 54. The patient suffered from septic shock and died on day 60.
Patients 3 to 10 were XL-EDA-ID patients recruited nationwide in Japan.
Clinical details of patients 3, 4, and 10 have been reported previously.!$-20
These patients had clinical phenotypes characteristic of XL-EDA-ID such
as ectodermal dysplasia, innate and/or acquired immunity defects, and
susceptibility to pyogenic bacteria and Mycobacterium infection. Every
patient had a mutation in the NEMO gene that caused reduced NF-«B
activation in a NEMO reconstitution assay, as described in “Proliferation of
NEMO"mal and NEMO' T cells.” Patient profiles are listed in Table 1.

Flow cytometric analysis

NEMO intracellular staining was performed as previously described.”” The cells
were stained for the following lineage markers before staining for NEMO: CD4,
CD8, CD14, CD15, CD19, CD56, CD45RA (BD Biosciences/BD Pharmingen),
and CCR7 (R&D Systems Inc). Intracellular staining of human IFN-y, TNF-c,
and NEMO was performed as previously described.’® The stained cells were
collected using a FACSCalibur flow cytometer (BD Biosciences) and analyzed
using the FlowJo software (TreeStar).

Reporter assay

Wild-type and mutant NEMO cDNAs were generated from a healthy
volunteer and the recruited XL-EDA-ID patients by RT-PCR; the cDNAs
were subcloned into the p3xFLAG-CMV 14 vector (Sigma-Aldrich). NEMO
null rat fibroblast cells (kindly provided by Dr S. Yamaoka, Department of
Molecular Virology, Graduate School of Medicine, Tokyo Medical and
Dental University, Tokyo, Japan) were plated at a density of
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3 X 10% cells/well in a 24-well culture dish and were transfected with 40 ng
of NF-kB reporter plasmid (pNF-kB-Luc; BD Biosciences/BD Clontech),
2 ng of NEMO mutant expression construct, 10 ng of internal control for the
normalization of transfection efficiency (pRL-TK; Toyo Ink), and 148 ng of
mock vector using FuGENE HD Transfection Reagent (TOYO-B-Net)
according to the manufacturer’s protocol. Twelve hours after transfection,
the cells were stimulated with 15 ng/mL lipopolysaccharide (LLPS; Sigma-
Aldrich) for 4 hours and the NF-kB activity was measured using the
PicaGene Dual SeaPansy assay kit (TOYO-B-Net). Experiments were
performed in triplicate and firefly luciferase activity was normalized to
Renilla luciferase activity.

Subcloning analysis of cDNA

Cell sorting of the various cell lineages was performed by FACSVantage
(BD Biosciences). The purity of each lineage was > 95%. The cDNA from
sorted cells was purified and reverse transcribed by Super Script III
(Invitrogen) with random hexamers and amplified by the proofreading PCR
enzyme KOD, as previously described.!”?! The PCR primers used were
NEMO2 (5'-AGAGACGAAGGAGCACAAAGCTGCCTTGAG-3') and
NEMO3 (5'-ACTGCAGGGACAATGGTGGGTGCATCTGTC-3"). The
PCR products were subcloned using a TA cloning kit (Invitrogen) and
sequenced by ABI 3130xl Genetic analyzer (Applied Biosystems). To
determine whether additional mutations occurred in revertant subclones
that had wild-type sequence in the original mutation site, the entire coding
region of the NEMO gene was sequenced and an additional mutation was
considered present when the same mutation was detected in multiple
subclones.

Allele-specific PCR

The mRNA purified from sorted T cells and monocytes was reverse-
transcribed by SuperScript Il (Invitrogen) with the gene-specific primer
NEMO2 and amplified by the proofreading PCR enzyme KOD (Toyobo)
using the primers NEMO3 and NEMO 4 (5'-TGTGGACACGCAGT-
GAAACGTGGTCTGGAG-3"). The PCR products were used as templates
for allele-specific PCRs with Ex Taq polymerase (Takara Bio). Mutant and
wild-type NEMO DNA was generated from each NEMO expression
plasmid, mixed at graded ratios, and used as controls. PCR conditions and
primer sequences are listed in supplemental Table 1 (available on the Blood
Web site; see the Supplemental Materials link at the top of the online
article).

