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ABSTRACT
Background Chronic mucocutaneous candidiasis
disease (CMCD) may result from various inborn errors of
interleukin (IL)-17-mediated immunity. Twelve of the 13
causal mutations described to date affect the coiled-coil
domain (CCD) of STAT1. Several mutations, including
R274W in particular, are recurrent, but the underlying
mechanism is unclear.
Objective To investigate and describe nine patients
with CMCD in Eastern and Central Europe, to assess the
biochemical impact of STAT1 mutations, to determine
cytokines in supernatants of Candida-exposed blood
cells, to determine IL-17-producing T cell subsets and to
determine STAT1 haplotypes in a family with the
c.820C>T (R274W) mutation.
Results The novel c.537C>A (N179K) STAT1 mutation
was gain-of-function (GOF) for γ-activated factor
(GAF)-dependent cellular responses. In a Russian patient,
the cause of CMCD was the newly identiﬁed c.854 A>G
(Q285R) STAT1 mutation, which was also GOF for
GAF-dependent responses. The c.1154C>T (T385M)
mutation affecting the DNA-binding domain (DBD)
resulted in a gain of STAT1 phosphorylation in a
Ukrainian patient. Impaired Candida-induced IL-17A and
IL-22 secretion by leucocytes and lower levels of
intracellular IL-17 and IL-22 production by T cells were
found in several patients. Haplotype studies indicated
that the c.820C>T (R274W) mutation was recurrent due
to a hotspot rather than a founder effect. Severe clinical
phenotypes, including intracranial aneurysm, are
presented.
Conclusions The c.537C>A and c.854A>G mutations
affecting the CCD and the c.1154C>T mutation affecting
the DBD of STAT1 are GOF. The c.820C>T mutation of
STAT1 in patients with CMCD is recurrent due to a
hotspot. Patients carrying GOF mutations of STAT1 may
develop multiple intracranial aneurysms by hitherto
unknown mechanisms.

INTRODUCTION
High susceptibility to mucosal and skin candidiasis is
a hallmark of several primary immunodeﬁciency disorders (PIDs) associated with impaired interleukin
(IL)-17 T cell immunity.1–7 Isolated chronic mucocutaneous candidiasis (CMC) was ﬁrst described in the
1960s, but its genetic causes remained unknown until
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recently.4 6 CMC may occur in patients with PIDs
and various other pathological conditions, such as
severe combined immunodeﬁciency, combined
immunodeﬁciency-like dedicator of cytokinesis 8 deﬁciency, signal transducer and activator of transcription
(STAT) 3 deﬁciency causing autosomal-dominant
hyper-IgE syndrome (AD-HIES), autosomal recessive
(AR), autoimmune polyendocrine syndrome type 1,
AR IL-12Rβ1 and IL-12p40 deﬁciencies, AR tyrosine
kinase (TYK) 2 deﬁciency and AR caspase recruitment
domain nine deﬁciency.1 6 However, CMC may be
the only or the principal disease phenotype in patients
with PIDs, such as AD IL-17F and AR IL-17RA deﬁciencies,8 and gain-of-function (GOF) mutations of
STAT1.9 In such cases of essentially isolated CMC, the
patients are described as suffering from CMC disease
(CMCD).8–13
Mutations affecting the STAT1 coiled-coil
domain (CCD) were the ﬁrst to be implicated in
CMCD, initially in a patient with sporadic CMCD
from Ukraine and then in various kindreds of different ethnic origins.9–13 This was somewhat surprising, because previously reported STAT1
mutations affecting the DNA-binding domain
(DBD), the SH2 domain, the tail segment and even
some other mutations affecting the CCD (K201N
and K211R) had been linked to Mendelian susceptibility to mycobacterial disease (MSMD), with or
without predisposition to viral, but not candidal
diseases.7 It was suggested that various CCD mutations, including the D165G mutation found in the
index patient from the Ukraine and the 11 additional sequence variants found in CMCD patients,
actually resulted in a gain of phosphorylation and
GOF due to a loss of dephosphorylation of STAT1
homodimers after translocation to the nucleus.9
The picture has been complicated even further by
recent reports of two patients with sporadic
CMCD and the T385M DBD mutation associated
with a GOF due to hyperphosphorylation and
impaired dephosphorylation after nuclear translocation.13 Indeed, previously reported mutations
affecting the DBD were loss-of-function (LOF) and
were found in patients with mycobacterial disease.7
Various STAT1 GOF mutations (affecting the
CCD or the DBD) have been systematically associated with susceptibility to CMCD. Primary
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Origin

Family ID

Patient ID (age, year)

Mutation (c.DNA)

Exon

Amino acid change

Affected domain

Reference

CZ
CZ
CZ
HU
HU
RU
RU
UA
UA

A
B
B
C
C
D
E
F
G

P1
P2
P3
P4
P5
P6
P7
P8
P9

c.537C>A†
c.800C>T
c.800C>T
c.820C>T
c.820C>T
c.821G>A
c.854A>G†
c.1154C>T
c.494A>G

7
10
10
10
10
10
10
14
7

N179K
A267V
A267V
R274W
R274W
R274Q
Q285R
T385M
D165G

CCD
CCD
CCD
CCD
CCD
CCD
CCD
DBD
CCD

This report
This report
This report

(9*)
(39)
(12)
(48)
(17)
(17)
(9)
(13)
(22)

11
11

This report
This report
This report
9

*Died at the age indicated.
†Novel mutation detected.
CCD, coiled-coil domain; CZ, Czech Republic; DBD, DNA-binding domain; HU, Hungary; RU, Russia; UA, Ukraine.

STAT1 defects have been described over the last 10 years, and
the susceptibility of affected patients to infections with viruses,
mycobacteria, staphylococci and fungi has been shown to depend
on the monoallelic or biallelic and GOF or LOF nature of the
mutations they carry.7 Several patients with GOF STAT1 mutations presenting not only CMCD, but also severe viral infections
and/or autoimmune signs have recently been described.9–13
Clearly, more clinical data and phenotype–genotype studies are
required to deﬁne the CMCD caused by STAT1 sequence variants. We describe here the genetic, immunological and clinical
ﬁndings for nine patients with STAT1 mutations and CMCD
diagnosed in four Eastern and Central European (ECE) countries
by whole-exome sequencing (WES) and Sanger sequencing.

PATIENTS AND METHODS
Patients
The patients and their families are described in the online supplementary case reports. All the patients are Caucasian. Genetic
data, infectious signs and immunological ﬁndings are summarised in tables 1–3. All the studies described here were

Table 2

approved by the Regional Ethics Committee of the University of
Debrecen Medical and Health Science Center and by the institutional review boards of the centres at which the patients were
managed. Informed consent was obtained from the patients or
their parents (for minors).

Detection of mutations
Exome sequencing. DNA (3 μg) was extracted from Epstein–
Barr virus (EBV)-transformed B cells (EBV-B cells; see below)
and sheared with a Covaris S2 Ultrasonicator. An adaptorligated library was prepared with the TruSeq DNA Sample
Preparation Kit (Illumina). Exome capture was performed with
the SureSelect Human All Exon kit (Agilent).9 14–17 Paired-end
sequencing was carried out on an Illumina HiSeq 2000 generating 100 bp reads. For sequence alignment, variant calling and
annotation, the sequences were aligned with the human genome
reference sequence (GRCh37 build), with the Burrows–Wheeler
Aligner.17 18 Downstream processing was carried out with the
Genome analysis toolkit (GATK) and SAMtools.18 19 Variant
calls were made with a GATK Uniﬁed Genotyper. All calls with

Infectious manifestations in new patients reported in this study with STAT1 mutations and chronic mucocutaneous candidiasis*

Infections
Candidiasis
Oral
Nail (and skin)
Oesophageal
Genital
Viral infections
Varicella
Recurrent HSV infection
Other infections
Pneumonia
Aphthous stomatitis
Furunculosis
Impetigo
Blepharitis
Keratitis
Renal abscess
Cystitis
Periodontitis

Patient P1

Patient P2

Patient P3

Patient P6

Patient P7

Patient P8

6 month
5 year
no
no

12 month
3 year
19 year
8 year

12 month
12 year
no
11 year

13 month
4,5 year
8 year
no

2 month
1 year
6 year
No

Since birth
3 month
5 year
8 year

8 year
no

6 year
20 year

5 year
no

5 year
no

No
No

10 year (mild)
3 year (6–10 per year)

3 year (4×)
no
no
no
8 year (1)
No
9 year
no
no

no
6 year
no
no
no
5 year
no
20 year
no

no
6 year
no
no
no
no
no
12 year
no

2,5 year (4×)
1 year (3–4×)
7 year (>3 per year)
no
no
no
no
12 year (2×)
7 year

5 year
6 month (2–3 yearly, >4r
–
no
no
no
no
no
no

2 year (4×)
2 month (monthly)
6 year (3×)
5 year (1–2 per year)
5 year (6×)
no
no
no
no

