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Abstract

Hyper-IgE syndromes and chronic mucocutaneous candidiasis constitute rare primary immunodeficiency syndromes
with an overlapping clinical phenotype. In recent years, a growing number of underlying genetic defects have been
identified. To characterize the underlying genetic defects in a large international cohort of 275 patients, of whom 211
had been clinically diagnosed with hyper-IgE syndrome and 64 with chronic mucocutaneous candidiasis, targeted
panel sequencing was performed, relying on Agilent HaloPlex and Illumina MiSeq technologies. The targeted panel
sequencing approach allowed us to identify 87 (32 novel and 55 previously described) mutations in 78 patients,
which generated a diagnostic success rate of 28.4%. Specifically, mutations in DOCKS (26 patients), STAT3 (21),
STATI (15), CARDY (6), AIRE (3), ILI7RA (2), SPINKS (3), ZNF341 (2), CARMIL2/RLTPR (1), ILI2RBI (1), and
WAS (1) have been detected. The most common clinical findings in this cohort were elevated IgE (81.5%), eczema
(71.7%), and eosinophilia (62.9%). Regarding infections, 54.7% of patients had a history of radiologically proven
pneumonia, and 28.3% have had other serious infections. History of fungal infection was noted in 53% of cases and
skin abscesses in 52.9%. Skeletal or dental abnormalities were observed in 46.2% of patients with a characteristic
face being the most commonly reported feature (23.1%), followed by retained primary teeth in 18.9% of patients.
Targeted panel sequencing provides a cost-effective first-line genetic screening method which allows for the iden-
tification of mutations also in patients with atypical clinical presentations and should be routinely implemented in
referral centers.

Keywords Primary immunodeficiency - Hyper-IgE syndrome - Chronic mucocutaneous candidiasis - Genetics - Targeted
panel sequencing - Next-generation sequencing

Introduction of recurrent pneumonias, recurrent skin abscesses, and

markedly elevated serum IgE levels [1-3]. Eczema and

Hyper-IgE syndromes (HIES) and chronic mucocutane-
ous candidiasis (CMC) constitute rare primary immuno-
deficiency syndromes with overlapping phenotypes. HIES
have traditionally been characterized by the clinical triad
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eosinophilia represent further hallmarks. The most common
underlying genetic defects are loss of function mutations
of the transcription factor STAT3 [4, 5], which, in addition
to the triad already mentioned, are associated with dental,
skeletal, and connective tissue abnormalities [4, 5]. In con-
trast, DOCKS deficiency is characterized by severe viral
infections, e.g., with herpes viruses, papilloma viruses,
and molluscum contagiosum virus as well as the increased
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occurrence of malignancies, especially hematological and
epithelial cancers. DOCKS deficiency is classified as a com-
bined immunodeficiency in the latest International Union of
Immunological Societies (IUIS) classification [6, 7]. More
recently, mutations in CARDI1, ERBB2IP, IL6R, IL6ST,
PGM3, TGFBRI1/2, and ZNF431 have been recognized as
further genetic causes of HIES-like phenotypes [8—11]. A
similar phenotype may be produced by genetic skin dis-
orders such as Comel-Netherton syndrome, an ichthyosis
syndrome caused by mutations in SPINK5 encoding, a ser-
ine protease essential for skin barrier integrity. Also, severe
atopic dermatitis (AD) may lead to a similar phenotype,
which may be hard to distinguish from primary immunode-
ficiencies as the impaired barrier function in AD may lead
to infections. The hyper-IgE phenotype overlaps with the
one of chronic mucocutaneous candidiasis (CMC) in that
patients may show increased susceptibility to fungal infec-
tions. CMC is characterized by enhanced susceptibility to
infections caused by Candida ssp. and dermatophytes [12].
While the majority of patients suffer from recurrent skin,
nail, or mucous membrane infections, a smaller subgroup
of patients develops invasive fungal disease associated with
a high burden of morbidity and mortality. In recent years,
a growing number of genetic defects underlying CMC have
been identified, which confirm a role for both the innate
and the adaptive immune systems (CARDY, STATI, ACT1I,
IL-17F, IL-17RA, ILI7RC, AIRE, IL12B, ILI2RB1, RORC)
in antifungal immunity [13—16]. Depending on the underly-
ing molecular defect, additional clinical manifestations may
include autoimmunity, endocrinopathy, increased suscepti-
bility to bacterial infections, and malignancies. Laboratory
findings may also include elevated IgE and eosinophilia,
adding to a common hyper-IgE phenotype.

