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Table 1. Endocrine complications in PID patients

Diabetes mellitus Thyroid disease

The number of
PID patients

T1D Autoimmune
hypothyroidism Non-
Hypopara- (Hashimoto’s autoimmune 0-19 Percent
PID category thyroidism 1A 1B T2D thyroiditis) hypothyroidism GHD Hypogonadism  deficiency Others n  years Total in total
I. Combined T and B cell 4 67 75 53
immunodeficiencies
RAG1 deficiency 1 I 6 6 167
CD4 deficiency 1 1 2 2 50-0
Undetermined 2 10 10 200
T-B-SCID 1 1 2 4 4 500
II. Predominantly 13 231 378 34
antibody deficiencies
X-linked 1 2% 3 93 138 22
agammaglobulinaemia
Common variable 1 17 1 2t 6 29 9 65
immunodeficiency
disorders
1gG subclass deficiency 2 2 45 50 40
Undetermined 1 ™ e 2 9 9 222
III. Other well-defined 20 126 165 12-1
immunodeficiency
syndromes
Hyper-IgE syndrome 1 1 1# 3 31 46 65
DiGeorge syndrome 14 14 29 32 43-8
Ataxia telangiectasia 1 I 8 13 77
Chronic mucocutaneous 17 1 9 13 77
candidiasis
ICF syndrome 1 I 0 I 1000
IV. Diseases of immune 6 31 38 15-8
dysregulation
IPEX syndrome 2 1 18 4 5 6 667
APECED 1 1 3 4 250
Undetermined 1% il 1 2 2 50-0
V. Congenital defects of 3 106 153 20
phagocyte number,
function or both
Chronic granulomatous 1 1 2 54 87 2:3

disease

T8 19 ppzoN I Q€9
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Table 1. (continued)

The number of

Diabetes mellitus Thyroid disease PID patients
T1D Autoimmune
hypothyroidism Non- Isolated
Hypopara- (Hashimoto’s autoimmune ACTH 0-19 Percent
PID category thyroidism 1A 1B T2D thyroiditis) hypothyroidism GHD Hypogonadism  deficiency Others n  years Total in total
Shwachman-Diamond 1 1 2 2 50-0
syndrome
VI. Defects in innate 29 12 167
immunity
NEMO deficiency 17 1 7 7 143
WHIM syndrome 1** 1 1 2 3 333
VII. Autoinflammatory 1 54 74 14
disorders
Familial Mediterranean 17 1 23 36 2-8
fever
VIII. Complement 0 18 23 0
deficiencies
IX. Undetermined 0o 3 5 0
Total 15 6 2 5 7 6 3 1 7 49 645 923 53
Estimated prevalence per 2326 93-0 155 46'5 108-5 93-0 46'5 15-5
10 000 in the young (141-4-380°1) (42-7— (2-7-87-3) (15-8-1359) (52:7-222-3) (42-7-201'5) (15-8-1359) (2:7-87-3)
population (0-19 years) 201-5)
of PID patients (95% CI)
Prevalence per 10 000 in  0-072% 119 0-461%8 30-0%% 13-5M 147 ND 0-035
the general young
Japanese population
References [7] [10] [10] [11] [12] [13] ND [14]

SCID, severe combined immunodeficiency; ICF, immunodeficiency with centromeric instability and facial anomalies; IPEX, immune dysregulation, polyendocrinopathy, enteropathy, X-linked; APECED,
autoimmune polyendocrinopathy with candidiasis and ectodermal dystrophy; NEMO, NF-B essential modulator; WHIM, warts, hypogammaglobulinaemia, infections, and myelokathexis; T1D, type 1
diabetes; T2D, type 2 diabetes; GHD, growth hormone deficiency.
*Hypophosphatemia 1, Obesity 1.
+Obesity 2.
iPseudohypoaldosteronism 1.
§Adrenal crisis, Hypoglycaemia 1.
fHypophosphatemic rickets 1.
**Two endocrine disorders were observed in the same patient.
+tthe case whose onset age of a endocrine complication is 20 years or older, #: number of PID patients who had endocrine disorders, CI: confidence interval.
tprevalence in all age groups.
§§incidence data.
YYprevalence in the United States, ND: no data available.
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Table 2. Clinical data of T1D patients

Case 1 2 3 4 5 6

Disease IPEX IPEX-like Immune WHIM CVID Hypogammaglobulinaemia
syndrome syndrome dysregulation syndrome (unknown aetiology)

(undetermined)
Genetic mutations + (FOXP3) Unknown Unknown + (CXCR4) Unknown NT
(gene name)

HSCT - - - - - -

Sex M M F F F M

Present age 8 years 14 years 21 years 18 years 19 years 25 years 3 months
5 months 5 months 8 months 9 months 1 month

Onset age of T1D 3 months 10 months 7 years 5 years 7 years 6 years 5 months

9 months 7 months 9 months

Type of T1D 1A 1A 1A 1A 1B 1B

Clinical symptoms Polydipsia, Polydipsia, ND Polydipsia, None None
polyuria weight loss polyuria

Diabetic ketoacidosis + (pH 7:112) + (pH 7-012) — - - + (urine ketone

body (4+))
Laboratory data Normal
range
Fasting blood 39-6°1 317 29-1 61* 7:6 83 77
glucose (mmol/l)

HbAlc (%) 4-3-5-8 79 83 87" 89 56 91

Plasma CPR (nmol/l) 0-33-0-93 ND 0-27 0-10* ND 0-27 ND

Urinary CPR (pg/day) 20-100 ND ND 2:5* 15 NT ND

Anti-GAD Ab

Result + + +* + None None

Value (U/ml) <15 69-1 4860 9-3% 92 ND ND

Anti-JAA Ab

Result - ND +* + ND ND

Value (nIU/ml) <125 2-8 ND ND

Treatment

Age at the start 3 months 10 months 7 years 9 months 5 years 7 months 8 years 1 month 6 years 5 months

Content Insulin Insulin Insulin Insulin Insulin Insulin

NT, not tested; ND, no data available; FOXP3, forkhead box P3; CXCR4, CXC chemokine receptor 4; HSCT, haematopoietic stem cell transplantation;
CPR, C-peptide immunoreactivity; GAD, glutamic acid decarboxylase; IAA, insulin autoantibody.

*Post-treatment data.

some genetic factor, because the Japanese have been have reported
to be one of the races with the lowest incidence of T1D.*' With
regard to the patient with WHIM, Takaya et al.'® have reported
that mutations of CXCR4, the gene responsible for WHIM syn-
drome, might be closely related to the development of T1D,
because recent findings have suggested that impaired CXCR4 sig-
nalling is involved in the pathogenesis of T1D. The prevalence of
T1D in patients with CVID was 1-1% (one in 93 patients) in our
study, which was almost equal to that in the previous report.?

The development of T2D was observed in only one of 13
patients with ataxia telangiectasia (AT) (7-7%) in contrast to the
high prevalence of T2D in the previous report (five of eight
patients),”® suggesting the unique clinical characteristics of
patients with AT in Japan.