*Age at first episode (times of recurrences); For clinical data of previously published patients (P4, P5 and P9), see online supplementary case reports.
HSV, Herpes simplex virus.
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Table 1 Genetic features of patients with STAT1 mutation and chronic mucocutaneous candidiasis diagnosed in Eastern and Central Europe

Host defence

Patient P1
Serum immunoglobulins
IgG (g/l)
IgA (g/l)
IgM (g/l)
IgE (kU/l)
Specific antibodies
Anti-Str. pneumoniae (μg/ml)
Anti-H. influenzae type B (μg/ml)
Anti-tetanus (IU/ml)
White blood cell count (cell/μl)
Monocytes
Granulocytes
Lymphocytes
Percentage of lymphocytes
CD3
CD4
CD8
CD19
CD56/CD3−

Patient P2

Patient P3

Patient P6

Patient P7

Patient P8

Normals

8.26
1.27
1.02
21

21.4
<0.07
0.61
<30

11.2
2.2
0.52
60

8.30
1.30
0.40
nd

24.0
1.14
1.48
52

12.0
5.00
0.90
nd

7.00–16.0
0.70–4.00
0.40–2.30
0.00–150.0

35.5
0.359
0.106
7.5
0.7
4.6
1.7

>270
7.35
1.3
7.9
0.75
4.9
2.1

35
>9
0.38
5.3
0.7
2.5
1.96

nd
nd
nd
7.40
0.37
5.13
1.78

nd
nd
nd
4.10
0.41
2.09
1.35

0.38
1.98
0.08
5.59
0.46
2.94
2.19

>10.00
>0.15
>0.70
4.50–10.8
0.20–0.90
1.90–7.70
0.90–3.10

66
35
25
23
9

76
43
33
19
9

71
43
28
24
7

68
41
25
18
12

55.0–85.0
32.0–62.0
12.0–40.0
5.00–20.0
5.00–30.0

73.0
30.0
31.0
14.0
12.0

92
42
46
5.5
2.0

For immunological data of previously published patients (P4, P5, and P9) see online supplementary case reports and Refs. 9 and 11.
nd; not done.

a read coverage two times or less and a Phred-scaled quality of
20 or less were excluded. All variants were annotated with an
in-house annotation software system.
Sanger sequencing. Genomic DNA from the patients was prepared with the Gen Elute Blood Genomic DNA kit
(Sigma-Aldrich). Targeted sequencing was performed by amplifying the exons and ﬂanking intron regions of STAT1 by PCR.
The PCR primers and sequencing primers used are available on
request. Amplicons were sequenced with the Big Dye
Terminator cycle sequencing kit (Applied Biosystems, Foster
City, California, USA) and were analysed with an ABI 3130
capillary sequencer (Applied Biosystems, Foster City, California,
USA). Sequence variants were identiﬁed relative to a reference
sequence, GenBank accession no. ENST00000361099 for the
STAT1 cDNA, in which the c.1 position corresponds to the A of
the ATG translation initiation codon. Mutations are designated
as recommended by den Dunnen and Antonarakis.20

Luciferase reporter assay
U3C cells, a STAT1-deﬁcient ﬁbrosarcoma cell line,9 were dispensed into 96-well plates (1×104 cells/well) and transfected
with 100 ng/well reporter plasmids (Cignal GAS Reporter Assay
kit, SA Biosciences) and plasmids carrying the c.537C>A or
c.854A>G alleles of STAT1 or a mock vector, in the presence of
Lipofectamine LTX (Invitrogen).9 Six hours after transfection,
the cells were transferred back to medium containing 10% fetal
bovine serum (FBS) and cultured for 18 h. The transfectants
were then stimulated by incubation with interferon (IFN)-γ
(10 or 1000 U/ml) for 16 h and subjected to luciferase assays
with the Dual-Glo luciferase assay system (Promega).
Experiments were performed in triplicate. The data are
expressed as fold induction with respect to unstimulated cells.

Generation of EBV-transformed lymphoblasts
Peripheral blood mononuclear cells (PBMCs) were isolated by
centrifugation through Ficoll-Paque PLUS (GE Healthcare
Bio-Science AB, Uppsala, Sweden). They were then washed
Soltész B, et al. J Med Genet 2013;50:567–578. doi:10.1136/jmedgenet-2013-101570

twice with phosphate buffer solution (PBS) and twice with
Hanks balanced salt solution (Sigma). Cells (107/ml) were resuspended in 2.5 ml RPMI supplemented with 10% FBS, 1% glutamine and 1 mg/ml cyclosporin A (CyA). They were then
infected with 2.5 ml of the supernatant of B95–8 cells infected
with EBV and incubated for 2 h in a water bath at 37°C. We
added 5 ml RPMI-1640 supplemented with 10% FBS, 1% glutamine and 1 mg/ml CyA, transferred the cells to T25 ﬂasks
(TPP, Switzerland) and incubated them at 37°C under an atmosphere containing 5% CO2 for 3 weeks.

Extraction of nuclear proteins and western blotting
EBV-B cells were stimulated with IFN-γ, IFN-α or IL-27 for
30 min and subjected to nuclear extraction with the Subcellular
Protein Fractionation Kit for Cultured Cells (Thermo Scientiﬁc)
according to the manufacturer’s instructions. We assessed phosphorylation by stimulating EBV-B cells with 2000 U/ml IFN-γ.9
In selected experiments, cells were stimulated with IFN-α
(2000 U/ml) or IL-27 (2000 U/ml). The cells were then washed
and incubated with 1 μM staurosporine in RPMI for 15 and
30 min, and nuclear proteins were extracted with the Protein
Fractionation Kit (Thermo Scientiﬁc). The proteins were subjected to immunoblot analysis. The effect of the phosphatase
inhibitor pervanadate on IFN-γ-induced STAT1 phosphorylation
was assessed by incubating the transformed B cells with
this compound for 5 min before stimulation as previously
described.9

Candida
Candida albicans (ATCC 10231) was maintained on Sabouraud
dextrose agar at 4°C, with subculture once monthly, by transfer
onto fresh medium and overnight culture at 37°C.21
Stationary-phase cultures were prepared by inoculating 2 ml of
Dulbecco’s modiﬁed Eagle’s Medium (DMEM) supplemented
with 100 U/ml penicillin and 10 mg/ml streptomycin with
Candida. The density of Candida was adjusted to 1×104 cells/ml
with a McFarland densitometer. Heat-inactivated yeast was
569
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Table 3 Immunoglobulins, antibodies and white blood cells

Host defence
They were then washed with 2% FBS–BSA–PBS buffer and
resuspended in 50 μl Fix&Perm Permeabilization Medium B
(Invitrogen).
Intracellular
IL-17
was
detected
with
phycoerythrin-conjugated mouse anti-hIL-17 IgG1 mAb, and
intracellular IL-22 was labelled with FITC-conjugated mouse
anti-hIL-22 IgG1 mAb, both from R&D Systems. Cells were
incubated for 30 min at 4°C, washed with 2% FBS–BSA–PBS
and suspended in 500 μl 0.1% paraformaldehyde.

Cell isolation and stimulation

Haplotype analysis

Peripheral blood samples were obtained from the patients and
controls. PBMCs were incubated as described above. After
centrifugation and several washes in Krebs-Ringer phosphate
buffer, the cells were resuspended in DMEM (Sigma-Aldrich,
St Louis, Missouri, USA). PBMCs were incubated (5×105 cells/
well) for 48 h at 37°C in 96-well round-bottomed culture plates
that had been sterilised by gamma irradiation and were free of
pyrogens, RNA, RNases, DNA and DNases (TPP, Trasadingen,
Switzerland), either alone or in the presence of heat-killed
C albicans. Once the blood cells had been exposed to Candida
for 2 days, the plates were centrifuged and the supernatants
were removed and stored at −20°C for the determination of
cytokine concentrations.

ENZYME-LINKED IMMUNOSORBENT ASSAYS
The concentrations of IFN-γ, IL-1β, IL-6, IL-17A and IL-22 in
the supernatants of Candida-exposed PBMCs and IL-17F in the
supernatants of cultured lymphocytes were determined by sandwich enzyme-linked immunosorbent assays (Quantikine, R&D
Systems, Minnesota, USA). All experiments were performed in
duplicate or triplicate.