With a rising number of known underlying genetic
defects and overlapping clinical phenotypes, novel
sequencing techniques have been gaining importance to
reach a definite diagnosis. Obtaining a genetic diagnosis
in these patients with inborn errors of immunity is crucial
for identifying the best course of treatment and counseling
patients and their families regarding the prognosis and
further family planning. The advent of next-generation
sequencing (NGS) has since greatly facilitated this process
at reduced costs and a shorter turnaround time by allowing
the simultaneous analysis of a multitude of genes. In order
to promote the time- and cost-effective identification of
the genetic diagnosis, we have established a targeted panel
sequencing approach relying on Agilent HaloPlex and Illu-
mina MiSeq technologies. Here, we present our results on
targeted panel sequencing of known disease-causing genes
in a cohort of 275 patients with a clinical diagnosis of
HIES or CMC. This approach allowed us to identify 87
mutations in 78 patients.

@ Springer

Methods
Patients

This study was conducted under the ethics protocols
239/99-120,733 and 302/13 (ethics committee of the Uni-
versity Hospital of Freiburg, Germany). All patients, or for
children their legal guardians, have consented according
to local ethics guidelines. DNA or whole blood samples
of patients who had either a clinical diagnosis of HIES
or CMC, and whose samples were referred to our labora-
tory for genetic workup on a research basis by their local
physicians, were obtained. Around 211 patients had a
clinical diagnosis of HIES, while 64 patients were diag-
nosed with CMC. With two exceptions, all patients were
unrelated index patients. If DNA samples were available,
other family members were subsequently investigated for
the detected mutations by Sanger sequencing. The investi-
gated patients were from Algeria (5 patients), Belgium (2),
Bosnia (1), Brazil (1), Canada (2), Chile (2), Colombia
(2), Denmark (1), Egypt (30), Finland (1), France (3), Ger-
many (41), Great Britain (44), Greece (3), India (2), Iran
(34), Ireland (8), Israel (5), Italy (10), Lebanon (1), Libya
(2), Macedonia (2), Malaysia (1), Morocco (21), Oman
(1), Peru (3), Portugal (3), Qatar (1), Slovakia (1), Spain
(3), Switzerland (2), Tunisia (4), Turkey (29), USA (3),
and the West Indies (1). The cohort comprises an initial
group of 90 patients, in whom conventional diagnostics
including Sanger sequencing of the suspected underlying
target gene (STAT3, DOCKS, PGM3, STATI) had not led
to a definite molecular diagnosis. Subsequently, the cohort
was expanded to include patients with a clinical diagnosis
of HIES or CMC without prior Sanger sequencing.

DNA Extraction

DNA extraction was performed according to local proto-
cols. In brief, erythrocytes were lysed with RBC buffer,
and the remaining nucleated cells were subjected to Qia-
gen Cell Lysis Solution. Qiagen Protein Precipitation
Solution was used to precipitate the proteins. The DNA
was subsequently precipitated with isopropanol, washed
with ethanol, and resuspended and stored in Qiagen DNA
Hydration Solution.

Panel Design
A customized gene panel was designed through Agilent’s

web-based SureDesign application. The panel design ini-
tially comprised 15 genes in which published evidence has
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established that mutations can cause HIES or CMC and
was updated regularly to optimize coverage and include
new candidate genes. A list of sequenced gene sets is
found in Supplemental Table 1.