Hashimoto’s thyroiditis is a relatively common endocrine
manifestation in patients with IPEX syndrome.'®* The preva-
lence of Hashimoto’s thyroiditis in patients with CVID in our
study was 1-1% (one in 93 patients), which was similar to that
of the previous report.”” There have been only a few reports of

96

Hashimoto’s thyroiditis in patients with (S) CID.*** Interest-
ingly, this was the first report of Hashimoto’s thyroiditis in a
patient with CD4 deficiency, while autoimmune cytopenia is fre-
quently associated with this disease (19%).>° The patient with a
patient with CD4 deficiency and Hashimoto’s thyroiditis did not
receive stem cell transplantation, suggesting that this complica-
tion was caused by autoimmunity based on the combined
immunodeficiency. Nagpala et al? reported an infant with
autoimmune thyroiditis and hypothyroidism with SCID due to
adenosine deaminase deficiency despite an extremely low num-
ber of T cells and a low level of IgG, which suggested that the
leaky SCID phenotype permitted the survival of a few T cells
with autoimmune potential.”’

Central hypothyroidism (no TSH elevation) was observed in
two patients with SCID before they received haematopoietic
stem cell transplantation (Table S2), also suggesting the possibil-
ity that this complication was related to the combined immuno-
deficiency itself. In addition, this was the first report of primary
hypothyroidism (elevated TSH levels at birth) in patients with

© 2012 Blackwell Publishing Ltd
Clinical Endocrinology (2012), 77, 628-634



XLA or IgG subclass deficiency, although the aetiologies remain
to be determined.

Of note, the prevalence of GHD in patients with PID seemed
much higher than that in the general populatioﬁ (Table 1).
Until now, GHD has been reported in patients with several dis-
eases in PID including SCID, CVID and Shwachman-Diamond
syndrome, as shown in our study.®>° However, to the best of
our knowledge, this was the first report of GHD in patients
with hyper-IgE syndrome (HIES) and chronic granulomatous
disease (CGD). Some SCID patients with GHD have been
reported to have STAT5b gene mutations.” However, the gene
was not investigated in our patient with SCID. With respect to
the mechanism underlying the development of GHD in patients
with CVID, common impairment in the IGF-1 and IgG path-
ways has been suggested as a cause of the growth retardation in
some patients with CVID.> In addition, anti-pituitary antibo-
dies have been detected in some of these patients.’® The patient
with congenital agammaglobulinaemia had various other com-
plications in addition to GHD (Table S3), suggesting that this
patient might have had a novel primary immunodeficiency.

Hypogonadism in patients with immunodeficiency with cen-
tromeric instability and facial anomalies (ICF) syndrome has
been reported previously®®, although the mechanism is unclear.
On the other hand, this was the first report of hypogonadism in
patients with congenital agammaglobulinaemia and HIES. It is
possible that hypogonadism has not been a major concern in
PID for clinicians.

Isolated ACTH deficiency usually occurs during adult life, and
only a few cases have been reported in childhood.*® However,
the development of isolated ACTH deficiency in a 14-year-old
girl with CVID has been reported®, in addition to the present
case (Table 1). Therefore, a common pathological background is
suspected in some of the patients with CVID.

Several limitations of this study should be considered. First,
there were only a small number of adult patients with PID
reported in this study, from which we could not estimate the
accurate prevalence of endocrine manifestations in adults. Sec-
ond, not all of the patients with PID were given sufficient exam-
inations by endocrinologists and different examination methods
were used at the respective hospitals.

There has been growing evidence of the interaction between
the immune and endocrine systems.*® In this study, we have
found an increased prevalence of endocrine complications in
patients with PID, which appear to be caused by immune dysre-
gulation or by the underlying genetic disorders of the respective
PID. Although various endocrine abnormalities have been
reported to occur after stem cell transplantation,®® therapy-
related endocrine abnormalities were not included in the present
study. A large-scale study such as a nationwide survey, focusing
on the endocrine diseases, may have the potential to provide
further insights into the mechanisms or pathophysiology of
endocrine disorders in non-PID as well as patients with PID.
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Abstract Reversion mosaicism is increasingly being
reported in primary immunodeficiency diseases, but there
have been few cases with clinically improved immune func-
tion. Here, a case is reported of X-linked severe combined
immunodeficiency (SCID-X1) with multiple somatic rever-
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sions in T cells, which restored sufficient cell-mediated im-
munity to overcome viral infection. Lineage-specific analysis
revealed multiple reversions in T cell receptor (TCR) o3+ and
TCRyd+ T cells. Diversity of the TCRV[3 repertoire was
comparable to normal and, furthermore, mitogen-induced
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proliferation of the patient’s T cells was minimally impaired
compared to healthy controls. In vivo and in vitro varicella
antigen-specific T cell responses were comparable to those of
healthy controls, although a reduced level of T cell receptor
excision circles suggested that recent thymic output was low.
During long-term evaluation of the patient’s immunologic
status, both the number of CD4+ and CD8+ T cells and T cell
proliferation responses were stable and the patient remained
healthy. This case demonstrates that multiple but restricted
somatic reversions in T cell progenitors can improve the
clinical phenotype of SCID-X1.

Keywords Severe combined immunodeficiency -
reversion - multiple

Introduction

X-linked severe combined immunodeficiency (SCID-X1) is
a recessive hereditary disease characterized by a lack of T
cells and natural killer (NK) cells. Without stem cell trans-
plantation, persistent infections with opportunistic organ-
isms uniformly lead to death in the first 2 years of life,
except in those with atypically attenuated phenotypes
[1-3]. Recently, spontanecous genetic reversion has been
reported in primary immunodeficiency disorders. Somatic re-
version mosaicism is considered to be ‘natural gene therapy’;
however, few cases are reported with reversions that restore
functional immunity [4-9]. Here, an atypical case of SCID-X1
with somatic mosaicism due to multiple reversions in T cells,
which restored sufficient T cell immunity, is described.