Induction and differentiation of IL-17-producing T cells
PBMCs were washed with SalSol (TEVA) and suspended in
RPMI-1640 supplemented with 10% FBS and 1% glutamine.
Adherent cells were removed by incubation for 4 h in RPMI, in
T25 ﬂasks (TPP), at 37°C, under an atmosphere containing 5%
CO2. The non-adherent cells were activated with anti-CD3 antibodies in a 12-well plates and were treated with a cocktail
of human transforming growth factor-β1 (5 ng/ml), IL-1β
(10 ng/ml), IL-6 (50 ng/ml) and recombinant human (rh)IL-23
(20 ng/ml), all from PeproTech (London, UK). Two days later,
an additional 2 ml of RPMI containing the cytokines listed
above, plus IL-2 (22 ng/ml; PeproTech), was added to each well.
Four days later, another 2 ml of RPMI without cytokines
was added to the wells. The following day, the cells were
treated with brefeldin A isolated from Penicillium brefeldianum
(1 μg/ml; Sigma) and were left unstimulated or were stimulated
with phorbol 12-myristate 13-acetate (PMA; 50 ng/ml) and
ionomycin (IMC; 10−5 M) for 6 h at 37°C under an atmosphere
containing 5% CO2, centrifuged at 150 ×g for 6 min,
suspended and washed in 2% FBS–bovine serum albumin
(BSA)–PBS buffer.

Flow cytometry
We detected intracellular IL-17 and IL-22 in CD3 and CD4 T
cells with an Accuri C6 ﬂow cytometer (Becton Dickinson).
CD3 cells were identiﬁed with an ﬂuorescein isothiocyanate
(FITC)-conjugated mouse anti-hCD3 IgG1 mAb (Beckman
Coulter), and CD4 cells were labelled by incubation with
allophycocyanin-conjugated mouse anti-hCD4 IgG1 mAb (BD)
for 30 min at 4°C. The cells were then incubated with 50 μl
Fix&Perm Fixation Medium A (Invitrogen) for 15 min at 4°C.
570

Familial haplotyping was performed by Sanger sequencing as
described above. The following previously reported intronic
polymorphisms were genotyped: rs7597768, rs2280234,
rs2280233, rs2066804, rs41507345 and rs11693463. The
primers used for PCR and sequencing are available upon
request.

RESULTS
Genetic ﬁndings
We carried out WES, to identify sequence variation, in patients
P8 and P9 (table 1). The mutations detected were conﬁrmed by
Sanger sequencing. In patients P1–P7, Sanger sequencing was
used to analyse STAT1. Two familial and ﬁve sporadic STAT1
mutations were found; all but three of these mutations were
located in exon 10 of STAT1 and all were heterozygous, missense mutations (table 1). Some of the data for patients P4, P5
and P9 have been reported before,9 11 whereas the data for
patients P1–P3 and P6–P8 are reported for the ﬁrst time here.
Two new STAT1 mutations affecting the CCD of STAT1
(patients P1 and P7) and one mutation affecting the DBD
(patient P8) were detected. We isolated genomic DNA from the
EBV-transformed lymphoblasts of patients P4, P5 and P8 and
used it for Sanger sequencing. The mutations found in freshly
isolated blood cells were also present in EBV-transformed cells
(see online supplementary ﬁgure S1).

The two new c.537C>A (N179K) and c.854A>G (Q285R)
mutations of STAT1 result in a GOF for GAF-dependent
cellular responses
The two new mutations affecting the STAT1 CCD, N179K and
Q285R, were found in a Czech patient ( patient P1) and a
Russian patient, respectively (P7). These patients were not available for biochemical studies. We therefore analysed the possible
pathological consequences of these mutations by site-directed
mutagenesis and studies of γ-activated factor (GAF)-dependent
cellular responses to IFN-γ. We transfected STAT1-deﬁcient
U3C cells with wild-type (WT) STAT1 and c.537C>A (N179K)
and c.854A>G (Q285R) STAT1 mutant constructs, and with
the previously characterised CMCD-causing c. 821G>A
(R274Q)9 and autosomal-dominant MSMD-causing Y701C
STAT1 alleles Hirato O et al (manuscript submitted). Responses
to cytokine stimulation were investigated by measuring the luciferase activity of the reporter gene under the control of the
γ-activated sequence (GAS) promoter. Stimulation with various
concentrations (10 and 1000 U/ml) of IFN-γ resulted in
responses that were two to three times stronger in cells transfected with the two new mutant alleles or with the
CMCD-causing R274Q allele than in those transfected with
WT or MSMD-causing Y701C alleles (ﬁgure 1). These data
suggest that the new heterozygous alleles reported in this study
are GOF for GAF-dependent cellular responses to IFN-γ, one of
the key STAT1-activating cytokines.
Soltész B, et al. J Med Genet 2013;50:567–578. doi:10.1136/jmedgenet-2013-101570
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prepared by inoculating 5 ml SalSol (TEVA, Debrecen, Hungary)
with Candida and incubating the culture at 56°C for 1 h. We
checked that the heat inactivation was effective by transferring
various dilutions of Candida suspension onto Sabouraud dextrose agar and incubating for 48 h.22 The heat-killed Candida
suspension was then centrifuged at 4000×g for 10 min, and the
cell pellet was resuspended in DMEM. The density of
heat-inactivated Candida was adjusted to 1×106/ml with a
McFarland densitometer.

Host defence

Figure 1 Induction of GAS-dependent reporter gene transcription
activity in U3C cells stimulated with IFN-γ. The response to IFN-γ
stimulation was measured by determining the activity of a luciferase
reporter gene under the control of the GAS promoter. GAS
transcriptional activity is shown as fold induction after 16 h of
stimulation with IFN-γ (10 U/ml, left columns; 1000 U/ml, right
columns), with respect to unstimulated cells. Mock and MSMD-causing
Y701C allele-transfected cells served as negative controls. Upon
stimulation with IFN-γ, cells transfected with either the N179K or the
Q285R allele responded two to three times more strongly than those
transfected with the WT or Y701C alleles. Similar results were obtained
when cells were transfected with the GOF R274Q allele known to
cause CMCD. CMCD, chronic mucocutaneous candidiasis disease; GAS,
γ-activated sequences; GOF, gain of function; IFN, interferon; MSMD,
Mendelian susceptibility to mycobacterial disease; WT, wild-type.

It was initially suggested that the STAT1 mutations in CMCD
patients affected the STAT1 CCD only, resulting in a GOF
because of a gain of phosphorylation.9 We detected a recently
reported mutation, c.1154C>T (T385M), affecting the STAT1
DBD, in one of the Ukrainian CMCD patients (table 1; patient
P8).13 EBV-B cells from P4 and P8, heterozygous for the
R274W and T385M mutations, respectively, were treated with
IFN-γ, IFN-α and IL-27, all of which predominantly activate
STAT1.9 Western blotting showed that treatment with these
cytokines resulted in stronger STAT1 phosphorylation in the
nuclear extracts of cells from both patients than in those from
controls (ﬁgure 2A), demonstrating that the heterozygous alleles
were associated with a dominant phenotype of gain of STAT1
phosphorylation. Incubation with the TYK inhibitor staurosporine and comparison with the control lymphoblasts showed that
the dephosphorylation of IFN-γ-treated EBV-B cells heterozygous for the STAT1 T385M or R274W alleles was impaired
(ﬁgure 2B). By contrast, after pervanadate treatment, the phosphorylation of T385M STAT1 and R274W STAT1 was similar
to that of WT STAT1 (see online supplementary ﬁgure S2).
These data conﬁrm that the T385M and R274W amino acid
substitutions in STAT1 result in a gain of STAT1 phosphorylation due to a loss of dephosphorylation.9 13

Figure 2 STAT1 dephosphorylation in nuclear extracts. Western blotting was performed on nuclear extracts of EBV-transformed lymphocytes from
P8 and P4, carrying the c.1154C>T (T385) and c.820C>T (R274W) heterozygous missense mutations of STAT1, respectively (table 1). (A) Before
nuclear extracts were prepared, cells were treated with 2000 U/ml IFN-γ, 2000 U/ml IFN-α or 50 μg/ml IL-27 for 30 min. The data shown are
representative of three independent experiments. The T385M (P8) and R274W (P4 and P5) STAT1 proteins are more strongly phosphorlylated than
the WT protein in control cells. (B) Effect of the tyrosine kinase inhibitor staurosporine on STAT1 dephosphorylation in nuclear extracts of cells from
healthy controls (left), P8 (middle) and P4 (right) with CMCD. EBV-transformed lymphocytes were treated with 2000 U/ml IFN-γ for 30 min and then
with staurosporine (concentration, 8 ng/ml) for 15 and 30 min. Staurosporine induced the dephosphorylation of nuclear STAT1 in control cells but
not in cells from P8 and P4. C, control; EBV, Epstein–Barr Virus; IFN, interferon; P, patient; STAT, signal transducer and activator of transcription;
WB, western blot.
Soltész B, et al. J Med Genet 2013;50:567–578. doi:10.1136/jmedgenet-2013-101570
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The T385M and R274W STAT1 mutations result in a gain of
phosphorylation of STAT1

Host defence

Release of cytokines by Candida-exposed white blood cells
from CMCD patients
We measured the release of various inﬂammatory cytokines by
freshly isolated PBMCs after 48 h of stimulation with heat-killed
Candida. Similar amounts of IFN-γ, IL-1β and IL-6 were
released by the cells of P8 (T385M) and control cells
(ﬁgure 3A). By contrast, PBMCs from P8 released negligible
amounts of IL-17A and IL-22, much smaller than those released
by Candida-exposed cells from healthy controls (ﬁgure 3B).
Similar data were obtained with cells from P4 and P5 carrying
the R274W allele (ﬁgure 3C,D). These data suggest a normal
‘Th1-type’ reaction, and normal IL-1β and IL-6 release in
response to stimulation with C albicans, but an impaired
‘Th-17-type’ response to this fungus in patients with
CMCD-associated mutations.