Target Enrichment and Sequencing

Targeted enrichment was performed with Agilent’s Halo-
Plex Target Enrichment System for Illumina sequencing.
The manufacturer’s instructions as detailed in Agilent’s
user manual were followed. In brief, DNA samples were
subjected to digestion by adding a restriction enzyme master
mix prepared following the kit’s protocol and an incubation
step at 37 °C, and digestion was validated by gel electropho-
resis. Subsequently, the restriction fragments were hybrid-
ized to the HaloPlex probe capture library by the addition of
a hybridization master mix and indexing primer cassettes.
The mix was incubated at 95 °C for 10 min followed by a
3-h incubation at 54 °C. The target DNA was captured with a
biotin—streptavidin system using HaloPlex Magnetic Beads.
After a washing step, the circular fragments were closed
through a ligation reaction at 55°. The captured target librar-
ies were amplified by PCR with the master mix prepared
according to the manufacturer’s instructions. In a final step,
the amplified target libraries were purified through AMPure
XP beads and washed in ethanol. Enrichment was validated
on an Agilent TapeStation system.

Samples were pooled in equimolar amounts for multiplex
sequencing on an Illumina MiSeq system. An Illumina v2
reagent kit was used, and the provided protocol was fol-
lowed. Libraries were denatured with NaOH and diluted to a
final concentration of 8—12 pM. For loading and starting the
MiSeq system, the manufacturer’s instructions as detailed in
the MiSeq System User Guide were followed.

Data Analysis

Data analysis was performed using Agilent’s SureCall
software. In brief, this included the trimming of adapter
sequences and alignment to the human reference genome
(hg19/GRCh37) using Burrows—Wheeler aligner. The Agi-
lent SNP caller was used for detecting single nucleotide vari-
ants. SNP filtering, mutation classification, and annotation
were performed as part of the SureCall analysis workflow.
Copy number variants were determined from sequencing
coverage data using a genomic analysis toolkit. Single
nucleotide variants with an allele frequency >0.01 in the
general population were excluded. Detected missense, non-
sense, frameshift, and splice site mutations were annotated.
For prioritization databases, such as HGMD (Human Gene
Mutation Database) [17], ExAc (Exome Aggregation Con-
sortium) [18], and dbSNP (the Single Nucleotide Polymor-
phism Database) [19], as well as polymorphism phenotyping

tools/mutation severity predictors such as PolyPhen2 [20]
and combined annotation-dependent depletion (CADD) [21]
were used.

Quality Control Data

The average read depth of all detected mutations was 914 x.
Mutations were confirmed by Sanger sequencing or PCR
amplification in the case of larger deletions. Around 91.8%
of all bases in target regions were covered at least 100-fold,
and 97.6% were covered at least 20-fold.

Sanger Sequencing

All detected mutations were confirmed by Sanger sequenc-
ing according to established protocols [22]. Regions of inter-
est were amplified from genomic DNA by standard PCR.
PCR primers were used for Sanger sequencing according
to standard techniques. All primer sequences are available
upon request. Sequencing was performed on an AB3130xI1
Genetic Analyzer, or PCR products were sent for commer-
cial sequencing at GATC (Konstanz, Germany).

PCR

In order to confirm suspected copy number variations
(deletions), the regions in question were amplified from
genomic DNA by PCR as detailed previously. Amplifica-
tion of patient and control DNA was checked by agarose gel
electrophoresis.

Flow Cytometry

If available, functional testing on patient cells was performed
for novel variants. While not diagnostic, phosphorylation
assays contribute to the assessment of potential pathogenic-
ity and mechanism of STAT variants. Cell surface staining
or intracellular staining for the assessment of variants was
performed by flow cytometry. PBMCs from patients were
stained with pPSTAT3-PE, pSTAT1-Alexa 647, or IL17RA-
APC and were subsequently analyzed on a BD FACS Canto
IL.

Results

Within this study, we analyzed a cohort of 275 patients by
targeted panel sequencing, out of whom 211 had been clini-
cally diagnosed with HIES by their referring physicians and
64 with CMC. Targeted panel sequencing identified underly-
ing disease-causing mutations in 78 patients, i.e., 28.4% of
all analyzed patients. Specifically, we detected 25 homozy-
gous and one compound heterozygous mutations in DOCKS,
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21 heterozygous STAT3 mutations, 13 heterozygous muta-
tions in STATI, five homozygous and one compound het-
erozygous mutation in CARD9, two compound heterozygous
and one heterozygous mutation in AIRE, three homozygous
mutations in SPINKS5, one homozygous and one compound
heterozygous mutation in /L17RA, two homozygous ZNF341
mutations, one homozygous RLTPR mutation, one homozy-
gous mutation in /L/2RBI, and one hemizygous WAS muta-
tion in this cohort (Fig. 1). The average coverage of detected
mutations in this study amounted to 914 reads.