Materials and Methods
Patient

A male infant was born prematurely at 34 weeks and 4 days
of gestation with a birth weight of 1,660 g to healthy
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parents. There was no family history of consanguinity or
immunodeficiency. He was well until 14 months of age,
when he started to have recurrent bacterial respiratory tract
infections. At the age of 21 months, laboratory tests were
performed. Patient results were compared to age-matched
normal controls (controls). Examination of serum Ig
revealed a decreased level of I1gG (IgG, 1.93 g/L [range of
controls: 7.15-9.07 g/L]), and normal levels of IgA (IgA,
0.33 g/L [range of controls: 0.22-1.44 g/L]) and IgM (IgM,
0.72 g/L [range of controls: 0.34-1.28 g/L]). His serum IgG
was constantly under 2.0 g/L. In addition, he had a reduced
number of CD4+ cells (358/ul, [mean of controls: 1,683+
874]) and CD56+ cells (39/ul [mean of controls: 306+
207]), while CD3+ cells (1,803/ul [mean of controls:
2,997+1,751]), CD8+ cells (1,067/ul [mean of controls:
1,683+874]) and CD19+ cells (1,850/ul [mean of controls:
[,114+976]) were within the normal limits. The patient’s T
cell proliferative response to phytohemagglutinin (PHA)
(stimulation index (S.1.) of 172 [range of controls: 105~
225]) and to concanavalin-A (Con-A) (S.I. of 140 [range
of controls: 68-154]) was within the normal ranges for his
age. From these data, he was diagnosed with common
variable immunodeficiency (CVID) at that time. Intrave-
nous immunoglobulin therapy was started and he remained
in good health thereafter. Without receiving vaccination,
varicella infection at 5 years of age did not cause fever,
and he was successfully treated with oral acyclovir at an
outpatient clinic. At 9 years of age, warts developed and
spread over his body, and he was referred to our hospital for
assessment of his immunological status. Physical examina-
tion revealed neither detectable lymph nodes nor tonsils, and
his thymus appeared hypoplastic on CT scan. Before the
laboratory studies were performed, informed consent was
obtained from the patient and his parents, in accordance
with the institutional review board of Kyoto University
Hospital and the Declaration of Helsinki.

Flow Cytometry

Flow cytometric analysis was performed according to stan-
dard protocols with a FACSCalibur flow cytometer (Becton
Dickinson, USA). The following fluorochrome-conjugated
antibodies (Abs) were used for flow cytometric analysis:
CD3 (clone SK7), CD4 (clone CK3), CDS8 (clone SK1),
CD14 (clone MSE2), CD19 (clone SJ25C1), CD56 (clone
B159), CD45RA (clone HI100), CD45RO (clone UCHL1)
(BD Biosciences Pharmingen, USA), TCRaf (clone
IP26A), TCRyS (clone IMMU 510) (Beckman Coulter,
Inc., USA), CCR7 (clone 150503, R&D Systems Inc.,
USA), CD27 (clone 0323, eBioscience, Inc., USA),
CD132 (clone TUGh4, BD Biosciences Pharmingen), and
rabbit anti-Human IgD polyclonal Ab (DAKO Japan Co.,
Japan).
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Sequencing of Genomic DNA and cDNA, and Subcloning
Analysis

Peripheral blood mononuclear cells (PBMCs) were obtained
from the patient and his parents and various cell lineages
were sorted using a FACSVantage (Becton Dickinson). The
genomic DNA was isolated from the sorted samples and the
cDNA was obtained using reverse transcriptase Super Script
II (Invitrogen, USA) with Oligo (dT),o primer. Genomic
DNA and cDNA were amplified with the proofreading
PCR enzyme, KOD —Plus— (Toyobo, Japan). Direct se-
quencing analysis of all exons of the IL2RG gene, including
introns at least 50 bases adjacent, were performed on an ABI
3700 (Applied Biosystems, USA). For analysing revertant
subclones in each PBMC lineage, the genomic DNA and the
c¢DNA isolated from sorted cell fractions were amplified by
PCR with primer pairs 5'-TCCCAGAGGTT
CAGTGTTTTG-3" and 5'-TTGCAACTGACAGCCA
GAAG-3', and 5-CGCCATGTTGAAGCCATC-3' and 5'-
TTGCAACTGACAGCCAGAAG-3', for the region span-
ning exons 2 and 3 of IL2RG, respectively. These PCR
products were subcloned using a TOPO TA Cloning Kit
(Invitrogen) and sequenced.

T cell Functional Assays

To obtain PHA-induced T cell blasts, PBMCs were stimulat-
ed with PHA (Invitrogen) at 1:100 dilution and cultured in
RPMI 1640 (RPMI) supplemented with 5 % fetal calf serum
(FCS) with recombinant human IL-2 (50 IU/ml, kindly pro-
vided by Takeda Pharmaceutical Company, Japan) at 37 °C
for 7 days. After being rested in RPMI with 5 % FCS
overnight, the T cell blasts were stimulated with various
concentrations of IL-2 for 48 h, and [*H]-thymidine
uptake assays were performed as previously described
[8]. T cell receptor (TCR) V3 repertoire analysis and
CDR3 spectratyping were performed as described [10,
11]. In vitro cytokine production against varicella zoster
virus (VZV) antigen was performed as previously de-
scribed [12]. Spots were enumerated automatically using
the KS ELISPOT system (Carl Zeiss). The in vivo
delayed-type hypersensitivity (DTH) reaction to subcu-
taneous purified VZV antigen (BIKEN, Japan) was per-
formed as previously described [13]. The T cell receptor
excision circles (TRECs) from the patient PBMCs were
measured as previously described [14].

Tyrosine Phosphorylation of STATS by IL-2
PBMCs (1x10%) were cultured in RPMI with 5 % FCS at
37 °C for 2 h and then treated with or without IL-2

(10,000 U/ml) for 10 min. The cells were fixed and permea-
bilized with BD Cytofix Buffer and Phosflow Perm Buffer
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I (BD Biosciences Pharmingen) according to the manufac-
turer’s instructions. After washing with PBS containing 1 %
FCS, the cells were stained with mouse anti-pSTATS
(pY694) (clone 47, BD biosciences), anti-CD4 and anti-
CD8 mAbs and analyzed by flow cytometry.

Results and Discussion

At the age of 9 years, the patient presented with generalized
warts and no detectable lymph nodes and tonsils. This,
coupled with his prior hypogammaglobulinemia, prompted
a re-evaluation of his immunological status. He showed a
decreased level of IgA and a normal level of IgM but no
isohemagglutinin. Mitogen-induced proliferation assays
showed a slightly reduced response to PHA and Con A
(Table I). Surface marker analysis of PBMCs revealed
slightly decreased levels of CD3+ and CD4+ T cells, and a
normal level of CD8+ T cells (Table II). Naive CD4+ T cells

Table I Laboratory investigations (patient aged 9 years)

Patient Healthy
(IVIG) controls

Blood counts

White blood cells (count/pl) 7,400 3,600-9,800
Neutrophil (count/pl) 4,773 3,000--5,000
Lymphocyte (count/pl) 2,028 2,500-4,500
Monocyte (count/pl) 340 200-950
Eosinophil (count/pl) 252 0-700
Basophil (count/pl) 7 0150

Red blood cells (x10° count/pl) 5.15 4.08-5.07
Hemoglobin (g/dl) 12.5 11.6-14.1
Platelet (x10° count/ul) 275 201409
Serum Immunoglobulin levels

1gG (g/L) 7.69 10.79£2.63
IgA g/L) 0.26 2.46+0.91
1eM (g/L) 1.08 0.83+0.21
IgD (mg/L) <6 55+16

IgE (IU/mL) <5 <170
isohemagluttinin Undetectable

T cell proliferation

None {cpm) 163 127-456
Phytohemagglutinin  (cpm) 16,800 20,500-56,800
Concanavalin A (cpm) 16,600 20,300-65,700
DTH reaction to subcutaneous varicella virus antigen
Erythematous change 18 25.0