Ex vivo differentiation of IL-17-producing and
IL-22-producing T cells
PBMCs were isolated and treated with IL-17-inducing cytokines
as described above. Flow cytometry was used to determine the
percentages of CD3 T cells and CD4 T cells-producing cytoplasmic IL-17 or IL-22 (ﬁgure 4). Before marker analysis, the cells
were treated with PMA and IMC for 6 h. Consistent with the
cytokine-release data, the patient with the T385M STAT1 allele
displayed impaired development of IL-17-producing and
IL-22-producing T cells (ﬁgure 4A–C). Similar results were
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obtained for the cells of one of the patients (P4) with the heterozygous R274W allele (ﬁgure 4A–C).
In another study, we evaluated the in vitro differentiation
of IL-17-producing T cells from naïve CD45RA CD4 T cells
under various conditions of stimulation ( plates coated with
anti-CD3 antibody, soluble anti-CD28 antibody alone or
together with various combinations of IL-1β, IL-23 and IL-6)
(Okada S. et al, manuscript submitted). We found that the
best conditions were as follows: plates coated with anti-CD3
antibody, soluble anti-CD28 antibody plus IL-1β and IL-23.
Under these conditions, we observed strong impairment of
the development of IL-17-producing T cells in CMCD patients
bearing STAT1 GOF mutations, as assessed by comparison
with controls.
We also measured the release of IL-17F by PBMCs from P4
and P5 after the cytokine-induced in vitro differentiation of
T cells into IL-17-producing lymphocytes. After 5 days of cytokine treatment, the cells were stimulated with PMA and IMC
for 6 h and IL-17F concentrations were determined by enzymelinked immunosorbent assays (ELISA) on the supernatants.
Control experiments were performed with cells isolated from
healthy individuals and with cells obtained from a patient with
AD-HIES caused by a dominant negative mutation of STAT3
(ﬁgure 5). An impairment of IL-17F release by the cells of both
CMCD patients bearing the R274W allele and by the cells of
the patients with AD-HIES was observed.
Soltész B, et al. J Med Genet 2013;50:567–578. doi:10.1136/jmedgenet-2013-101570
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Figure 3 Secretion of cytokines by blood mononuclear cells. (A) IFN-γ, IL-1β and IL-6 secretion by mononuclear blood cells (5×105) from P8 (see
table 1) and unrelated healthy controls, as measured by enzyme-linked immunosorbent assays (ELISA), after stimulation with heat-killed C albicans
(105) for 48 h. (B) Secretion of IL-17A and IL-22 by blood mononuclear cells (5×105) from P8 and unrelated healthy controls, as measured by ELISA,
after stimulation with heat-killed Candida (105) for 48 h. (C) Cells from the patient and controls secreted similar amounts of IFN-γ, whereas (D) the
patient’s cells secreted much smaller amounts of both IL-17A and IL-22 than control cells. The data shown are representative of two experiments
performed in triplicate. C, control; NS, non-stimulated; P, patient.
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Hotspot mutation affecting the STAT1 CCD
The sequencing of STAT1 in two related patients revealed the
presence of a c.820C>T heterozygous mutation affecting the
CCD and leading to a predicted R274W substitution in
Soltész B, et al. J Med Genet 2013;50:567–578. doi:10.1136/jmedgenet-2013-101570

the STAT1 protein (table 1). About 30% of the CMCD patients
with STAT1 mutations have mutations affecting R2749–11 13
(Okada S et al, manuscript submitted). It was not clear whether
the mutations at this position had arisen de novo in all families,
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Figure 4 Ex vivo development of IL-17-producing and IL-22-producing T cells in P8 with the c.1154C>T STAT1 mutation. Percentages of CD3/
IL-17+ (A), CD4/IL-17+ (B) and CD4/IL-22+ (C) cells, as determined by ﬂow cytometry after incubation for 6 h with phorbol 12-myristate 13-acetate
and ionomycin. At least three independent experiments were carried out in each case. C, control; P, patient.

Host defence

or whether the large number of families carrying this mutation
resulted from a founder effect. We therefore investigated
whether the two mutations affecting position 274 (c.820C>T,
leading to the R274W substitution, and c.821G>A, leading to
the R274Q substitution) were due to a founder effect or a
hotspot, by genotyping six polymorphisms surrounding the
mutation in healthy and affected members of seven families
(table 4). We obtained evidence of a hotspot effect for both
mutations in families in which the mutation was absent from
both healthy parents and occurred de novo in the patient. The
affected individuals from different families had different haplotypes, ruling out the founder effect proposed by another group.10

Complications of CMCD
Autoimmune thyroiditis appears to be the most common autoimmune complication in CMCD patients9 12 13 (supplementary
case reports). No signs of systemic autoimmune disease were
observed. Five patients reported here developed oesophageal
candidiasis, and P2, P4 and P8 also had oesophageal stricture,
necessitating balloon dilatation (P4) or Nissen fundoplication
(P8). Recurrent pneumonia developed in six patients and was
complicated with pulmonary abscess (P4), bronchiectasis and
even clubbing (P9).1 Four patients had recurrent mucocutaneous
herpes simplex virus (HSV) infection and two patients with the
R274W allele (P4 and P5) also had recurrent shingles.11 These
ﬁndings suggest that Candida oesophagitis, damage to the
respiratory tissues and recurrent herpes virus disease may be
common complications of CMCD and that early antifungal
prophylaxis might help to prevent these complications. P1 suffered a fatal complication in the form of mycotic cerebral aneurysm leading to intracranial bleeding.

DISCUSSION
The pathogenesis of CMC in several complex PIDs, such as
AD-HIES with LOF STAT3 mutations,23 24 and that of
AD-CMCD with STAT1 GOF mutations, has only recently been
determined.9–13 25 This report provides the ﬁrst comprehensive
overview of the molecular genetics, immunological and clinical
features of patients diagnosed with sporadic and familial
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Figure 5 Concentrations of IL-17F in the supernatant of lymphocytes
after 5 days of differentiation in vitro. Cells were treated with
transforming growth factor-β1, IL-1β, IL-6, rhIL-21, rhIL-23 and IL-2, as
described in ‘Patients and methods’ section. IL-17F levels were
determined, by enzyme-linked immunosorbent assays, in the
supernatant of cells from two healthy controls, patients P4 and P5 with
the R274W allele, and a patient with hyper-IgE syndrome caused by a
heterozygous dominant negative c.994C>T (H332Y) mutation of STAT3.
C, control; NS, non-stimulated; P, patient.