The mean age of patients at the time point of sequencing
was 17.9 years (range: 1-62 years; mean for patients with
clinical hyper-IgE phenotype: 15.7 years, for patients with
CMC: 24.3 years). Around 55.1% of analyzed patients were
male and 44.9% female. Around 20.5% were reported to be
consanguineous. The mean age at first clinical presentation
was 8.41 years (median: 5 years, range: 0-51 years).

Clinical data were available for 183 patients and are sum-
marized in Fig. 2. The majority of patients had elevated IgE
levels (81.5%), and 62.9% had eosinophilia. The most com-
monly reported symptom was eczema (71.7%). Regarding
infections, 54.7% of patients had a history of radiologically
proven pneumonia, while 28.3% of patients were reported
to have had other serious infections. Twelve patients had
passed away from infectious causes. Around 53% of patients
in this cohort had a history of mucocutaneous candidiasis or
fungal infection and 52.9% had a history of skin abscesses.
About 37.2% had recurrent sinusitis with at least 3 episodes
per year. Around 46.2% of patients had skeletal or dental
abnormalities with a characteristic face being the most

HIES

ZNF341 AIRE
2% 4%
STAT3 \‘
33%
DOCK8
46%
SPINK5
5%  RLTPR
2%

commonly reported item (23.1%), followed by retained
primary teeth reported in 18.9% of patients. Around 9.8%
had hyperextensibility and 8.5% a history of fractures with
inadequate trauma.

Sixteen patients were reported to have enteropathy. Neu-
rologic features were generally rare (reported in 7 patients)
and included epilepsy, delayed development, encephaloma-
lacia, and cerebral atrophy. Malignancy or suspicion thereof
was only reported in three patients, one of which had a sar-
coma, one multiple skin tumors, and another a lymphoma.
HIES patients had an average NIH HIES score of 34.0 points
(n=122; min.: 6, max.: 73), whereas CMC patients scored
an average of 9.75 points (n=20).

Identified Genetic Defects in Patients with a Clinical
Diagnosis of HIES

Out of 211 patients referred for genetic workup with a clini-
cal diagnosis of HIES, we were able to make a genetic diag-
nosis in 54 patients, i.e., 25.6%. A detailed list of detected
mutations and clinical presentations of patients can be found
in Table 1. In this cohort, DOCKS8 mutations were the most
common underlying genetic defect. A total of 26 patients
were shown to have homozygous or compound heterozygous
DOCKS mutations. Out of these, four patients had splice site
defects, six nonsense mutations, and five frameshift muta-
tions. One patient had a one amino acid deletion, whereas
another patient (HIES53) had a compound heterozygous
mutation consisting of a heterozygous one amino acid dele-
tion and a heterozygous splice site variant. Staining for

CcMC

STAT3
8%

N

IL17RA
8%

63%

Fig. 1 Frequency of genetic defects in patients with a clinical diagnosis of HIES and CMC: In patients with a clinical diagnosis of HIES,
DOCKS and STAT3 mutations constituted the most common defects, whereas in CMC patients, STAT! mutations were the most common defects

@ Springer



Journal of Clinical Immunology

Fig. 2 Clinical patient char-
acteristics: heat map showing
relative scoring for presence
and severity of clinical patient
characteristics in this cohort.
Eosinophilia, elevated IgE, and
eczema cluster together

DOCKS protein confirmed severely reduced protein expres-
sion by flow cytometry. Seven patients were found to have
larger homozygous exonic deletions, which could be con-
firmed by PCR amplification. HIES46

Eighteen patients had heterozygous STAT3 mutations. Of
these, two patients had splice site mutations, one a nonsense
mutation, two single amino acid deletions, and 13 patients
had missense mutations. Functional testing was performed
for the novel variants p.K531Q and p.I711F as well as for
patient HIES46, who had two previously undescribed mis-
sense variants, p.L571F and p.Y575D. Testing showed
reduced STAT3 phosphorylation consistent with a loss of
function for two patients and mildly reduced phosphoryla-
tion of unclear significance for the third patient (Fig. 3).
Furthermore, we identified two patients with a homozygous
ZNF341 nonsense mutation [23]. Biallelic mutations in
ZNF341 lead to diminished STAT3 expression, resulting in
hyper-IgE syndrome [23, 24]. In addition to recurrent res-
piratory infections, skin abscesses, and severe eczema, the
two patients suffered from micrognathia.