(mm in diameter)

Control values of blood counts are shown as the range from 95 % of
healthy children aged 9 to 12 years. Control values of serum immuno-
globulin levels are based on children aged 8 to 10 years and are shown
as the mean * SD. IVIG indicates monthly intravenous infusion of
2.5 g immunoglobulin
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Table II Surface marker analysis of peripheral blood mononuclear
cells (patient aged 9 years)

Patient Healthy controls

(count/pl) (count/ul)
CD3+ 1,080 2,813£1,197
CD4+ 357 1,699+850
CD8+ 582 9724457
TCRaf+ 890 2,154+1,004
TCRyd+ 190 324+182
CD4+CD4SRA+CCR7+ 8 1,290+756
CDS8+CD45RA+CCRT7+ 25 6554503
CD8+CD45RA+CCR7- 114 2214953
CD8+CDA45RA-CCR7+ 33 30.1+27.6
CD8+CD45RA-CCR7- 410 132+87.4
CD19+ 894 1,238+605
CD19+CD27+smlgD- 0.4 86.6+61.3
CD19+CD27+smlgD+ 143 1724123
CD3-CD56+ Undetectable 271+£186

Absolute numbers of cells expressing surface markers are shown.
Healthy control values are from children aged 2 to 9 years and are
shown as mean + SD

(CD4+/CD45RA+/CCR7+), naive CD8+ T cells (CD8+/
CD45RA+/CCRT7+), and both switched memory B cells
(CD19+/CD27+/smlgD-) and unswitched memory B cells
(CD19+/CD27+/cmlgD-) were scarce. In addition, natural
killer (NK) cells (CD3-/CD56+) were absent. This sug-
gested the existence of a genetic defect causing lack of
NK cells, such as an IL2RG deficiency and JAK3 deficiency,
and therefore the expression of IL2RG (also known as the
common gamma chain or CD132) was examined by flow
cytometry. Reduced expression was found on B cells and
monocytes, although T cells expressed normal levels of
CD132 (Fig. 1a). To determine whether CD132-dependent
signal transduction was functioning, STATS phosphoryla-
tion was analyzed on patient CD4+ and CD8+ T cells in
response to 1L-2. It was found to be comparable with that of
normal controls (Fig. 1b). In addition, a proliferation assay
of PHA-induced T cell blasts in response to exogenous JL-2
was performed (Fig. Ic). This confirmed that the patient T
cells, which were expressing normal levels of CD132, also
had intact IL-2 signaling.

To elucidate the genetic cause of the lineage-dependent
CD132 expression abnormalities, /L2RG genomic sequencing
was performed in various cell lineages. Genomic sequencing
of IL2RG in B cells, monocytes and buccal mucosa revealed a
point mutation, ¢.284-15A>G, in intron 2 of /L2RG. This has
been reported as a causative mutation of SCID-X1 [15],
producing aberrant mRNA with an ingertion of 14 bases
spanning nucleotide —14 to —1 of exon 3 (Fig. 2a, b). Genomic
sequencing of IL2RG in T cells showed overlapping bases at
and around the mutation sites, while the cDNA of [L2RG from

A
CD3+/ CD3+/

TCRap TORys P4

CD8+ CD14+ CD19+

Patient

i

Control

Patient

D pSTATS

(cpm)
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25000

IV [ T—  ——
15000

10000

5000

1 10100 1000 0

0 1 10100 1000 0

Patient Controlt Control2

Fig. 1 1L2RG expression and T cell function at 9 years old. a Surface
expression of IL2RG on PBMCs from the patient and healthy control
gated according to the expression of the indicated lineage surface
markers. Black lines indicate staining for IL2ZRG (with anti-CD132 Ab)
and gray lines indicate staining with the isotype control. Data represent
one of three independent experiments. b STATS tyrosine phosphorylation
in patient and control CD4+ and CD8+ cells after incubation with (shaded
histograms) or without 1L-2 (open histograms). ¢ Proliferation of PHA-
induced T cell blasts in response to IL-2 stimulation from the patient and
two controls. Data are shown as means £ SD

the T cells was normal (Fig. 2a, b). Genomic sequencing of
PBMC:s from the patient’s mother confirmed her as a carrier of
the mutation. The possibility of maternal engraftment was
excluded by FISH analysis of sex chromosomes (data not
shown), and it was concluded that the patient inherited the
mutation from his mother and that reversion occurred in the
patient’s T cells, which led to somatic mosaicism.

To explore the reversions that could have occurred to
restore normal [L2RG expression in the patient’s T cells,
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Fig. 2 Genetic analysis of
various cell lineages at 9 years
old. a Sequencing
chromatograms of the patient’s
DNA from various immune cell
lineages and buccal mucosa.
Red arrows indicate the
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subcloning and sequencing analysis of genomic DNA and
cDNA was performed in various cell lineages. In B cells and
monocytes, no reversion was detected and all of the cDNA
clones had aberrant splicing (Table lII). Analysis of
TCRaf3+ cells revealed seven reversions, a true-back rever-
sion, two fully compensating same-site reversions and four
second-site reversions, all of which favored a functional
reversion according to the splicing analysis software
NNSPLICEO.9 [16] (Table IV). None of these base changes
were detected in 200 clones from four healthy controls,
indicating that the identified intron changes were unlikely
to be due to PCR errors. The multiple reversions seen in this

Table III Clonal analysis of /L2ZRG ¢cDNA in various cell lineages

case differed from the single reversions seen in other
reported cases of reversion mosaicism of SCID-X1 [2, 3].
One possible reason for this is that, compared with the
previously reported exonic mutations, an intronic mutation
is more likely to acquire additional reversions on top of a
true-back mutation. Additionally, the nine-year lifespan of
the patient may have provided increased opportunities for
extra reversions to occur. TCRVf V-to-DJ rearrangement is
reported to be impaired in some SCID-X1 patients, suggest-
ing that differentiation arrest occurs at the CD4 immature
single positive (ISP) stage at which TCRVf3 V-to-DJ recom-
bination is completed in normal T cells [17]. Therefore, the

CD3+ CD4+

CD8+ CD14+ CD19+

Wild-type cDNA
Aberrant cDNA

100 % (25/25)
0 % (0/25)

100 % (31/31)
0 % (0/31)

100 % (30/30)
0 % (0/30)

0 % (0/45)
100 % (45/45)

0 % (0/34)
100 % (34/34)

Data represent the percentages of wild-type or aberrant spliced cDNA subclones in each lineage. The ratio indicates the number of each clone as
compared to the total number of clones analyzed, based on subcloning and sequencing analysis
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Table IV Multiple additional mutations detected in subclones of the
IL2RG gene '