Proliferation of NEMOvormal apnd NEMO'e% T cells

To obtain PHA-induced T-cell blasts, PBMCs were stimulated with PHA
(1:100; Invitrogen) and cultured in RPMI 1640 supplemented with 5% FCS
and recombinant human IL-2 (50 IU/mL; kindly provided by Takeda
Pharmaceutical Company) at 37°C for 7 days. Subcloning analysis of the
c¢DNA obtained from the T-cell blasts was performed as described in
“Subcloning analysis of cDNA.”

Results

Reversion mosaicism of NEMO occurred in siblings with
similar immunologic phenotypes

We previously reported patient 1 with a duplication mutation of the
NEMO gene spanning intron 3 to exon 6, who was diagnosed as
XL-EDA-ID at 1year of age after suffering from recurrent
infections.!” At first, genetic diagnosis of the patient was difficult
because the expression of aberrant NEMO mRNA was masked by
the expression of normal NEMO mRNA by the revertant cells.
Flow cytometric analysis of intracellular NEMO expression re-
vealed cells with normal (NEMO®m™aly and reduced (NEMOQ¥)
levels of NEMO expression, indicating the presence of reversion

mosaicism of the NEMO gene, and further analysis revealed that1
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the NEMO mutation was disease-causing. PCR across the mutated
region and sequencing of the PCR products revealed a duplication
extending from intron 3 to exon 6, which was confirmed by
Southern blot analysis. Additional copy number analysis of the
NEMO gene of patient 1 and his mother excluded the possibility of
a complex chromosomal aberration such as multiple duplication of
the NEMO gene (supplemental Figure 1). Furthermore, polymor-
phism analysis using variable number tandem repeats on
NEMO™™4 and NEMO™" cells from patient 1 revealed that these
cells were derived from the same origin (supplemental Table 2),
indicating that the NEMO gene mosaicism was less likely because
of amalgamation. The genomic analysis of the NEMOQm™a cells
revealed a complete reversion of the NEMO gene with no
additional mutations. The clinical phenotype of patient 1 was
combined immunodeficiency with a reduced number of T cells and
mitogen-induced proliferation (Tables 2-3). We previously deter-
mined that reduced NEMO expression in the mutant T cells caused
impairment of T-cell development and mitogen-induced
proliferation.

Patient 2, the younger brother of patient 1, was diagnosed as
XL-EDA-ID with the same duplication mutation as his brother.
Flow cytometric analysis of intracellular NEMO expression per-
formed at diagnosis showed that most of his PBMCs had reduced
NEMO expression (Figure 1A). At 2 months of age, when most of
the T cells were NEMO"¥, absolute counts of the patient’s T cells
and the mitogen-induced proliferation of the patient’s PBMCs were
comparable with those of the healthy controls (Figure 1A-B; Table
2). These findings indicated that the NEMO mutation had no effect
on T-cell development and mitogen-induced proliferation during
carly infancy in patient 2.