Interestingly, two patients clinically diagnosed with
HIES were shown to have previously published CARD9
mutations (p.R373P and p.Q295%) associated with chronic

I 1
Eosinophilia B
- 08
E
czema 06
Highest IgE serum level 0.4

Rec. sinusitis, otitis

[ ([T
o o
N

Parenchymal lung abnormalities
I Fatal infection

Lymphoma/ malignancy
Newborn rash

Skeletal/ dental abnormalities

| NIH score
Pneumonias (X—ray proven)
Other serious infections

Skin abscesses

I IIII Candidiasis

mucocutaneous candidiasis, respectively, deep dermato-
phytosis. Patient HIESO3 had IgE levels of > 20,000 IU/I
and marked eosinophilia adding towards a total NIH HIES
score of 40 points [25]. However, he had suffered from can-
dida meningitis, and thus invasive fungal infection, hinting
towards a CARD9 defect. Notably, no clinical sign or history
of lung disease — typical of HIES — was present. Patient
HIESO04 suffered from persistent thrush in infancy and can-
dida nail infection; however, he had been diagnosed with
HIES due to elevated IgE and hypereosinophilia.

Three patients clinically diagnosed with HIES
had homozygous mutations in SPINKS5, which cause
Comel-Netherton syndrome, a rare syndrome associated
with erythroderma, ichthyosis, short and brittle “bamboo”
hair, atopy, and elevated IgE. One patient had a nonsense
mutation, one a frameshift, and one a splice site mutation.
All patients had severe eczema and elevated IgE, and only
one of the three patients did not have a history of recurrent
infections.

Notably, another patient (HIES50) clinically diagnosed
with HIES was shown to have a hemizygous mutation in
WAS (p.P403L), which had previously been published as
causing mild immunodeficiency, muscle dystonia, and
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nathia. This patient

lower respiratory
bronchiectasis, skin
abscesses, severe
eczema, microg-
was previously
published in Frey-
Jakobs et al. [23]

Clinical presentation
tract infections,

Severe upper and

(ref.) Functional
validation?

Yes

[23]

Zygosity Variant published?
Yes

hom

AA exchange
p-R386*

Base exchange
c.1135C>T

Gene
ZNF341

Age at genet.
diagn. (years)

34

Age at first clin.
HIES presentation
score (years)

n.a

62

NIH

From

Table 1 (continued)
HIES52 Turkey

Patient

thrombocytopenia [26]. The patient had eczema, marked
hypereosinophilia (69%, absolute count: 21,962/ul) with
hypereosinophilic skin lesions, and elevated IgE levels
(15,064 1U/ml). Platelet count and platelet volume were
noted to be normal.

Additionally, we have identified one patient with a
homozygous splice site defect in RLTPR, who had been clin-
ically diagnosed with HIES. The patient suffered from severe
dermatitis from infancy on and, in addition, had multiple
episodes of sinusitis and nail candidiasis necessitating sys-
temic treatment as well as hyperreactive airway disease. He
has multiple allergies and was diagnosed with eosinophilic
esophagitis at the age of 2 years (eosinophilia of 27.1%).
The clinical phenotype is thus similar to the one published
by Alazami et al. [27], although this patient so far only dem-
onstrated mild signs of immunodeficiency compared to the
combined immunodeficiency phenotype described originally
by Wang et al. [28]. Recurrent measurements showed mildly
elevated IgE, but other immunoglobulins and vaccination
responses were normal. Further laboratory workup showed
persistent lymphocytosis. The patient was shown to have
decreased FOXP3* CD4* regulatory T cells in line with the
so far described phenotype.