Subclones Mutations

wild type  TT CCTCT T CCT Wild type
T CCAACC

Inherited TTCCICTTCCTT ¢.284-15A>G

mutation CCAGCC

No.1 TT CCTCTTCCT ¢.284-15A>T
T CCATCC

No.2 TT CCTCT T CCT ¢.284-15A>C
T CCACCC

No.3 TT CCTCT T CAT ¢.284-15A>G, ¢.284-21C>A
T CCAGCC

No.4 TT AGAGTGG ¢.284-15A>G, ¢.284-29 284-
CCTCT T CCT 28insAGAGTGG
T CCAGCC

No.5 TT CCTC c.284-24 284-14delllins
CACCCGCCAAC  CACCCGCCAA

No.6 TT CCTCT CAGCC  ¢.284-23 284-18delTCCTTC

reversions found in the patient’s T cells must have occurred
before or around the CD4ISP stage. Differences were ob-
served in reversion genotypes between the TCRaf3+ cells
and TCRyd+ cells. TCRyd+ cells had only one of the
second-site reversions found in TCRxp+ cells in addition
to a true-back reversion (No.3 in Table V). The identifica-
tion of fewer reversions in the patient’s TCRy6+ compared
to TCRap+ cells may reflect the greater abundance of
TCRa B+ cells, increasing the likelihood of the stochastic
occurrence of additional reversions [18]. Although no
reversions in the patient’s B cells or monocytes were
observed, it is possible that the reversions occurred in
the progenitor at the stage before commitment to T cells
and may reflect the unique nature of T cell proliferation
and expansion [19].

Reversion mosaicism has previously been reported in
SCID-X1 patients with /L2RG mutations, but it was accom-
panied by reduced T cell number and low proliferative
response to mitogens [2, 3]. The paradoxical nature of the
patient’s cellular immunity, a history of uneventful varicella

infection, and the occurrence of widespread warts with very
few naive T cells prompted an evaluation of his T cell
function. The TCR Vf3 repertoire analysis of CD4+ and
CD8+ T cells revealed comparable diversity to the normal
controls (data not shown). CDR3 spectratyping analysis
revealed the patient CD4+ T cells had as much variety as
the normal controls, but his CD8+ T cells displayed restrict-
ed diversity (Fig. 3a). To evaluate the antigen-specific re-
sponse of the patient’s T cells, response to VZV was
measured. The DTH reaction to subcutaneous VZV antigen
and the IFN-y production from VZV antigen-stimulated
PBMCs measured by an ELISPOT assay were compara-
ble to those of normal controls (Table 1 and Fig. 3b).
These data suggested that the patient maintained normal
cellular immune responses in vivo as well as having
normal in vitro IFN-y production ability against VZV
antigen. Multiple reversions from intronic mutations
could provide a sufficient number of normally function-
ing T cells and may improve the clinical phenotype
compared to previously reported cases with single rever-
sions. However, the number of TRECs in the patient’s
PBMCs (<10 copies/ug DNA) suggested a low level of
recent thymic output, and the restricted diversity of TCRs
observed in the patient’s CD8+ cells might reflect the
exhaustion of the T cell reservoir. To gain further insight,
the long-term immunologic status of the patient was
evaluated prospectively for 5 years. Absolute counts of
CD4+ and CD8+ T cells as well as mitogen-induced T
cell proliferation responses were measured every 2-
5 months (Fig. 4). Unexpectedly, the number of both
CD4+ and CD8+ T cells and mitogen-induced T cell
proliferation responses were stable and the patient
remained healthy over this period. In recent years, the
effector memory subset of CD8+ T cells (CD8+/CD45RA+/
CCR7-) has been taken as a marker of cell exhaustion or
replicative senescence [20]. However, the majority of CD8+
T cells of the patient were memory CD8+ T cells (CD8+/
CD45RA-/CCR7+) and the population of effector memory
CD8+ T cells was very small (Table II). These data

Table V Clonal analysis of somatic mosaicism of the /L2ZRG gene in various cell lineages

Wild type Inherited mutation ~ No.1 No.2 No.3 No.4 No.5 No.6
TCRap+ 21 % (7/33) 12 % (4/33) 9 % (3/33) 12 % (4/33) 21 % (7/33) 9% (3/33) 6 % (2/33) 9 % (3/33)
TCRy8+ 2 % (1/42) 2 % (1/42) 0 % (0/42) 0% (0/42) 95 % (40/42) 0% (0/42) 0% (0/42) 0 % (0/42)
CD3+ % (2/39) 5 % (2/39) 26 % (10/39) 13 % (5/39) 38 % (15/39) 3 % (1/39) 10 % (4/39) 0 % (0/39)
CD4+ 32 % (25/79) 3 % (2/79) 13 % (10/79) 19 % (15/79) 16 % (13/79) 3 % (2/79) 3 % (2/79) 13 % (10/79)
CD8+ 10 % (7/73) 4 % (3/73) 21 % (15/73) 19 % (14/73) 25 % (18/73) 8 % (6/73) 12 % (9/73) 1 % (1/73)
CD14+ 0 % (0/33) 100 % (33/33) 0 % (0/33) 0 % (0/33) 0% (0/33) 0% (0/33) 0% (0/33) 0 % (0/33)
CD19+ 0 % (0/30) 100 % (30/30) 0 % (0/30) 0 % (0/30) 0% (0/30) 0% (0/30) 0% (0/30) 0 % (0/30)

Data represent the percentages of each additional mutant subclone in each lincage. The ratio indicates the number of each mutant clone in various
cell lineages as compared to the total number of clones analyzed, based on subcloning and sequencing analysis
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Fig. 3 Functional evaluation of T cells at 9 years old. a CDR3
spectratyping of the TCRVf3 chain. Each TCRVf3 fragment was am-
plified from ¢cDNA with one of 24V 3-specific primers (each Vf3 chain
is indicated). The size distribution of the PCR products was determined
by an automated sequencer and GeneScan software. The CDR3 size
distribution in CD4+ and CD8+ T cells from the patient is shown. b

demonstrated that the patient maintained a certain level of T
cell immunity for over a decade, despite the fact that the
supply of fresh T cells from the thymus was limited and the
patient suffered from generalized warts. Further follow up is
required to determine if the patient can continue to maintain
long-term T cell immunity.

