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Summary

Mutations in the signal transducer and activator of transcription 3 (STAT3)
were reported to cause hyperimmunoglobulin E syndrome (HIES). The
present study investigates T helper type 17 (Th17) responses triggered by the
relevant stimuli Staphylococcus aureus and Candidia albicans in five ‘classical’
HIES patients, and a family with three patients who all had a milder HIES
phenotype. We demonstrate that patients with various forms of HIES have
different defects in their Th17 response to S. aureus and C. albicans, and this
is in line with the clinical features of the disease. Interestingly, a partial defi-
ciency of interleukin (IL)-17 production, even when associated with STAT3
mutations, leads to a milder clinical phenotype. We also observed defective
Th17 responses in patients with the ‘classical’ presentation of the disease but
without STAT3 mutations. These data demonstrate that defective IL-17 pro-
duction in response to specific pathogens can differ between patients with
HIES and that the extent of the defective Th17 response determines their
clinical phenotype.
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Introduction

Hyperimmunoglobulin E syndrome (HIES) is a primary
immunodeficiency disorder characterized by recurrent sta-
phylococcal skin abscesses, pulmonary infections, mucocu-
taneous candidiasis, skeletal and dental abnormalities and
elevated serum immunoglobulin E (IgE) concentrations
[1,2]. Although most cases of HIES are sporadic, familial
cases are encountered, mainly with an autosomal dominant
mode of inheritance [3].

Recently, mutations in the evolutionarily conserved SH2
and DNA-binding domains of the signal transducer and
activator of transcription 3 (STAT 3) were found to be
present in approximately 60% of the patients with HIES
[4,5]. STAT3 is an important component of receptor
signalling pathways for several cytokines, including
interleukin-6 (IL-6) and IL-10, and patients with HIES
have shown defective responses to these cytokines [4]. The
role of STAT3 for normal signalling of the IL-6 receptor has
important consequences for normal host defence. Together
with other cytokines such as IL-1b and IL-23, the IL-6/
STAT3 pathway is crucial for the normal development of
CD4+–T helper type 17 (Th17) cells [6,7]. Because IL-17
has an important role in the activation of neutrophil-
dependent immunity [8], defective Th17 generation as a

result of STAT3 mutation may play an important role in
the pathogenesis of HIES.

In a recent paper, Milner et al. have demonstrated that T
lymphocytes from patients with HIES are unable to differ-
entiate into Th17 after mitogenic stimulation [9]. These data
were supported by two reports that also showed defective
generation of Th17 when anti-CD3/anti-CD28/IL-2 or
cytokine cocktails were used [10,11]. These studies reported
the defective generation of Th17 using mitogenic cocktails in
patients with established mutations in the SH2 and DNA-
binding domains of STAT3. In contrast, patients with atopic
dermatitis and high IgE, but without skin and respiratory
infections and without STAT3 mutations, had normal Th17
responses [9,12].

In the present paper, we aimed to extend these
initial findings by investigating the generation of Th17 cells
and IL-17 production by relevant microbial stimuli for
HIES. In addition, we assessed Th17 profiles in three dis-
tinct groups of patients: ‘classical’ HIES patients with
STAT3 mutations in the SH2/DNA-binding domains,
‘classical’ HIES without STAT3 mutations and a family with
‘variant’ HIES that we described as having a milder clinical
phenotype [13], with deletion of a triplet in the linker
domain. The differences in the degree of IL-17 production
defects after stimulation with Staphylococcus aureus or
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Candida albicans determined the severity of the clinical
phenotype.

Materials and methods

Patients and controls

Eight patients with a clinical diagnosis of HIES at the
out-patient clinic for infectious diseases and immuno-
deficiencies of the Department of General Internal Medi-
cine of Radboud University Nijmegen Medical Centre were
enrolled into the study. Three of these patients were family
members. After informed consent, blood was collected
from eight healthy, non-smoking volunteers who were free
of infectious or inflammatory disease and the enrolled
HIES patients by venipuncture into 10 ml ethylenediamine
tetraacetic acid (EDTA) syringes (Monoject; BD Vacutainer,
Plymouth, UK). STAT3 mutation analysis was kindly per-
formed in the Laboratory of Human Molecular Biology
and Genetics, Catholic University of the Sacred Heart,
Milan, Italy (head Professor Roberto Colombo).

Microorganisms

C. albicans American Type Culture Collection (ATCC) MYA-
3573 (UC820), a strain well described elsewhere [14], was
used. C. albicans was grown overnight in Sabouraud broth at
37°C, cells were harvested by centrifugation, washed twice
and resuspended in culture medium (RPMI-1640 Dutch
modification; ICN Biomedicals, Aurora, OH, USA) [15]. C.
albicans was heat-killed for 1 h at 100°C and all experiments
were performed with heat-killed C. albicans. The clinical
isolate of S. aureus was heat-killed and used at a dosage of
107/ml.