NEMOremal T cells gradually increased as patient 2 grew older,
while the absolute count of NEMO™¥ T cells decreased (Figure
1A-B). Accordingly, normal full-length NEMO cDNA, which had
been undetectable in cord blood, was detectable in the patient’s
peripheral blood at 12 months of age. However, while NEMQuormal
T cells were increasing, mitogen-induced T-cell proliferation started
1o decrease (Table 3), and the patient started to show poor weight
gain from 6 months of age. When patient 2 was 17 months old, a
blood culture revealed an M szulgai bacteremia. At this time, the
absolute count of NEMO™™ T ¢ells peaked, and NEMO"¥ T cells
were at a minimum. He began to gain weight after anti-
Mycobacterium medication was initiated, although NEMQuomal
T cells started to decrease and NEMO¥ T cells began to increase
(Figure 1B). When the patient was 23 months old, mitogen-induced
T-cell proliferation was still low and a roughly equal number of
NEMO™¥ and NEMO"™! T cells were detected (Table 3). Overall,
as patient 2 grew older, NEMO"™™4 T cells increased as the total
number of T cells and the mitogen-induced T-cell proliferation
decreased, similar to what had occurred in patient 1 at a similar age.

Various analyses were performed to compare the immunologic
phenotype of NEMO™© and NEMO™™! T cells in detail. Both
NEMO™™a and NEMO" CD4% T cells carried a diverse
VB repertoire, but CD8" T cells had a skewed VB repertoire
regardless of NEMO expression level (Figure 1C). Surface marker
analysis revealed that most of the NEMOm™l T cells were
CD45RA™/CCR7™ and most of the NEMOLY Tcells were
CD45RA*/CCR7* (Figure 1D). The NEMOm™@ T cells produced
similar amounts of IFN-y and TNF-« as healthy control cells, while
the production of these cytokines were reduced in NEMOP¥ T cells
(Figure 1E-F). Taken together, these data implied that the immuno-
logic phenotype of T cells from patient 2 converged with that of

3Opatient 1 as patient 2 grew older.
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Table 2. Surface marker analysis of peripheral mononuclear celis of patients 1 and 2
Healthy

Patient 1 Patient 2 controls
Age at analysis 2y 2'mo o 19 mo : !
cD3 1503 2366 1014 2997 = 1751
ch4 292 1883 374 1683 = 874
cD8 1160 783 547 1114 = 976
TCRap 1386 2295 439 2620 = 1612
TCRyS 109 74 574 343 x 177
CD4*CD45RA 58 1336 105 1471 = 890
CD47CD45RO 263 307 266 497 = 189
CD8*CD45RA - 1178 783 297 1083 + 1078
CD8*CD45R0O 361 21 250 385 = 442
CD4*CD25 .80 427 93 210 + 99
cD19 1200 941 1543 1252 & 1145
CcD20 1189 931 1536 1125 + 837
CD19+Sm-IgG 7 18 17 54 = 21
CD19*Sm-lgA 15 4 14 18+ 14
CD19*Sm-IgM 1171 910 1505 1057 + 881
CD19*Sm-igD 17 906 1495 1052 + 884
ch16 912 176 24 287 = 200
folal 908 176 o4 306 + 207

Surface markers expressed by XL-EDA-ID patients’ PBMCs are shown as absolute counts per microliter of peripheral blood. Healthy control values are based on children

aged 1 to 6 years and are shown as the mean = SD.
Sm indicates the surface membrane.

High incidence of somatic mosaicism of the NEMO gene in
XL-EDA-ID patients

It is worth noting that somatic reversion mosaicism of the NEMO
gene occurred in both of the 2 XL-EDA-ID siblings carrying a
duplication mutation. To determine whether a high frequency of
reversion is a specific event for this type of NEMO duplication
mutation®”? or if the reversion of the NEMO gene occurs
commonly in XL-EDA-ID patients, we recruited an additional
8 XL-EDA-ID patients from throughout Japan (Table 1) and
analyzed the presence of NEMO reversion. These patients had
various combinations of clinical phenotypes characteristic of
XL-EDA-ID such as ectodermal dysplasia, innate and acquired
immunity defects, and susceptibility to pyogenic bacteria and
Mpycobacterium infections. Every patient had a mutation of the
NEMO gene with reduced NF-kB activation potential, as evaluated
in a NEMO reconstitution assay (Figure 2).