Patient

Control

Patient

[ PBMC 3.0x 105 cells
i PBMC 1.0x 105 cells
B PBMC 0.3x 10° cells

Elispot analysis of IFN-y production as a measure of T cell function.
(LEFT) Varicella-specific immune response to varicella zoster (VZV)
antigen in vitro. Patient and control (from a healthy with a previous
history of varicella infection) PBMCs (0.3-3x10°%) were stimulated
with inactivated VZV antigen or (RIGHT) PHA. Data are shown as
mean + SD

In conclusion, this study indicates that it is critical to
determine the NK cell number to avoid overlooking rever-
sion mosaicism of SCID-X1. In addition, it has been shown
that a number of IL2RG gene reversions can restore T cell
functions and maintain T cell immunity against viral infec-
tion for at least 14 years.
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Fig. 4 Long term evaluation of T cell number and mitogen-induced
proliferative response. a Absolute counts (per pil) of total lymphocytes
(lym), CD3+ cells, CD4+ cells and CD8+ cells were measured for
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4 years. b T cell proliferation in response to PHA (solid line) and Con
A (dotted line). Healthy control values for PHA range from 20,500 to
56,800 cpm and for Con A from 20,500 to 65,700 cpm
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Abstract Acute disseminated encephalomyelitis (ADEM)
is a monophasic, immune-mediated demyelinating disorder
that can appear after either immunizations or, more often,
infections. Magnetic resonance imaging of patients shows
inflammatory lesions in the brain and spinal cord. An
immune-mediated mechanism may play a role in this disease,
although its precise pathogenesis remains unclear. In this
study, a 2-year-old boy presented with ADEM, and he
showed improvement on treatment with high-dose intrave-
nous corticosteroids. At the age of 3 years, the presence of
recurrent bronchitis, bronchiectasia, and lymphopenia sug-
gested that the patient was suffering from combined
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immunodeficiency. The patient was finally diagnosed with
delayed onset adenosine deaminase deficiency. Delayed
onset adenosine deaminase deficiency is frequently associ-
ated with autoimmune diseases, including thyroiditis and
cytopenia, both of which were observed in the patient. The
ADEM in this patient may be a presentation of delayed onset
adenosine deaminase deficiency.

Keywords Acute disseminated encephalomyelitis -
Adenosine deaminase - Bronchiectasia - Delayed onset -
Lymphopenia

Introduction

Adenosine deaminase (ADA) deficiency is a systemic purine
metabolic disorder that primarily affects lymphocyte
development and function [1, 2]. ADA deficiency has
accounted for approximately 15 % of severe combined
immunodeficiency (SCID) cases and 30-40 % of autosomal
recessive SCID cases [3]. The ADA gene is encoded by a
32 kb region that contains 12 exons and is located in chro-
mosome 20q13.11, and ADA mutations include missense,
splicing, deletion and nonsense mutations. ADA is an
enzyme of the purine salvage pathway that catalyzes the
deamination of adenosine and deoxyadenosine, giving rise to
inosine and deoxyinosine, respectively. The absence of ADA
results in an accumulation of the substrate adenosine and
deoxyadenosine. The latter is phosphorylated by nucleoside
kinases, which results in the production of deoxynucleotide
triphosphates (dATP). ADA deficiency may promote pro-
apoptotic effects due to the accumulation of dATP, which
may be responsible for the observed lymphopenia due to
ADA deficiency. Thus, the clinical presentation of ADA-
deficient patients is similar to that of SCID patients.
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A majority of ADA-deficient patients have neonatal-
onset disease and present with lymphopenia, an absence of
cellular and humoral immunity, failure to thrive and a rapid
disease course due to infections. However, approximately
15 % of ADA-deficient patients are diagnosed between 3
and 15 years of age or in adulthood, and their disorder has
been referred to as “delayed onset type” and “late onset
type” ADA deficiency. Patients with delayed onset ADA
deficiency show variable clinical manifestations including
recurrent sinopulmonary bacterial infections and septice-
mia. Laboratory data may show IgG2 deficiency, but a
markedly elevated IgE titer and eosinophilia. Autoimmune
diseases, including autoimmune hypothyroiditis, diabetes
mellitus, hemolytic anemia and idiopathic thrombocyto-
penia, may be observed in conjunction with ADA defi-
ciency. Here, we describe a Japanese child with delayed
onset ADA deficiency.

Before the time of diagnosis, the patient had acute dis-
seminated encephalomyelitis (ADEM), from which he
recovered with minor residual disability. ADEM shows
multiple inflammatory lesions in the brain and spinal cord,
particularly in the white matter, suggesting that it may
involve autoimmune demyelination [4]. Therefore, ADEM
may be an early sign of autoimmune disease resulting from
the onset of delayed onset ADA deficiency as autoimmune
disease.

Case report

The patient had experienced recurrent bronchitis and mild
leukopenia since 5 months of age, but the patient had no
severe infections or adverse effects. At 2 years of age, he
presented with a fever, gait disturbances and lethargy, and
he was admitted to the hospital. Upon admission, he also
had motor weakness and urinary retention. Physical
examination revealed drowsiness and bilateral normal deep
tendon reflexes, but no neck stiffness was observed. Lab-
oratory investigations, which included a measure of anti-
nuclear antibody titers, were normal. Cerebrospinal fluid
(CSF) analysis revealed 51 white blood cells per microliter
with 86 % lymphocytes and 14 % polymorphonuclear
cells, and the total protein content was increased to
102 mg/dl. CSF culture was negative and the glucose level
was normal. Myelin basic protein in CSF was increased to
5347 pg/ml (normal <102 pg/ml), suggesting the occur-
rence of demyelination. Magnetic resonance imaging
(MRI) showed patch lesions of high signal intensity on the
T2-weighted images and low signal on the T1-weighted
images in the subcortical and central white matter regions,
as well as the basal ganglia and spine (Fig. 1). These
findings suggested demyelination and edema. Multiple
asymmetric lesions were present.

Fig. 1 Axial T2-weighted MRI of the patient’s brain. Several high
intensity signals are observed in the brain, as indicated

The clinical and MRI data led us to the diagnosis of
ADEM, and the patient was immediately treated with high-
dose intravenous methylprednisolone. The patient’s level
of consciousness and his neurological signs gradually
improved over the next month. He retained only a residual
hyperreflexia of the patella and Achilles tendons. Four
months later, the brain MRI results were almost normal.

Frequent infectious episodes were again observed in the
patient after he turned 3 years old, and he was finally
admitted for investigation. A physical examination
revealed that the boy’s height was 100 cm (40.5 SD), and
his weight was 16.2 kg (+0.7 SD). Other clinical statistics
were as follows: his temperature was 37.4 °C, heart rate
was 135/min, respiratory rate was 25/min, blood pressure
was 102/62 mmHg and SpO, was 95 % at room tempera-
ture. Occasional rales were heard over both lungs. Neither
organomegaly nor enlarged lymph nodes were observed.

Laboratory tests revealed altered contributions of blood
cells, but largely normal blood chemistry. The specific
blood values recoded are as follows: hemoglobin, 10.2 g/
dl; white blood cells, 2220/ul with 600/ul neutrophils and
580/ul lymphocytes; platelets, 276000/ul; and C-reactive
protein, 4.43 mg/dl (normal range <0.29 mg/dl). Blood
chemistry, which included liver enzymes and electrolytes,
was normal. Chest X-rays appeared normal, although chest
computed tomography revealed bronchiectasia. KL-6 was
elevated to 3674 U/ml (normal <499 U/ml). Thyroid-

~ stimulating hormone was elevated to 133 pIU/ml (normal
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0.35-3.73 pulU/ml). However, free T3 and free T4 were
roughly normal at 2.3 pg/ml (normal 2.2-4.1 pg/ml) and
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0.6 ng/dl (normal 0.9-1.8 ng/dl), respectively. These data
suggest that the patient had hypothyroidism. The presence
of anti-thyroglobulin and anti-thyroid peroxidase antibod-
ies indicated autoimmune thyroiditis, and the patient was
treated with levothyroxine.