Furthermore, two patients had compound heterozygous
mutations in AIRE. Patient HIESO1 suffered from asthma,
sinusitis, and mild eczema and was found to have a mul-
tinodular goiter and a large pulmonary cyst. Laboratory
workup showed elevated IgE levels. Additionally, he had a
Marfanoid habitus and osteoporosis with a history of mul-
tiple fractures upon minor trauma, leading to the clinical
diagnosis of HIES. The other patient (HIES02) additionally
had a homozygous frameshift mutation of DOCKS and thus
had presented with recurrent pneumonias, severe sinusitis,
and eczema with recurrent skin infections and diarrhea.

Identified Genetic Defects in Patients with a Clinical
Diagnosis of CMC

Out of 64 patients with a clinical diagnosis of CMC, targeted
panel sequencing allowed us to make a genetic diagnosis
in 24 patients, i.e., 37.5%. A detailed list of detected muta-
tions and clinical presentations of patients can be found in
Table 2. As expected, gain-of-function mutations in STAT
were the most common identified defects (Fig. 4). Specifi-
cally, 15 CMC patients were shown to carry heterozygous
missense mutations in STATI; some of these patients have
been previously published [22, 29]. Out of these, one patient
additionally had a compound heterozygous CARD9 mutation
and another one a mutation in /IL/7RA.

Four CMC patients were found to have homozygous or
compound heterozygous mutations in CARD9. One patient
had a homozygous nonsense mutation, two had homozy-
gous missense mutations, and one patient had a compound
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Fig.3 Functional assessment of novel STAT3 defects: flow cytomet-
ric analysis of pSTAT3 in CD3" cells of patients shows hypophos-
phorylation of STAT3 upon stimulation with IL-6 for the assessed

heterozygous mutation consisting of a heterozygous
frameshift mutation and a heterozygous splice site muta-
tion. Two of these four patients had suffered from candida
meningoencephalitis.

Furthermore, two patients were found to have muta-
tions in /LI7RA. One patient had a homozygous frameshift
mutation, where flow cytometric analysis showed severely
reduced surface expression of IL17RA (see Fig. 5). The other
patient had a heterozygous nonsense mutation (p.R66*) and
a heterozygous missense variant predicted to be damaging
(p-W320R). Primary cells of this patient for staining were
not available.

One patient was shown to have a heterozygous missense
variant in AIRE (p.R471C), which has previously been pub-
lished as being associated with autoimmune features but not
overt APECED (autoimmune-polyendocrinopathy-candidi-
asis-ectodermal dystrophy). He had suffered from recurrent
oral candida infections in infancy and was reported to have
recurrent respiratory tract infections and obstructive bron-
chitis. Anticytokine autoantibodies against IL17 or 1L22,
which are commonly observed in APECED, were below
the detection level. However, the patient was shown to have

variants, p.K531Q and p.I710F, and to a lesser extent, p.L571F/p.
Y575D. While not diagnostic, this result suggests pathogenicity for
the assessed variants

autoantibodies against IL28A/B, which have previously been
described in APECED, but do not belong to the most preva-
lent anticytokine autoantibodies [30]. The type III interfer-
ons IL28A/B have been shown to play a role in antifungal
immunity [31], thus these autoantibodies may play a role in
the development of CMC.

Finally, three patients with the clinical diagnosis of CMC
had heterozygous mutations located in the linker domain of
STAT3 (p.F561del and p.D570N). Functional workup of the
F561del mutation had shown normal STAT3 expression and
functional phosphorylation of STATI and STAT3. Further
analysis showed reduced STAT3 target gene activation and
increased STAT] target gene activation, thus mimicking a
STATI gain-of-function phenotype [32] with a clinical pres-
entation of mucocutaneous candidiasis.