CMCD in ECE. We describe here several new STAT1 alleles
with mutations affecting the CCD, and new phenotypic manifestations of the T385M mutation affecting the DBD. The two
new mutations reported here (N179K and Q285R) increase the
number of known CMCD-causing STAT1 mutations to 15. All
but one of the heterozygous CMCD-causing mutations, including the two new sequence variants described in this cohort,
affected the CCD of STAT1, consistent with previous suggestions that this is the most frequently affected domain of the
protein in patients with CMCD (table 1).9 10 The two patients
with previously unknown CCD mutations were not available for
biochemical testing. However, site-directed mutagenesis and
GAS-dependent reporter gene expression assays clearly suggested that the underlying mechanism involved a GOF for GAF
responses to IFN-γ. The higher level of reporter gene induction
presented here indicates that these new mutations may be
responsible for the CMCD phenotype, consistent with previously published data showing CMCD-causing GOF mutant
STAT1 alleles to be dominant for GAF activation.9 P8, like two
recently described Japanese patients,13 had mutations affecting
the DBD of STAT1. We found that the mutation in P8, like the
new CCD mutations, resulted in the impaired dephosphorylation
of STAT1. The artiﬁcial F172W mutation, positioned next to the
N179K mutation found in patient P1, and the artiﬁcial G384A
or G384W mutations next to the T385M mutation, described
elsewhere13 and found in patient P8 have been reported to
impair the dephosphorylation of STAT1.26 27 However, loss of
dephosphorylation may not be the only mechanism responsible
for the GOF, and other mechanisms, such as stronger binding of
the mutant DBD STAT1 to GAS, may also play a role.
We suggest that determinations of the Candida-stimulated
release of IL-17A and IL-22 cytokines by PBMCs is a reliable
and reproducible method for assessing the impairment of IL-17
T cell-mediated immunity in CMCD patients (11 and this
report). In our hands, live and heat-killed C albicans were
equally effective for inducing cytokine release by control blood
mononuclear cells (only the data for heat-killed Candida are
shown). The data presented here suggest that the IL-17 T cell
deﬁciency responsible for the greater susceptibility to mucosal
Candida infection in CMCD patients is not limited to the cells
beneath body surfaces, instead extending to circulating blood
cells. In contrast to the impaired release of IL-17A and IL-22 by
PBMCs from patients with STAT1 GOF mutations affecting the
CCD or DBD, the Candida-induced release of IFN-γ, IL-1β and
IL-6 was similar in the blood cells of patients and controls, suggesting that the activation of alternative cytokine pathways was
intact. Intriguingly, it has been reported that PBMCs exposed to
Candida-derived mitogens produce smaller amounts of IFN-γ in
patients with STAT1 GOF alleles10 12 By contrast, we showed
that the production of IFN-γ by patients’ PBMCs stimulated
with heat-killed Candida blastoconidia was similar to that of
control subjects. These discrepancies may reﬂect differences in
the assay systems used. We believe that our data are more consistent with clinical observations, as IFN-γ does not play a nonredundant role in immunity to C albicans, whether systemic or
peripheral. Indeed, patients with inborn errors of IFN-γ do not
present candidiasis of any form.28 Consistent with the impaired
release of IL-17A, IL-17F and IL-22, ex vivo analysis by using
ﬂow cytometry showed IL-17 T cell levels to be lower in CMCD
patients with mutations affecting the CCD or the DBD than in
controls. Thus, mutations affecting either the CCD (patient P4)
or the DBD ( patient P8) of STAT1 result in similar immunological phenotypes and cytokine release proﬁles in terms of
IL-17 T cell immunity.
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Family (see also Ref)9

Nationality

Mutation

ID

rs7597768

rs2280234

rs2280233

rs2066804

rs41507345

rs11693463

II.2
III.1
III.2
IV.1

France
France
France
France

WT
R274Q
WT
R274Q

Unaffected
Patient
Unaffected
Patient
Disease allele

AG
AG
GG
AG
?

AA
AG
AG
AG
?

CC
CC
TC
TC
C

TC
TC
TC
CC
C

TG
TG
TG
TG
?

AA
AG
AG
AG
?

II.1
II.2
III.1
IV.1
IV.2

Turkey
Turkey
Turkey
Turkey
Turkey

WT
WT
R274Q
R274Q
WT

Unaffected
Unaffected
Patient
Patient
Unaffected
Disease allele

AG
AA
AG
AA
AG
A

AG
GG
AG
AG
GG
?

TT
CC
TC
TC
TC
?

TT
TT
TT
TT
TT
T

TG
TT
TG
TT
TT
T

GG
GG
GG
AG
AG
G

I.1
I.2
II.1
II.2

France
France
France
France

WT
R274Q
R274Q
WT

Unaffected
Patient
Patient
Unaffected
Disease allele

AA
GG
AG
AG
G

AG
GG
AG
AG
G

TC
TC
TT
TC
T

TT
TT
TT
TT
T

TT
TG
TT
TT
T

AG
AG
AA
AG
A

II.2
III.1
III.2
IV.1
IV.2
IV.3

Argentina
Argentina
Argentina
Argentina
Argentina
Argentina

WT
WT
R274W
WT
R274W
R274W

Unaffected
Unaffected
Patient
Unaffected
Patient
Patient
Disease allele

AA
AG
AG
GG
AG
AG
?

AA
AA
AA
AA
AA
AA
A

TC
TT
TC
TT
TT
TT
T

TT
TT
TT
TT
TT
TT
T

TG
TT
TG
TT
TT
TG
T

GG
GG
GG
GG
GG
GG
G

I.1
I.2
II.1
II.2

Germany
Germany
Germany
Germany

WT
WT
WT
R274W

Unaffected
Unaffected
Unaffected
Patient
Disease allele

GA
GA
GG
GG
G

AG
AG
AA
GG
G

TC
TC
CC
CC
C

TC
TC
TC
TT
T

TG
TG
TT
TG
?

AG
AG
AG
GG
G

I.1
I.2
II.1

France
France
France

WT
WT
R274W

Unaffected
Unaffected
Patient
Disease allele

GA
AA
AA
A

AG
AG
AA
A

TC
TC
CC
C

TC
CC
CC
C

TG
TG
GG
G

AG
AG
AA
A

Hungary
Hungary
Hungary
Hungary
Hungary

WT
R274W
WT
WT
R274W

Unaffected
Patient P4
Unaffected
Unaffected
Patient P5
Disease allele

GA
GG
AA
AA
AG
G

AA
AG
AG
AG
AG
?

TC
TC
CC
CC
TC
T

TC
TC
CC
CC
TC
T

GG
TT
TG
TG
TG
T

AG
AA
AG
AA
AG
A

A

C

L

F

N

Q

Family in this report
I.1
II.1
II.2
III.1
III.2

Kindreds A, C, F, L, N and Q refer to families described.9 The new kindred refers to the P4 and P5 in this report. Patients from these seven kindreds all present with CMCD and a
mutation in STAT1 at position R274. ?, it is not possible to determine the disease causing allele at this position.

The phenotypic manifestations of the various STAT1 mutations affecting the CCD may differ, despite the similar molecular and cellular/immunological features. P1 developed multiple
intracranial aneurysms and intracranial bleeding. Two of the 47
patients described in the ﬁrst report on CMCD and STAT1 GOF
mutation also developed cerebral aneurysms at the ages of 8 and
38 years.9 One of the four patients described in a subsequent
report died from cerebral vasculitis.13 However, no cerebral vascular complications were reported in subsequently described
patients,10–12 25 suggesting that CMCD patients may develop
this complication only rarely. It has been suggested that intracranial aneurysms due to the damage caused by Candida result
Soltész B, et al. J Med Genet 2013;50:567–578. doi:10.1136/jmedgenet-2013-101570