Unexpectedly, immunological studies showed hyper-
gammaglobulinemia in the patient (Table 1). IgG2 levels
were within the normal range, but a percentage of an IgG2
subclass (5.41 %) was lower than that in the normal con-
trols (20-30 %). In addition, the patient tested positive for
varicella zoster-specific 1gG. Although the patient had
recurrent pneumococcal infections, the level of pneumo-
coccus-specific IgG2 was only 0.6 pg/ml (normal >3.0 ng/
ml). Lymphocyte subpopulations revealed an extremely
high frequency of activated (HLA-DR™) CD3™" T cells and
memory (CD45RO™) CD4" and CD8* T cells, and an
extremely reduced number of CD20™ B cells. An analysis

Table 1 Immunological studies in the patient

Test Value Unit Normal value

Immunoglobulins

IgG 1659 mg/dl 929 + 228
IgA 51 mg/dl 56 £ 18
IgM 188 mg/dl 93 + 27
IgE e IU/ml 0-170
IgG subclasses
IeG1 1220 mg/dl 390.2-955.2
1gG2 72.9 mg/dl 58.5-292.1
1eG3 52.4 mg/dl 11.4-98.8
1G4 3.0 mg/dl 1.2-76.7
Lymphocyte subpopulations
CD3 70.3 % 714 £5.8
CD4 23.4 % 432 + 115
CD8 44.2 % 223 4+ 6.6
HLA-DR/CD3 76.5 % <1.0
CD45R0O/CD4 74.8 % 219 + 44
CD45R0O/CDS 39.6 % 14.9 + 5.6
CD20 0.2 % 125 + 6.7

Lymphoproliferative response to mitogen

Phytohemagglutinin 7438 cpm 20500-56800
Natural killer cell 6 % 18-40
activity
TRECs quantification
At birth 1.011 x 10* copies/ug 6.2 £ 3.2 x 10°
DNA
Present Undetectable
Autoantibodies
Anti-thyroglobulin 538 1U/ml <279
Anti-thyroid 185 U/ml <0.29
peroxidase
Anti-nuclear Positive Negative
Anti-neutrophil Positive Negative
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of the T-cell receptor Vf repertoire revealed a strongly
skewed pattern in CD8" T cells but not in the repertoire of
CD4% T cells (data not shown). Lymphocyte proliferation
was impaired in response to phytohemagglutinin, and
natural Killer cell activity was low. T-cell receptor excision
circles (TRECs) were quantified by real time-PCR, as
previously described [5]. When measured with the patient’s
neonatal Guthrie card, the copy number of TRECs was
lower than normal, but they were well detectable. How-
ever, TRECs were undetectable in this patient at the age of
3 years. The delayed-type hypersensitivity skin test, which
uses purified protein from tuberculosis, was negative
despite the fact that the patient had been immunized with
the bacille Calmette—~Guérin vaccine. Furthermore, the
patient was positive for various autoantibodies, including
anti-thyroglobulin and anti-nuclear antibodies.

Although the patient showed hypergammaglobulinemia,
the presence of humoral and cellular immune defects in
addition to various autoimmune features suggested a
diagnosis of delayed onset ADA deficiency. Therefore,
ADA enzyme activity was assayed by the radiochemical
thin-layer chromatography method, as previously described
[6, 7]. The levels of adenosine nucleotide (AXP) and
deoxyadenosine nucleotides (dAXP) in erythrocytes were
determined, as previously described [8]. The patient’s
ADA activity in mononuclear cells was detectable at
8.6 nmol/min/10® cells, but this value is approximately
one-tenth of activity found in normal controls (102.6 nmol/
min/10® cells) (Fig. 2). Consistent with this observation,
the patient’s ADA level in red blood cells (RBC) was
0 nmol/h/mg (normal 26.4 + 10.0 nmol/h/mg), and the
toxic metabolite dAXP levels in RBC were increased to
9.4 % (normal <1 %). These data indicated that the ADA
activity observed in the patient might be mild. The parents’
ADA levels in RBC were intermediate between that of the
patient’s level and that of a normal control (mother

ey A

£ 5§ 2

& §® §
«

O o w

Tris

Fig. 2 ADA enzymatic activity. Each lane corresponds to a different
sample as follow: control individual (102.6 U), the patient (8.6 U),
the patient’s father (39.6 U), Tris (1.0 U), and water (1.0 U). U
denotes nmol/min/10% cells
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12.2 nmol/h/mg, father 14.1 nmol/h/mg), which suggests
that they are carriers of the ADA deficiency. Gene analysis
of ADA revealed compound heterozygous mutations in the
patient (R156C and V177M), each contributed by one
parent: the mother had contributed the R156C mutation and
the father passed on a V177M mutation, respectively,
thereby confirming the parents’ carrier status.

After the diagnosis of delayed onset ADA deficiency, the
patient was treated with intravenous immunoglobulin, and
he received oral administration of trimethoprim—sulfa-
methoxazole, and acyclovir. Following the prophylactic
treatment, the patient was nearly free from infections.
However, serum immunoglobulin levels were decreased
(IgG 1069 mg/dl, IgA 21 mg/dl, and IgM 33 mg/dl) at the
age of 4 years. Therefore, we searched for a human leuko-
cyte antigen-identical donor and identified his healthy sister
as a suitable donor. At the age of 4 years, he underwent a
bone marrow transplant preceded by a reduced-intensity
conditioning regimen. This regimen included reduced dose
intravenous busulfan (8.8 mg/kg total) and fludarabine (total
dose: 180 mg/m?) with standard cyclosporine A prophy-
laxis. Total nucleated cell and CD34% cell counts were
6.9 x 10® and 3.1 x 10° cells/kg, respectively. Thus, the
patient’s condition was good and he exhibited immune
reconstitution with nearly complete chimerism.