In vitro cytokine production

Separation and stimulation of peripheral blood mono-
nuclear cells (PBMCs) was performed as described previ-
ously [16]. Briefly, the PBMC fraction was obtained by
density centrifugation of diluted blood (one part blood to
one part pyrogen-free saline) over Ficoll-Paque (Pharmacia
Biotech, Uppsala, Sweden). PBMCs were washed twice in
saline and suspended in culture medium supplemented with
gentamycin 1%, L-glutamine 1% and pyruvate 1%. The cells
were counted in a Bürker counting chamber, and cell
numbers were adjusted to 5 ¥ 106 cells/ml; 5 ¥ 105 PBMCs in
a volume of 100 ml per well were incubated at 37°C in round-
bottomed 96-well plates (Greiner, Nuremberg, Germany) in
the presence of 10% human pooled serum with stimuli or
culture medium alone, and where indicated with the cytok-
ines IL-6 and IL-10 (100 ng/ml). After 5 days of incubation,
supernatants were collected and stored at -20°C until
assayed.

Cytokine assays

IL-1b and IL-17 concentrations were measured by com-
mercial enzyme-linked immunosorbent assay (ELISA) kits
(R&D Systems); interferon (IFN)-g and IL-10 (Pelikine
Compact, Sanquin, Amsterdam, the Netherlands), according
to the manufacturer’s instructions.

Intracellular cytokine staining

PBMC cells were stimulated as described above and restimu-
lated for 4–6 h with phorbol myristate acetate (PMA)
(50 ng/ml; Sigma) and ionomycin (1 mg/ml; Sigma, St. Louis,
MO, USA) in the presence of Golgiplug (BD Biosciences,
Dendermonde, Belgium), according to the manufacturer’s
protocol. Cells were first stained extracellularly using
an anti-CD4 allophycocyanin (APC) antibody (BD
Biosciences). Subsequently the cells were fixed and perme-
abilized with Cytofix/Cytoperm solution (BD Biosciences)
and then stained intracellularly with anti-IFN-g phyco-
erythrin (PE) (eBiosciences, Hatfield, UK) and anti-IL-17
fluorescein isothiocyanate (FITC) (eBiosciences). Samples
were measured on a fluorescence activated cell sorter
(FACS)Calibur and data were analysed using CellQuest-Pro
software (BD Biosciences).

Statistical analyses

The differences between groups were analysed using the
Mann–Whitney U-test, and considered statistically signifi-
cant when P � 0·05. Data are presented as the cumulative
result of all experiments performed, unless indicated
otherwise. Data are given as median or mean � standard
error of the mean (SEM) unless indicated otherwise.

Results

Patients

The clinical description of patients with HIES are summa-
rized in Table 1. All patients were of Dutch ancestry. In Fig. 1
the pedigrees of the HIES family are presented. Of note,
the clinical data of the HIES family have been published
elsewhere [13,17]. Blood sampling and Th17 profile were
assessed in cells isolated from three HIES patients in the
third generation of the family and five patients with ‘classical’
HIES. In the large HIES family with milder HIES (variant
HIES) the STAT3 gene had deletion of a triplet, leading to the
deletion of serine in position 560 of the linker domain. Three
of the five ‘classical’ HIES patients had known STAT3 muta-
tions (R382W twice and V463del) [5] (Table 1). Two of the
patients with ‘classical’ HIES had no STAT3 mutation.

Defective IL-17 and IFN-g production in HIES patients
in response to S. aureus and C. albicans

To investigate the immunological functional properties with
respect to Th17 responses in HIES patients with different
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mutations, PBMC from healthy volunteers, ‘classical’ HIES
patients and three members from a HIES family with
‘variant’ HIES were assessed for the capacity to mount IL-17
responses. We have developed a new methodology of Th17
generation using human PBMC stimulated with whole
microbial stimuli relevant for HIES: S. aureus and C. albicans
[18]. HIES patients had a defective response to C. albicans,
although IL-17 was measurable in all patients (Fig. 2a).
Interestingly, IL-17 production was completely absent in
PBMC stimulated with S. aureus in all ‘classical’ HIES
patients (Fig. 2b). In contrast, PBMC isolated from the
variant HIES patients, bearing the STAT3 mutations in the
linker domain, were able to produce IL-17 in response to
S. aureus, albeit at lower concentrations when compared to
healthy volunteers (Fig. 2b and c). IFN-g production was
distorted in HIES patients when compared to healthy con-
trols, while IL-10 was found to be elevated in HIES patients
when stimulated with both S. aureus and C. albicans.