directly from candidal invasion of the arterial wall, usually in
major intracranial vessels.29–31 Recent ﬁndings suggest that
STAT1 production and function may be enhanced in the tissues
of abdominal aortic aneurysms, and that tyrosinephosphorylated STAT1 levels may be higher in these tissues,
resulting in higher levels of total STAT1 protein activity.32 It
remains unclear whether GOF STAT1 mutations play a direct
role in aneurysm formation in CMCD patients or whether
aneurysm formation is a direct consequence of the damage
caused by Candida.33 34 P1 had not only multiple intracerebral
aneurysms, but also renal abscesses caused by C albicans, suggesting that patients with STAT1 mutations affecting the CCD
575
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Table 4 Haplotype analysis of STAT1 mutant allele
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The increasing number of CMCD cases reported in publications
over the last year might be considered suggestive of a founder
effect, but we demonstrate here that this DNA sequence may be
prone to germline replication errors. However, the reasons for this
DNA sequence being a ‘super’ hotspot for mutation despite its lack
of enrichment in trinucleotide repeats remain to be elucidated.
In summary, we report here molecular and clinical data for the
nine patients with CMCD diagnosed to date in ECE countries.
WES and Sanger sequencing revealed two previously unknown
alleles of STAT1 with mutations affecting the CCD domain.
Immunological and biochemical studies have shown that both
CCD and DBD mutations may result in impairment of the
Candida-stimulated release of IL-17A/F and IL-22 by lymphocytes,
and that CMCD patients have impaired IL-17 T cell differentiation
ex vivo. We also report a young patient with a previously unknown
STAT1 mutation and multiple intracranial aneurysms and intracranial bleeding, suggesting that inﬂammatory vascular disease may be
a phenotypic consequence of STAT1 GOF alleles affecting the
CCD. Our data suggest that the R274W substitution is due to a
mutation hotspot rather than a founder mutation. Further studies
are required to deﬁne the precise molecular mechanisms of the
complications observed in CMCD, including, in particular, the role
of Candida and Candida-derived molecules in the development of
aneurysms. Furthermore, the contribution of memory T cell defects
to the recurrent HSV disease found in four patients in this cohort
remains unclear, and the possible relationship between autoimmune thyroiditis and central or peripheral defects of controlling
autoimmunity remains to be deﬁned. Speciﬁc approaches, such as
the J Project, are required to investigate PID gene mutations and
genotype–phenotype relationships in various populations.44–47
(Horváth Z. et al manuscript in press).
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may develop deep-seated candidal disease. This is the ﬁrst such
observation to be reported for patients with CMCD. The clinical phenotype of P8 was somewhat different from that previously described for two Japanese patients carrying the same
mutation (T385M).13 P8 had early oesophageal involvement
and developed oesophageal stricture necessitating Nissen fundoplication. He also presented recurrent severe HSV infections.
None of these clinical features were observed in the Japanese
patients, who were otherwise of similar age and genotype. By
contrast, both Japanese patients had recurrent lower respiratory
tract infections, bronchiectasis and autoimmune thyroiditis. One
of these patients died from disseminated intravascular coagulation and pulmonary insufﬁciency of unknown origin. These
data suggest that the phenotypic expression of the T385M allele
may differ signiﬁcantly between affected patients.
The enhanced response to type I IFNs in the STAT1 GOF
patients is reminiscent of the type I signature observed in patients
with autoimmune diseases, such as Aicardi–Goutières syndrome
patients or patients with immuno-osseous dysplasia spondyloenchondrodysplasia.35 36 These patients also present autoimmune thyroiditis. It is therefore possible that the enhanced
response to type I IFNs is responsible for the autoimmune thyroiditis observed in the patients with STAT1 GOF mutations. In addition, patients treated with recombinant type I IFNs often present
such autoimmune manifestations as secondary effects.37 38
Furthermore, higher levels of intracellular adhesion molecule-1
(ICAM-1) expression have been implicated in the pathogenic
mechanism of autoimmune thyroiditis.39 ICAM-1 levels have
never been assessed in patients with STAT1 GOF, but in vitro
studies of FRTL-5 thyroid cells exposed to IFN-γ showed an
induction of ICAM1 gene transcription via GAS binding to the
ICAM1 promoter.40 41 It is therefore possible that STAT1 GOF
mutations predispose patients to autoimmune thyroid disease by
enhancing the responses of thyroid cells to type I IFNs.
Autoimmune hepatitis, which may also occur in patients with
STAT1 GOF mutation, is known to be mediated by T cells, and
CD4 T cells are the predominant population of lymphocytes
inﬁltrating the liver.42 It has been shown that, in a mouse
model, IFN-γ activation of STAT1 contributes to
Con-A-induced liver damage by activating CD4 cells and inducing hepatocyte death.43 Based on these observations, we
suggest that STAT1 GOF mutation may cause autoimmune hepatitis by inducing a strong IL-12β-IFN-γ- Janus kinase–STAT1
circuit in affected patients.
The R274W substitution found in two members of the
Hungarian family resulted from one of the most frequent STAT1
mutations, suggesting that R274 may be a hotspot for mutation
in patients with CMC.9 11 However, a previous report on
STAT1 sequence variants suggested that affected patients may
have a founder mutation.10 We therefore tested the hypothesis
of a founder effect by carrying out haplotype analyses on the
two patients described here and six previously described families.9 Haplotype analyses of two families carrying the R274W
mutation suggested that this mutation was associated with a
common disease-causing allele, but we demonstrated that R274
was a hotspot for mutation in patients with CMCD (table 4).
Not only did we observe the de novo occurrence of the mutation in two families, but we also provide genetic evidence that
the mutation is carried by different alleles in patients from different families. The de novo occurrence of mutations affecting
other positions in the CCD of STAT1 (Y170N and D165H) has
already been described.9 Overall, these data, together with the
high incidence of mutations affecting this domain of STAT1,
provide strong evidence that this DNA region is prone to errors.
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Supplementary Case Reports
Patient 1, a Czech girl, was referred for immunological investigation at the age of eight years.
She had no family history of serious immunopathological illness. She has two healthy siblings, a
brother (now aged 2) and a sister (now aged 5). Her first episode of oral candidiasis was
documented at the age of six months. At the age of one year, she was hospitalized for oral
candidiasis. She has since been treated locally and with oral ketokonazole two to three times per
year, for the same condition. She has also suffered from recurrent respiratory tract infections,
with three documented bouts of pneumonia. Her growth is on the 3rd percentile for her age,
despite a midparental growth potential on the 35th percentile. Her weight–to-height proportion
was normal. Since the age of five years, she has repeatedly been treated for onychomycosis. She
has asthma, treated with inhaled budesonide/formoterol. Her IgG2 levels are low, leading to
intermittent intramuscular immunoglobulin treatment. At the time of immunological investigation
at the age of eight years, it was noted that the patient was red-haired, with one café au lait spot in
the lumbar region, but with no candidiasis either in the mouth or on the nails. Laboratory
investigation showed normal IgG, IgA, IgM and IgE levels, but IgG2 and IgG4 were
undetectable. The patient had normal levels of anti-Haemophilus influenzae B (HIB) and
antipneumococcal capsular polysaccharide (PCP) antibodies, and marginally low levels of antitetanus toxoid antibodies. Total hemolytic complement (CH50 and AH50 test) levels were
normal. The proportion of CD4+ cells was slightly low, at 25% (normal range: 27- 53%), but the
absolute numbers of these cells and of the cells of other lymphocyte subpopulations were normal.
Overall, 25% of the CD4+ cells expressed CD45RA and 66% expressed CD45RO. Subsequent
vaccination with tetanus toxoid and 23-valent pneumococcal polysaccharide vaccine induced a
normal antibody response. Lymphocyte proliferation tests showed a slightly impaired response to

stimulation with phytohemagglutinin (PHA) and concanavalin A (ConA). Neutrophil oxidative
burst capacity was normal, as shown by the dihydrorhodamine oxidation test. Tests for antinuclear, anti-mitochondrial, anti-thyroid gland and anti-smooth muscle antibodies were negative.
The patient displayed a slight alteration to liver function enzymes. She was given ketoconazole
and cotrimoxazole prophylaxis, which decreased the number of respiratory tract infections;
treatment was discontinued after nine months. Approximately six weeks after the discontinuation
of treatment, a new episode of pneumonia occurred, accompanied by hypernatremia,
hypochloremia, hypoglycemia and hepatopathy. Even after the discontinuation of ketokonazole
treatment, mycotic manifestations were only mild, with paronychia of suspected mycotic origin
and intermittent mild oral thrush, but five months later, the patient developed bronchitis requiring
antibiotic treatment. On the basis of the described electrolyte abnormalities and growth
retardation the patient was examined by an endocrinologist. Her growth retardation continued,
with a standard deviation score (SDS) of -2.3, her bone age was -2 years, but her insulin-like
growth factor 1( IGF1) level was in the reference range. The patient had morning fevers and was
tired. She was found to have central hypocorticism with an adrenocorticotropic hormone (ACTH)
concentration below 5 ng/l, and a peak cortisol concentration in the ACTH test of 285.5 nmol/l.
No antibodies against adrenal and pituitary hormones were detected. As the clinical symptoms
did not match those for autoimmune polyendocrinopathy candidiasis-ectodermal (APECED)
syndrome, brain magnetic resonance imaging (MRI) was carried out, but the pituitary gland
displayed no pathological features. An internal carotid fusiform aneurysm was noted, which was
considered stable, with no indication for intervention. One month later, the patient was admitted
for meningism, fever, diplopia and headache. Computerized tomography (CT) and MRI showed
no signs of acute bleeding. Definitive MRI description showed (in addition to the already
detected internal carotid artery aneurysm) multiple fusiform aneurysms in the arteries of the

Willis circle. She died several days later, at the age of nine years, from massive repeated
intracranial hemorrhage. Polymerase chain reaction (PCR) for panfungal genes was positive with
both CSF and blood, but specific PCR tests for Candida albicans, C. tropicalis, C. glabrata and
C. crusei, Aspergillus sp., Cryptococcus sp., and zygomycetes were negative. On post mortem
examination, renal abscesses were found and the these sites were the only ones giving positive
cultures (for Candida membranifaciens, Cryptococcus curvatus and Trichosporon asahii). No
pathogens grew from brain tissues, aneurysms or peripheral blood.
Patient 2 is now 39 years old and is a Czech woman with mucocutaneous candidiasis and
hypothyreosis. She is the mother of Patient 3, whose presentation is similar. Both the father and
grandfather of P2 suffered from mycotic infections of the oral cavity and tongue. The family
history was otherwise unremarkable. P2 has been followed in our department since 2008, when
she was referred, together with her daughter, for immunological analyses. P2 had a long history
of onychomycosis, which worsened considerably at the ages of 20 and 31 years. She showed
some improvement on systemic antimycotic therapy, but displayed residual, chronic and
permanent changes on three fingernails. This patient also has a long history of herpes infections.
She has herpes labialis, with flare-ups several times per year, well controlled even with local
therapy, but sometimes requiring systemic treatment with acyclovir. However, she also suffers
from herpetic keratitis, which has led to chronic changes to the cornea. At the age of 39, the
patient’s mucocutaneous candidiasis is now permanent and she displays chronic gynecologic
mycotic mucosal inflammation. Since 2012, P2 has experienced difficulty swallowing and has
been diagnosed with esophageal stricture. A polyresistant Candida albicans strain was isolated
by culture and the patient was successfully treated with posoconazole for two weeks. She is also
being followed by the endocrinology department, for hypothyreosis, which is now stable after