Discussion

The recurrent infectious episodes in the patient presented
herein suggested that he harbored a primary immunodefi-
ciency, and bronchiectasis demonstrated by computed
tomography strongly suggested that it was specially a
humoral immunodeficiency. Although he had hypergam-
maglobulinemia, the relatively low frequency of IgG2
subclasses, low levels of pneumococcus-specific IgG2 and
the decreased number of B cells demonstrated that the
patient had humoral immune defects. Nonetheless, the
absolute number of T cells was decreased, and naive T
cells were profoundly diminished in the patient. Impaired
lymphocyte proliferation in response to mitogen and the
lack of TRECs also indicated that a cellular immune
deficiency was present. Hyperproduction of immunoglob-
ulins by scanty B cells suggests that the patient’s B cells
may be oligoclonal. Furthermore, it remains to be deter-
mined whether a specific autoantibody target could be
associated with the development of ADEM in this patient,
particularly because he also presented with autoimmune
disease, such as autoimmune thyroiditis. The combined
presence of delayed onset combined immune deficiency
and autoimmunity suggested a diagnosis of either delayed
onset ADA deficiency or RAG deficiency. Our patient was
finally diagnosed with delayed onset ADA deficiency.
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The various phenotypes observed in ADA deficiency
exhibit a strong correlation with their respective genotypes.
For instance, alleles are grouped according to the resulting
levels of ADA activity: deletion and nonsense alleles
formed Group 0, which assumes no activity, whereas the
amino acid substitutions are placed in Groups I-IV with
increasing ADA activity [9]. The levels of soluble ADA
activity and immunoreactive ADA protein expressed by
mutant ADA cDNA were measured. ADA proteins bearing
the patient’s R156C or V177M mutations were included in
Groups I and 11, respectively. Patients with Group 0 or I
alleles might show SCID, whereas patients with Group II
might present with delayed onset phenotypes. The pheno-
type resulting from a combination of R156C and V177M
mutations is compatible with that of delayed onset ADA
deficiency.

ADEM is defined as a first episode of inflammatory
demyelination with polyfocal neurological deficits (altered
behavior or consciousness) [4]. MRI features of diffuse,
bilateral lesions support ADEM. While the pathophysiol-
ogy of ADEM remains undefined, it is believed to include
autoimmune responses mounted de novo or following an
infection. There is no report of an association between
ADEM and ADA deficiency, although ADEM is rarely
associated with immune deficient individuals. For instance,
in one report, a child with common variable immune
deficiency was associated with ADEM and Lennox~Gas-
taut syndrome [{0], and ADEM has been observed in
several patients with primary HIV infections [11-14].
Abnormal T cells and/or B cells that may be present under
conditions of immune deficiency may promote an auto-
immune process that results in ADEM. In support of this
notion, patients with delayed onset ADA deficiency are
frequently associated with autoimmune diseases, including
autoimmune thyroiditis. The combination of an oligoclonal
T-cell repertoire and a specific autoantibody produced by B
cells may contribute to the development of ADEM in the
patient. This study suggested that the patient presented
ADEM as an autoimmune disease associated with delayed
onset ADA deficiency.
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Chronic Mucocutaneous Candidiasis Caused by a
Gain-of-Function Mutation in the STAT1 DNA-Binding

Domain
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Kenichi Maruyama,§ Yasuhiro Yamazaki,* Natsuko Chida,”"1I Osamu Ohara,lI

Ichiro Kobayashi,* and Tadashi Ariga*

Chronic mucocutaneous candidiasis (CMC) is a heterogeneous group of primary immunodeficiency diseases characterized by
chronic and recurrent Candida infections of the skin, nails, and oropharynx. Gain-of-function mutations in STATI were very
recently shown to be responsible for autosomal-dominant or sporadic cases of CMC. The reported mutations have been exclu-
sively localized in the coiled-coil domain, resulting in impaired dephosphorylation of STAT1. However, recent crystallographic
analysis and direct mutagenesis experiments indicate that mutations affecting the DNA-binding domain of STAT1 could also lead
to persistent phosphorylation of STAT1. To our knowledge, this study shows for the first time that a DNA-binding domain
mutation of ¢.1153C>T in exon 14 (p.T385M) is the genetic cause of sporadic CMC in two unrelated Japanese patients. The
underlying mechanisms involve a gain of STAT1 function due to impaired dephosphorylation as observed in the coiled-coil domain

mutations. The Journal of Immunology, 2012, 189: 000-000.

hronic mucocutaneous candidiasis (CMC) is a heteroge-

neous group of primary immunodeficiency diseases char-

acterized by chronic and recurrent Candida infections
of the skin, nails, and oropharynx (1). It is often associated with
a variety of endocrine or autoimmune disorders. Especially, in au-
toimmune polyendocrinopathy with candidiasis and ectodermal
dystrophy, mucocutaneous candidiasis is accompanied by hypo-
parathyroidism, adrenal failure, insulin-dependent diabetes mellitus,
alopecia, and malabsorption syndrome (2). Although autosomal-
dominant forms of CMC are also associated with endocrine dis-
orders, such as hypothyroidism (3), the genetic causes of these
disorders had remained unknown until very recently.

In 2011, two groups reported that autosomal-dominant CMC and
sporadic CMC are caused by mutations in STAT! (4-6). The re-
ported mutations have been exclusively localized in the coiled-coil
(CC) domain, leading to gain of STAT1 function due to impaired
STAT1 dephosphorylation (4). However, crystallographic analysis
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and direct mutagenesis experiments indicated that mutations in
the DNA-binding domain (DBD) could also cause a resistance to
dephosphorylation (7, 8). To our knowledge, this is the first study
to demonstrate that a mutation affecting the DBD of STAT is the
genetic cause of sporadic CMC in two unrelated Japanese patients.
The mechanisms involve a gain of STAT1 function due to im-
paired dephosphorylation of STAT1, as also observed in mutations
affecting the CC domain.

Materials and Methods

Patients

Patient 1 is a 12-y-old boy born to nonconsanguineous healthy Japanese
parents. He developed severe and recurrent oral thrush since the age of 2 y
and was diagnosed with CMC. He has also had recurrent pneumonia,
bronchitis, and otitis media caused by Streptococcus pneumoniae since the
age of 3 y. Chest x-ray and computerized tomography scan demonstrated
the presence of bronchiectasis at the age of 5 y. He was noticed to have
hypothyroidism with positive anti—thyroid-stimulating hormone receptor
Abs, and levothyroxine was initiated at the age of 9 y.

Patient 2 is a boy born to nonconsanguineous healthy Japanese
parents. He had poor body weight gain soon after birth. He was diag-
nosed with CMC at the age of 6 y. He also had recurrent bronchitis,
pneumonia, and sinusitis caused by S. prneumoniae. He was diagnosed
with bronchiectasis at the age of 7 y. At the age of 13 y, he developed
hemophagocytic lymphohistiocytosis (HLH). He subsequently presented
with autoimmune hemolytic anemia with positive direct and indirect
Coombs’ tests and thrombocytopenia and was diagnosed as having Evans
syndrome. He died suddenly at the age of 14 y and 5 mo from dis-
seminated intravascular coagulation and pulmonary insufficiency of
unknown etiology. These two patients were not related (case reports
in preparation).

Patient 3 is a 15-y-old girl with CMC. Her father had also been diag-
nosed with CMC and died of cerebral vasculitis (9). She was demonstrated
to have the heterozygous R274Q mutation affecting the CC domain of
STAT1. Because this mutation was recently reported as a gain-of-function
mutation due to impaired dephosphorylation of STAT1 (4), we studied
Patient 3 as a control for investigating the mechanisms of the development
of CMC in Patients 1 and 2. Informed consent for genetic analysis was
obtained from the patients, their family members, and normal controls
under a protocol approved by the Institutional Review Board of Hokkaido
University Hospital.