Among the 8 patients, only patient 3 had a large proportion of
NEMO™¥ cells by flow cytometric analysis. The majority of patient
3’s PBMCs were NEMO¥, whereas 10% of the patient’s CD8™*
cells were NEMO ™ (Figure 3A). This patient was identified as
carrying the D311E mutation. Because missense mutations of the
NEMO gene often do not result in the reduced expression of
NEMO protein, subcloning and sequencing analysis was per-
formed on the NEMO c¢DNA isolated from the remaining patients,

Table 3. Immunologic analysis of patients 1 and 2

and 6 of the 7 patients had normal NEMO subclones (Table 3).
Expansion of maternal cells after {fetomaternal transfusion was ruled out
in these patients by FISH analysis with X and Y probes (Table 1).

Additional genetic analysis of the entire coding region of the
NEMO gene was performed on NEMO™"! cells from patient
3 and on reverted subclones from the other patients, except for
patient 10 who had already received stem cell transplantation. The
NEMO gene in these samples had reverted to wild-type with no
additional mutations (Figure 3B and data not shown). To specifi-
cally determine in which cell lineages the reversion occurred,
subcloning and sequencing analysis of ¢DNA in various cell
lineages was performed. This analysis revealed that all the rever-
tant cells were of the T-cell lineage and that no reversion occurred
in monocytes and very little occurred in B cells (Table 4).
Allele-specific PCR confirmed that reversion occurred in T cells
but not in monacytes (Figure 4).

Selective advantage of NEMO™™a cells in XL-EDA-ID carriers

The high frequency of somatic mosaicism in T cells of XL-
EDA-ID patients indicated a strong selective advantage of wild-
type NEMO T cells over T cells carrying mutant NEMO. To
confirm this hypothesis, NEMO cDNA analysis was performed on
various cell lineages from the mothers of the patients who are
heterozygous for NEMO mutation and thus have mosaicism

Patient 1 Patient 2 (treated with IVIG)
Age at analysis, mo e] 9 k 20
Serum immunoglobulin levels, g/L (control}
19G ; 10.63 (4.51-10.46) 8.44 (4.51-10.46) 10.37 (7.15-9.07)
IgA 1.36 (0.14-0.64) 1.88 (0.14-0.64) 3.93 (0.22-1.44)
igh 0.4 (0.33-1.00) 0.17 (0.33-1.00) 020 (0‘3411 28)

Age at analysis
T-cell proliferation, Sl (control)

2y

9.3(206.9 = 142.5)

23 mo
7.2(89.4 £31.2)

2mo
55.3(64.8 £8.1)

Control values of serum immunogiobulin levels are based on children aged either 7 to 9 months or 1 to 2 years and are shown as the mean =% SD. The T-cell proliferation
assay was performed as described previously'” with at least three healthy adults as controls.
Sl indicates stimulation index; and IVIG, 2.5 g of monthly 1V immune globulin infusion.
13
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Figure 1. Identification and characterization of NEMO revertant T cells in patient 2. (A) Intracellular expression of NEMO in various PBMC lineages from a healthy adult control and
patient 2 were evaluated by flow cytometry. For the patient, results of the analyses petformed at 2 months and 23 months are shown. Solid lines indicate staining with the anti-NEMO mAb,
and dotted lines indicate the isotype control. (B) Time-course variations in the absolute count of NEMO™™4 and NEMO'* T cells in patient 2. M indicates age in months. (C) TCR-VB
reperioire analysis of the patient's CD4* and CD8* T cells. PBMCs from the patient and a healthy adult controt were stained for the TCR-V panet, CD4, CD8, and NEMO, and analyzed by
flow cytometry. (D) Phenotype analysis of T cells in patient 2. PBMCs from the patient and a control were stained for the expression of NEMO, CCR7, CD45RA, and CD4 or CD8. Data
shown were gated on NEMQnemal or NEMOo CD4+ or CD8* cells. (E-F) Cytokine production from NEMO™a and NEMO®¥ T cells, PBMCs from the patient and a control were
stimulated with PMA and ionomycin for 6 hours and stained for intracellular (E) IFN-y or {F) TNF-« along with NEMO. Cells shown are gated on the CD3” population.