substitution treatment. The patient has permanent hypergammaglobulinemia, with IgG
concentrations remaining over 20 g/l for years, and IgA deficiency. She has a low proportion of B
cells (between 2.5 and 6%) and her NK cell counts are gradually falling (currently 2%, 0.04
E9/l). The patient has a normal blood count, slightly high levels of IgG antibodies against
Saccharomyces (ASCA), but no IgA (complete IgA deficiency). The patient is currently in a
stable condition, on continual Mycomax treatment, and is awaiting a decision concerning
possible esophageal surgery for a stricture that was improved to some extent by posoconazole
treatment.
Patient 3 is a 12-year-old Czech girl, the daughter of Patient 2, with a positive family
history for mucocutaneous candidiasis. She has been followed in our department since the age of
eight years. Her personal perinatal history was completely normal. She began to suffer from
chronic angular cheilitis in the first year of life, and has presented more extensive candidiasis of
the tongue since the age of five years. At the age of three years, she also developed skin and
mucosal inflammation in the genitourinary area, which has since been treated continuously with
local preparations. She has been diagnosed with hypothyreosis, which is well controlled by
substitution therapy. Unlike her mother, she does not suffer from herpes infections. Laboratory
investigations showed normal humoral and cellular immunity, with normal levels of all
immunoglobulins and normal lymphocyte subpopulations. However, this patient has extremely
high levels of ASCA of both the IgG and IgA isotypes. She is being treated with preventive
antimycotic therapy (itraconasole); her hypothyreosis is controlled by substitution treatment and
she has a very mild clinical presentation.
Patient 4 is a 48-year-old Hungarian woman with CMC since birth. At the ages of three
and four years, she began to suffer from genital and nail candidiasis, respectively. At 11 years of

age, her left kidney was removed because of accidental injury. She underwent tonsilloadenotomy at 19 years of age, because of recurrent tonsillitis and tonsillo-adenitis. This patient
has had recurrent, prolonged episodes of aphthous stomatitis. In addition to CMC, she has had
recurrent infections with VZV and HSV (Table 1). In particular, at the age of six years, she
presented vesicular lesions on an erythematous base, clustered within two adjacent dermatomas
on the left side of the trunk. Shingles was diagnosed on the bases of primary VZV infection
(chicken pox) two years earlier, the dermatomal appearance of the clustered lesions, burning
pain, intense pruritus and low-grade fever. There were no signs of acute neuritis and the patient
did not suffer from postherpetic neuralgia following this episode of acute shingles. Symptomatic
treatment was applied and the skin lesions healed three weeks after the onset of symptoms. At 30
years of age, the patient presented another episode of shingles, on the right side of the trunk, with
typical vesicular lesions clustered in a 10x8 cm area within dermatomas. Oral acyclovir and
treatment resulted in a resolution of the episode in three weeks. The patient developed herpes
labialis at the vermilion border of the right angle of the mouth at the age of five years. Between
the ages of five and 14 years, vesicular herpetic episodes, during which the vesicles typically
grew into ulcers and pustules, occurred 1 to three times per year, but, thereafter, the patient had
three to four episodes of HSV infection per year. The lesions typically had a diameter of 0.5-1.0
cm. However, at the age of 21 years, the patient experienced burning, tingling and itching on the
right cheek, which was followed by severe pain and the covering, within a period of 12 hours, of
an area of 8x5 cm of the skin with grouped, erythematous maculopapules, which progressed to
vesicles, pustules, ulcers and crusts. This large surface area of HSV-infected skin healed after
three weeks, without scar formation; treatment included oral acyclovir and local antiviral
medication. Between the overt herpetic skin infections, the patient experienced burning, tingling
and itching of the right labial commissure, without vesicle formation, every three to five weeks.

Aphthous stomatitis began in early infancy and has recurred ever since, at intervals of one to
three months. The patient most frequently displays three to six painful ulcers on the tongue, gums
and buccal mucosa in the anterior part of the oral cavity. However, she has suffered regularly, at
intervals of one to two years, from extremely painful attacks of stomatitis with a sudden onset,
difficulty eating and drinking, and fever up to 38.5°C. Vesicles were distributed all over the lips,
tonsils, tonsillar pillars, uvula and palate, in addition to the anterior oral cavity. These episodes
resolved in two to three weeks on oral acyclovir and symptomatic treatment, indicating that they
were indeed due to herpes virus infection. The patient recently underwent esophageal balloon
dilatation, which has resulted in sustained improvement and relief of retrosternal pain. She has
had five episodes of pneumonia since the age of 10 years, and one episode at the age of 38 years
was complicated by the formation of pulmonary abscesses.
Patient 5 is a 17-year-old Hungarian girl, the daughter of Patient 4. She has had recurrent
oral candidiasis since infancy, and genital and nail candidiasis since the ages of 12 and 16 years,
respectively (Table 1). She has also had recurrent infections with VZV and HSV and recurrent
pneumonia (Table 1). She developed two episodes of cutaneous VZV infection affecting the
medial surface of the right thigh and both sides of the right knee. The second episode occurred at
the age of 14 years and was accompanied by severe pain, burning and itching, painful inguinal
lymphadenopathy, local edema and neuralgia. The large skin lesion healed without scar
formation after three weeks of parenteral acyclovir treatment. This patient first developed herpes
labialis in the left corner of the lips at six years of age, and this condition has since recurred once
yearly. However, since the age of 14 years, she has also presented labial herpes in the right corner
of the mouth or on the lower labial commissure every other month. In addition, she has had
aphthous stomatitis every two to three months since the age of six years.

Patient 6 is a 17-year-old patient of Russian ancestry born after an uncomplicated first
pregnancy. She weighed 3000 g and measured 50 cm at birth. Neonatal adaptation was
uneventful and the patient was breastfed until the age of five months. At one year of age, she was
vaccinated against measles and developed cheesy plaques on the oral mucosal and a loss of
appetite. Treatment with local agents resulted in temporary improvement. Frequent episodes of
oral candidiasis were observed. The patient was vaccinated against poliomyelitis at the age of 13
months. At one and a half years of age, she had recurrent oral candidiasis, which became
increasingly severed. She was treated with fluconazole and bifidus bacteria, resulting in four
months of remission. She was treated for severe pleuropneumonia of the left lung at the age of
2.5 years. At 4.5 years of age, she developed onychomycosis of the first and third fingers of the
left hand. Bilateral pneumonia was diagnosed at the age of five years. After intravenous treatment
with beta-lactam antibiotics, an exacerbation of the oral mucositis was observed and the patient
was treated with fluconazole for two weeks and itraconazole for an additional two weeks,
followed by a once-weekly itraconazole treatment, which, together, resulted in a mucositis-free
period. In addition to recurrent pneumonia, this patient often had purulent infections, including
furunculosis, periodontitis and one episode of mandibular osteomyelitis. Esophageal candidiasis
was first diagnosed at the age of eight years. At the ages of 10 and 14 years, the patient was
treated for lobar pneumonia. Computed tomography at the age of 14 years revealed fibrosis in the
9th and 10th segments of the left lung, and fibrotic stripes in the pleura. Despite regular
fluconazole administration, at a therapeutic dose, CMC progressed. Fibrogastroduodenoscopy
was performed at the age of 15 years and, 18 cm from the incisors, a narrow esophageal segment
was found through which it was not possible to pass an 11 mm endoscope. The mucosa of the
proximal esophagus was hyperemic and vulnerable, with multiple white stripes and plaques of
2.5 cm in diameter. Mucosal scraping samples contained neutrophil granulocytes, squamous

epithelial cells and pseudomycelium. After three months of fluconazole treatment, it was possible to
pass an 8.2 mm-diameter endoscope along the entire length of the esophagus. The mucosa of the
esophagus was moderately hyperemic along its entire length and was covered with a white coating.
Contact bleeding was observed in the upper third. Contrast X-ray examination with barium showed
that the passage of the suspension was unhindered. In the upper thoracic segment, with tight filling,
the maximum fixed width of the lumen was 0.5 to 0.6 cm. No wall elasticity defect was observed in
the esophagus. Mucosal folds were thickened (up to 0.4 cm), probably due to edema. The patient was
14 years old when a gradual decrease in the susceptibility of Candida albicans to fluconazole was
detected, together with a decrease in susceptibility to voriconazole. Treatment with posaconazole was
therefore introduced and was well tolerated. The esophageal lumen continued to narrow along its
entire length. By this time, it was not possible to eliminate Candida albicans from the mucosa despite
several courses of posaconazole. No endocrinopathy was found and normal menstruation cycles
started at the age of 12 years. This patient has displayed a gradual worsening of anemia and takes
regular iron supplements. The patient’s history contains several other episodes of disease, including
chickenpox, which followed a normal course, and two bouts of cystitis. At the age of 15 years, serum
iron concentration was 9.5 mmol/l (normal: 10.7-32.2), unsaturated iron binding capacity was 85.7
mkmol/l (normal: 27.8 - 53.7), total iron binding capacity was 95.2 mmol/l (normal: 38.5 - 85.9).
Patient 7 is a nine-year-old patient born to Russian parents who has suffered from CMC
since early infancy. She was the product of her mother’s fifth pregnancy. The first three
pregnancies were terminated by elective abortion, and the fourth pregnancy resulted in the birth
of a girl with congenital malformation, who subsequently died from an undefined chronic illness.
This CMC patient was born at term and she weighed 3850 g and measured 55 cm at birth. The
perinatal period was uneventful. The patient was vaccinated with BCG and HBV at birth and at
one month of age, respectively, and then with DTP and poliovirus vaccine at two months of age.