Normal induction of Th17 cells in familial variant
HIES patients

The in vitro stimulations described above suggest that HIES
patients have a significant defect in the generation of Th17
cells. This was indeed the case for the patients with ‘classical’
HIES, either bearing STAT3 mutations or not (Fig. 3). Sur-
prisingly, when the familial variant HIES patients were chal-
lenged with disease-related microorganisms, they showed a
clear induction of single IL-17-positive and IL-17/IFN-g-
positive CD4+ cells compared to normal controls (Fig. 3).Ta
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Fig. 1. The pedigree of a family with hyperimmunoglobulin E

syndrome (HIES) of Dutch ancestry. Clinical symptoms characteristic

for HIES were recorded in a large kindred, with patients affected

[closed black symbols are family members affected signal transducer

and activator of transcription 3 (STAT 3) mutation] from several

generations. Closed grey symbols represent suspicion for the STAT3

mutation, but not proven. Line through symbol represents deceased

family member.
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HIES patients have a defect in IL-6, but not in
IL-10, signalling

IL-6 augmented IL-17 production induced by C. albicans
and S. aureus in cells isolated from healthy controls (Fig. 4a).
No effect was apparent in the HIES patients, independently
of the type of STA3 mutation. In contrast to IL-6, IL-10

reduced the amount of IL-17, and this effect was observed
both in healthy controls and HIES patients (Fig. 4b).

Discussion

Mutations in the SH2 and DNA-binding domain of STAT3
have been reported to be the cause of disease in a large
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Fig. 2. Defective interleukin (IL)-17 and interferon (IFN)-g production in hyperimmunoglobulin E syndrome (HIES) patients in response to

Staphylococcus aureus and Candida albicans. Human peripheral blood mononuclear cells (PBMCs) from healthy controls (n = 8), ‘classical’ HIES

(n = 5) and three members of the HIES family bearing the STAT3 linker domain mutation were stimulated for 5 days with C. albicans (a) or S.
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proportion of HIES patients [4]. These mutations function
as dominant-negative mutations [4] and result in a defective
Th17 response in these patients [9,10], explaining many of
the clinical features of HIES. In the present study we
confirm, on one hand, the relationship between HIES and
defective Th17 responses; on the other hand, we also refine
this notion to include the relationships between the type
of STAT3 mutation, immunological response to relevant
microbial stimulation and clinical phenotype of the patients.

All studies to date have used an artificial methodology to
generate Th17 cells and induce IL-17 production in cells
from HIES patients, using either mitogenic antibodies such
as anti-CD3 and anti-CD28 [9,10] or recombinant cytokine
cocktails [11]. Recently we have developed a novel method to
induce IL-17 production and generate Th17 cells using
exclusively microbial stimulation [18], a method that mimics
much more closely the in vivo conditions during infection.
Although we can confirm defective Th17 generation and
IL-17 production by cells isolated from patients with HIES
[9–11], several important aspects are now apparent when
using this improved methodology. First, defective IL-17
induction differs between stimulation with S. aureus or C.
albicans. When Th17 responses were assessed both these
microorganisms, which are the most important in HIES
patients, were equally defective in generating CD4+ IL-17+

cells. Surprisingly, however, C. albicans was still capable of
stimulating approximately 20–30% of normal IL-17 produc-
tion, while S. aureus was completely defective as an IL-17
stimulus in HIES patients (Fig. 1c). This finding is important
as it may explain why it is mainly mucosal; nailbed infection
is the most common Candida complication in HIES patients

(83% in one large study), while systemic candidiasis is rela-
tively rare [3]. Notably, patients with chronic mucocutane-
ous candidiasis who have the same clinical spectrum of
Candida infection [19] have also been reported to have a
specific defect in Candida-induced IL-17 production [20].
This supports the conclusion that IL-17 is important in
mucosal anti-Candida host defence and that the lower IL-17
found in our patients is indeed clinically relevant.

Secondly, an important observation of our study is repre-
sented by indistinguishable immunological responses in
patients with the ‘classical’ clinical form of HIES, indepen-
dent of the presence or absence of STAT3 mutations. All the
patients who had a strong phenotype of the disease displayed
similar defects in IL-17 production and Th17 generation.
Our data are supported by the report of one HIES patient
without STAT3 mutation and defective Th17 responses [21],
and suggests strongly that in patients with the ‘classical’ pre-
sentation of HIES, but in which no STAT3 mutation is
found, defects in the same immunological pathways are the
most probable cause of the disease. This may also imply that
defective Th17 responses are a more sensitive diagnostic tool
for HIES.