because of X-chromosome inactivation. This analysis assumes that  wild-type NEMO cDNA was observed in T cells from the mothers

the percentage of cDNA for wild-type NEMO reflects the percent-  of patients 1/2, 3, 8, and 10, although wild-type NEMO cDNA was
age of cells expressing wild-type NEMO. A high proportion of  not predominant in T cells from the mother of patient 4 (Table 5).
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Figure 2. NF-kB transactivation by NEMO mutants from the XL-EDA-ID patients. NF-xB transactivation induced by NEMO mutants in the XL-EDA-ID patients. Mock
vectors and wild-type (wi) NEMO were used as controls. The NF-«B activation index of NEMO variants were calculated as (NF-«xB activation by each NEMO variant — NF-xB
activation of the mock vector)/(NF-«xB activation by wild-type NEMO -~ NF-«xB activation of the mock vector). The data shown are the mean =+ SD of triplicate wells and are
representative of 3 independent experiments with similar results. 132



From bloodjournal.hematologylibrary.org at Hiroshima University on February 4, 2013. For personal use only.

BLOOD, 7 JUNE 2012 - VOLUME 119, NUMBER 23

A B

GGCGBACTTC

1
g}ﬁ&f@

mWﬂwq
i
|

{
{
H
it
f
:

9.9 % NEMQ normsl

i

No mutations

GGCGGAuTT C

NEMO fo» g \

il

> Heterozygous
933C>G

NEMO

Figure 3. NEMOrevertant T cells in patient 3. (A) Intracellular expression of NEMO
in CD8" cells from patient 3. (B) Sequencing chromatograms of DNA from
NEMOmemal oy NEMO'o CD8* cells of patient 3. Arrows indicate the mutated base
position at c. 931.

Similarly, there was an apparent high proportion of wild-type
NEMO ¢DNA in monocytes and B cells from the mothers of
patients 1/2, 8, and 10 (Table 5). These findings suggested a general
selective advantage of NEMO™™a cells over NEMOMY cells
in vivo, especially in T cells.

Proliferation capacity of NEMO"°rma and NEMO'"" T cells

T-cell proliferation stimulated by mitogens such as PHA is usually
not reduced in XL-EDA-1D patients. However, the emergence of
NEMOmomal cells coincided with a reduction in mitogen-induced
proliferation in patient 2. To further determine the effect of
NEMOm ™ cells on mitogen-induced proliferation of peripheral
T cells, the proportions of T cells carrying the wild-type and
mutant were examined before and after PHA stimulation in
XL-EDA-ID patients and their mothers (Table 6). In patients 2, 4,
and 8, the percentage of the NEMO™ cells decreased after PHA
stimulation, while NEMO™4 cells prevailed in patient 9. In the
mothers of patient 4 and 10, the percentage of NEMO"™a! cells
increased after PHA stimulation, while the percentage of the
NEMOrormal cells decreased in the mother of patient 3. These
results indicated that the NEMO mutation does not directly affect
the mitogen-induced proliferation capacity of T cells and factors
other than the NEMO genotype determine the proliferation capacity
of NEMOremal gnd NEMO'"9¥ T cells.

Discussion

Somatic reversion mosaicism has been described in several disor-
ders affecting the hematopoietic system, the liver, and the skin.?*2¢
Reports of somatic reversion cases have been particularly abundant
in patients with immunodeficiency diseases, including Wiskott-
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Aldrich syndrome (WAS)?7 and SCID, which occur because of
mutations in the interleukin receptor common y chain,?® CD3{,*
RAG-1*, and ADA genes.® Patients with somatic reversion
mosaicism may present with significantly milder clinical pheno-
types compared with nonrevertant patients with the same germline
mutation, although this is not always the case.?® One common
feature in most cases where the somatic reversion mosaicism has
been observed is a strong in vivo selective advantage of the
revertant cells that express the wild-type gene product. One of the
most intensively investigated diseases associated with somatic
reversion mosaicism is WAS.323* A report showed that up to 11%
of WAS patients have presented with somatic reversion mosaicism.