No further vaccination was carried out, due to severe aphthous stomatitis, which developed into
clinically typical thrush. Local glycerol treatment resulted in a transient improvement. The infant
initially developed normally with mixed feeding (breastfeeding and formula) but she gradually
developed perianal and gluteal candidal dermatitis, which progressed to the skin of the inner
thighs, lower abdomen and the waist area. The mother refused local antifungal therapy and
preferred her own treatments, on which the patient’s condition deteriorated further. The patient
often choked when she was breastfed, possibly due to oropharyngeal Candida infection. Candidal
laryngotracheitis was diagnosed at the age of eight months. Course of oral nystatin treatment
resulted in a temporary improvement. By the age of one year, the candidiasis had spread to the
neck, face and back, and white, cheesy plaques had spread over the oral mucosa. Fluconazole
treatment resulted in clinical improvement. Over the next few years, CMC exacerbation was
observed on several occasions and was attenuated by oral antifungal agents. At 3.5 years of age,
the patient was diagnosed with a diffuse goiter. At the age of five years, high levels of ALT (343383 U/l) and AST (250 U/l) were picked up in routine laboratory tests. Serological tests for HAV,
HBA and HCV were negative. At the age of six years, the patient underwent
fibrogastroduodenoscopy, which showed dispersed white patches throughout the esophagus, in
addition to focal hyperemia of the abdominal segment of the esophagus. Samples taken from the
esophageal patches contained budding Candida yeasts and rod-shaped bacteria. Endocrine
evaluation suggested autoimmune thyroiditis and subclinical hypothyreosis and the patient was
placed on 50 mg/d L-thyroxine. Over the last two years, this patient has displayed periodic
exacerbations of candidal mucositis.
Patient 8 is a 13-year-old Ukrainian boy. He was the product of his mother’s third
pregnancy, the first two pregnancies having ended in spontaneous abortions. His birth weight and
length were 4000 g and 54 cm, respectively, and the neonatal period was uneventful. The

patient’s nine-year-old sister and his mother are healthy. Since early infancy, this patient has had
recurrent oral candidiasis with aphthous stomatitis and cheilitis, every two to three weeks.
Intriguingly, his father and paternal aunt suffer from recurrent labial herpes. His sister had
chickenpox when he was 12 but he did not contract the disease. Serologic tests revealed that he
had had chickenpox without any detectable clinical manifestation of the disease. The oral
candidiasis episodes were accompanied by severe pain and difficulties eating and even drinking
fluids. Microbiological cultures from buccal and gingival swabs repeatedly yielded C. albicans.
Aphthous stomatitis episodes were commonly accompanied by diarrhea. It has been difficult to
determine whether this patient has had primary herpes simplex virus infection, because he has
had many episodes of aphthous stomatitis, probably due to Candida infection. Antifungal
treatments have mostly been beneficial, supporting the hypothesis that the stomatitis is caused by
Candida infection. Occasionally, herpes labialis rash was observed on the lips, in the form of
small grouped vesicles, which were then disrupted and developed into a crust. This patient has
frequently been diagnosed with candidal skin infections and dermatophytosis since the age of
three months. He first presented with onychomycosis at eight months of age, and candidal
paronychia at 2.5 years of age. Nail candidiasis affected two or three fingernails on each hand
before he reached school age, subsequently becoming rarer, with the last episode of candidal
paronychia diagnosed at the age of 10 years. At the age of five years, this patient began to
complain of retrosternal pain on swallowing solid food. Chest X ray with contrast enhancement at
the age of five years, revealed esophageal narrowing to a diameter of 4 to 5 mm over a length of
48 mm in the middle third of the esophagus. At the age of six years, gastroduodenal fibroscopy
was performed with an endoscope of 0.75 cm in diameter. Up to 18 cm from the incisors, the
mucosa of the esophagus showed multiple erosions, with fibrin and a stricture about 35 mm long.
Mucosal biopsy was performed and histological analysis showed a stratified squamous

epithelium. The esophagus was dilated with air several times. The patient underwent esophageal
surgery at the age of 6.6 years, because of persistent vomiting. Following laparoscopy and Nissen
fundoplication, the patient could swallow again and stopped vomiting. Fibrogastroduodenoscopy
performed each year after surgery revealed white patches and small ulcers in the mucous
membrane of the esophagus. Treatment with local nystatin and oral fluconazole, itraconazole and
valacyclovir, singly or in combination, gave relief from acute symptoms and pain. At the age of
10 years, it was possible to pass an endoscope 10 mm in diameter freely along the entire length of
the esophagus. The lower half of the esophageal mucosa was covered with thin, whitish
longitudinal bands. The gastric mucosa was moderately hyperemic and several vascular networks
were visible. The patient had recurrent bronchitis and several episodes of bacterial pneumonia,
which resolved after the parenteral administration of antibiotics. Recurrent X ray-proven bilateral
sinusitis improved on oral β-lactam antibiotics, amoxicillin-clavulanic acid in most cases. The
patient has complained of itchy, red eyes. He underwent surgery for phimosis at the age of eight
years, without complications.
Patient 9 is now 22 years old and is the first son of healthy Ukrainian parents. He was
born at term, after an uncomplicated pregnancy, and weighed 3300 g. At the age of three months,
a severe rash occurred, which was treated topically with nystatin. At the ages of seven months
and 12 months , chest X rays showed pneumonia, and the patient was treated with ceftriaxone on
both occasions. Since the age of 12 months, this patient has suffered from recurrent and persistent
cough, but sweat tests ruled out cystic fibrosis. A test for antibody against human
immunodeficiency virus was also negative. Oropharyngeal thrush persisted and physical
examination revealed onycomycosis and recurrent ophthostomatitis, beginning at the age of one
and a half years. Parenteral administration of fluconazole resulted in clinical improvement during

treatment, but mucocutaneous candidiasis recurred after the cessation of therapy. At five years of
age, the patient developed diffuse dermatophytosis caused by Trichophyton spp. and
Microsporium spp., which was effectively cured by griseofulvin. In the absence of antifungal
prophylaxis, thrush and cutaneous candidiasis relapsed and oral azoles became less effective for
the eradication of Candida. The patient presented two subsequent episodes of pleuropneumonia,
which responded to antibiotic treatment. X rays taken at the ages of eight and 14 years are shown.
The patient presented total hair loss by the age of eight years. Gastroduodenoscopy revealed
Candida esophagitis and esophageal stenosis. Three consecutive gastroduodenoscopies and one
bronchoscopy examination revealed diffuse mucosal inflammation, edema and esophageal scar
formation. Repeated immunological testing showed smaller than normal numbers of T cells (441642 cell/mm3) and B cells (26-41 cell/mm3). Serum immunoglobulin isotype concentrations were
as follows: IgG, 5.1-12.5 g/l; IgA, 0.28-2.3 g/l; IgM, 0.34-1.1 g/l. The patient’s lymphocytes
responded poorly to mitogens (phytohemagglutinin, pokeweed mitogen, concanavalin A),
antigens (tetanus toxoid, purified protein derivative) and stimulation with viruses (herpes simplex
virus, influenza B virus) and Candida. Serum concentrations of adrenocorticotropic hormone,
cortisol, parathyroid hormone, thyroid-stimulating hormone, free thyroxine, testosterone and
insulin-like growth factor-1 were in the normal range.

Supplementary figure 1: Sequence analysis of gDNA isolated from EBVimmortalized lymphoblasts of patients P4, P5 and P8. Electropherograms show the
same mutation as found in gDNA freshly isolated from peripheral blood cells.

Supplementary figure 2:Detection of pSTAT1 by western blotting, in EBV-transformed
B cells from patient P4 (left) and patient P8 (right) with CMCD and from a healthy
control (C, middle). Cells were treated with IFN-γ in the presence or absence of
pervanadate, as described in Patients and Methods. Data are representative of three
independent experiments.