Thirdly, one of the most interesting findings of our study
is the description of a clear association of a milder pheno-
type of the disease in a Dutch family with a less severe defect
in IL-17 production, due probably to the linker domain
triplet that did not lead to a frameshift [13]. Patients from
this family suffer from skin infections with S. aureus, can-
didiasis of the nailbeds (but not of the mucosae), dermatitis,
hyper-IgE and eosinophilia, but they lack any respiratory
infections (either with S. aureus or other pathogens). With

Fig. 4. Defective interleukin (IL)-6, but not

IL-10, pathway in hyperimmunoglobulin E

syndrome (HIES) patients. Human peripheral

blood mononuclear cells (PBMCs) from healthy

controls (n = 8), ‘classical’ HIES (n = 5) and

three members of the HIES family bearing the

signal transducer and activator of transcription

3 (STAT 3) linker domain mutation were

stimulated for 5 days with Candida albicans or

Staphylococcus aureus. The effect of either IL-6

or IL-10 on the induction of IL-17 was assessed

by enzyme-linked immunosorbent assay.

*P < 0·05.
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regard to non-infectious manifestations, persistent primary
dentition, a common sign in HIES, was seen in one patient of
this family, one patient displayed scoliosis, cheilognathopala-
toschisis and pathological fractures, and one patient suffered
from an aortic aneurysm. The defects in IL-17 responses to S.
aureus in cells isolated from this family were milder com-
pared to the ‘classical’ HIES patients, as they were still able to
release approximately 30% of the normal IL-17 production.
In line with the presence of candidiasis as a clinical symptom
in the family, IL-17 production after C. albicans stimulation
was equally defective compared to the other patients.

In addition to IL-17, other defects in the cytokine response
of HIES patients have also been reported, such as a defective
IFN-g production [17,22], and increased granulocyte–
macrophage colony-stimulating factor (GM-CSF) [23]. In
line with these previous studies, in our study IFN-g produc-
tion was decreased in HIES patients, while IL-10 release was
significantly higher compared to controls. Production of
IFN-g was defective in response to both C. albicans and S.
aureus. IFN-g is the prototype of Th1 cytokines and plays a
crucial role in activation of the innate and adaptive host
response against these pathogens [24]. Therefore, the defec-
tive IFN-g response could be at least as relevant as the defect
found in IL-17. Furthermore, it should be kept in mind that
IFN-g therapy is a relatively safe therapeutic option [25] and
it has been reported that recombinant IFN-g can enhance
neutrophil chemotactic responses in patients with HIES
[26]. Together, these data argue strongly for a dysbalance of
Th subsets in patients with HIES, with defective responses of
the proinflammatory subsets Th1 and Th17, and increased
function of the anti-inflammatory Th2 subset.

In contrast to Th-derived cytokines, the release of IL-1b
was normal in HIES patients. As IL-1b is important for the
generation of Th17 cells [27], this result suggests that it is not
a defective IL-1b/IL-1RI axis that is responsible for the
defects of IL-17 production in HIES patients. This hypoth-
esis is sustained by the normal generation of Th17 responses
in individuals with MyD88 or IRAK4 mutations that are
defective in the IL-1RI signalling [as well as Toll-like receptor
(TLR) and IL-18R pathways] [11].

The defective generation of Th17 responses in HIES
must therefore be located at the level of another immuno-
logical pathway, the most obvious being the IL-6/STAT3
axis [6]. To test this hypothesis, we investigated the effect of
IL-17 co-stimulation with microbial stimuli in combination
with IL-6. While IL-6 potentiated the production of IL-17
induced by C. albicans or S. aureus in healthy individuals,
no such effect was observed in either the ‘classical’ HIES or
the family with the variant HIES. The striking observation
that the members of the HIES family were able to generate
Th17 cells upon contact with pathogens suggests that the
linker domain of the STAT3 gene is involved in another
unknown function of the STAT3 molecule, and highlights
the observation that a mutation at a different location in
the STAT3 gene leads to a different functional and clinical

outcome. In contrast to the defective responses to IL-6, the
inhibitory effects of IL-10 on IL-17 production were similar
in healthy volunteers or HIES patients, suggesting that
STAT3 is redundant for IL-10 signalling leading to reduced
IL-17 production.

In conclusion, the present study demonstrates that
patients with HIES have differential defects in IL-17
responses to the two main pathogens associated with the
disease, S. aureus and C. albicans, and this is comparable with
the clinical features of this syndrome. In addition, the extent
of the Th17 defect is due to the location of the STAT3 muta-
tion, and is associated with the clinical phenotype in these
patients. Furthermore, defective Th17 responses are a more
sensitive marker of the disease in HIES patients than STAT3
mutations.
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