In our investigation, 9 of 10 XL-EDA-ID patients presented
with somatic mosaicism. Two of the 9 were cases of reversion from
a duplication mutation, while the others exhibited true back-
reversion from a substitution or insertion mutation. This finding
calls for caution when diagnosing XL-EDA-ID patients. Because
the existence of a NEMO pseudogene makes it difficult to perform
genetic analysis using genomic DNA, diagnosis of the disease is
often confirmed by sequencing analysis of NEMO ¢DNA, and the
presence of somatic mosaicism can cause misdiagnosis of XL-
EDA-ID patients either when NEMO"™al cells make up the
majority of the patients’ PBMCs or when the cDNA of the mutated
NEMO gene cannot be amplified by PCR.!7 In fact, mutated NEMO
cDNA could not be amplified from the PBMCs of patient 2 even
when NEMO ™ cells were absent (during early infancy), and
only wild-type NEMO ¢cDNA was amplified after the appearance of
NEMOQOmal cells (data not shown), probably because of the
instability of the mutated NEMO mRNA. Flow cytometric analysis
of intracellular NEMO protein is of help in identifying the
NEMO™ ¥ cells in some patients, but the technique is not applicable
when the NEMO mutation does not cause reduced expression of
NEMO protein. Thus, some cases of XL-EDA-ID patients with
reversion may be difficult to diagnose.

The high frequency of somatic mosaicism observed in XL-
EDA-ID patients indicates a strong in vivo selective advantage for
NEMOQmmal cells, which express the wild-type gene product.
Patient 2 presented with a high mutant T-cell count at birth that
gradually decreased over time (Figure 1B). This finding indicates
that wild-type NEMO expression is critical for the survival of
certain cell lineages, including T cells, after birth. On the other
hand, no NEMO™™4 monocytes and very few NEMO™ B cells
were detected in the recruited XL-EDA-ID patients (Table 4). This
specific feature is similar to other somatic reversion mosaicism
seen in primary immunodeficiency patients®® and indicates that the
expression of NEMO is less critical for the survival of monocytes
or B cells compared with that of T cells. There is also an apparent

Table 4. Analysis of NEMO gene mosaicism in various cell lineages for each patient

Patient Mutation Age at analysis CD4, % (proportion) CD8, % (proportion) CD14, % (proportion) CD19, % (proportion)
1 Duplication 2y R 90 100 0 . : 40

2 Duplication 15 mo 45 66 0 4.0

3 D311E 3y 24 9.9 0. 1.2

4 A189P 12y 0 (0/19) 24 (9/37) 0 (0/19) 0 (0/47)
5 L227P 3y 0 (0/25) 0 (0/35) 0 {0/30) : 0 (0/25)
6 R182P 4y 18 (5/28) 17 (9/52) 0 (0/27) 0 (0/33)
7 R175P 6y 0.4 (1/25) 39 (11/28) 0{0/28) 0 (0/25)
8 Q348X 8y 38 (6/16) 47 (9/19) 0{0/33) 0 (0/25)
g R175P - 15y 30 (9/30) 36 (12/33) 0{0/28) 0 (0/14)
10 1167 ins C 9 mo PBMC 9.3 (4/43)

For patients 1 to 3, data represent the percentages of NEMO"™ cells in each lineage, as assessed by flow cytometry. For patients 4 to 10, the ratio indicates the number
of wild-type NEMO clones in various cell lineages as compared with the total number of clones analyzed, based on subcloning and sequencing analysis.
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