Identified Genetic Defects in the Previously
Sanger-Sequenced Subcohort

Out of 90 patients, in whom previous Sanger sequencing

PCR amplification of the suspected underlying target gene
(STAT3, DOCKS8, PGM3, STATI) had not led to a definite

@ Springer
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Fig.4 Functional assessment of novel STATI variant p.E282D: flow
cytometric analysis of pSTAT1 in CD14" cells of patient CMC07
demonstrates that the novel STATI variant p.E282D leads to hyper-
phosphorylation of STAT! upon stimulation with IFNa, confirming a
gain-of-function mutation

molecular diagnosis, we were only able to detect a genetic
defect in 13 patients, i.e., 14.4% by panel sequencing. Here,
the most common defects identified by panel sequencing
were STAT3 mutations (7 patients), followed by homozy-
gous DOCKS variants (3 patients). One patient each had
a homozygous or compound heterozygous mutation in
CARDS9, ZNF341, and AIRE. Out of the seven patients with
STAT3 mutations, three had previously undergone Sanger
sequencing for STAT3. This suggests that although Sanger
sequencing was considered the gold standard for genetic
testing, this method is not free of errors itself and in the case
of strong clinical suspicion, further genetic testing should
be considered.

Discussion

In this study, we used a targeted gene panel sequencing
approach to search for underlying mutations in a cohort of
211 patients clinically diagnosed with HIES and 64 patients
diagnosed with CMC by their referring physicians. In total,
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Fig.5 Assessment of /LI7RA expression: flow cytometric analysis of
ILI7RA in CD14" cells shows reduced surface expression in patient
CMCO06 with the homozygous frameshift variant p.C57Yfs*5

we have detected 87 mutations in 78 patients. This trans-
lates into a diagnostic hit rate of 28.4% in our cohort, which
is in line with other studies published on next-generation
sequencing approaches in primary immunodeficiencies,
which have reported rates of 15 to 40% [33-36], depending
on patient preselection. Out of the 87 detected mutations,
32 constituted novel mutations, whereas 55 mutations had
been published before.

Due to many patients within this cohort hailing from
Middle Eastern countries, such as Egypt, Turkey, Iran, and
Morocco, where consanguinity is more common, there was
a selection bias, which may account for the fact that DOCKS8
mutations were the most commonly identified defects in this
cohort. Previous reports have identified STAT defects as the
most common defects in European cohorts [37]. Similarly,
among patients with European ancestry, also in this cohort,
STATI and STAT3 defects were by far the most prevalent.
Furthermore, we cannot rule out that previous Sanger
sequencing of a part of the cohort may have led to further
bias. Out of an overall cohort of 613 HIES and 93 CMC
patients analyzed by our laboratory, 322 had undergone

@ Springer
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Sanger sequencing for the target gene deemed most likely,
revealing 91 STAT3, 39 DOCKS, and 5 PGM3 mutations in
HIES and 23 STATI and 4 CARD9 mutations in the CMC
cohort. Thus, overall, STAT3 and STAT! constituted the most
frequent defects.

While it was originally published that TYK2 mutations
may cause a hyper-IgE phenotype, this phenotype could not
be replicated and hence TYK?2 has been removed from the
list of HIES defects in the TUIS classification. Also, in our
cohort, we did not detect any mutations in 7YK2, confirming
that an HIES phenotype is not typically caused by mutations
in TYK2.

The three most commonly reported clinical features in the
described cohort were IgE elevation, eczema, and eosino-
philia, which are common to all hyper-IgE phenotypes but
are unfortunately largely unspecific. The most common
condition with this phenotype is severe atopic dermatitis
[38]. Several authors have addressed the issue of how to
distinguish primary immunodeficiency from atopic disease
[38—40]. Schimke et al. found internal abscesses and severe
infections among other features predictive of primary immu-
nodeficiency (PID) [38]. In this cohort, 8.2% of patients had
no history of major or increased minor infections, whereas
41.7% did not have a history of severe infections (pneumonia
or other severe or fatal infection), rendering the diagnosis
of immunodeficiency uncertain. Thus, despite their clinical
diagnosis of HIES, some patients may in fact suffer from
other conditions within the spectrum of hyper-IgE pheno-
types. This hypothesis is supported by the fact that we have
detected variants in filaggrin (FLG) in patients from this
cohort, some of which are known to be associated with ich-
thyosis vulgaris and atopic dermatitis.

In addition, individual noninfectious features were non-
specific to the mutational status. A characteristic facies was
the most commonly reported skeletal feature in this cohort
(23.1%); however, this is not an objectively quantifiable
criterion and relies heavily on the expertise of the refer-
ring physician. Bone fractures with inadequate trauma were
reported in six patients with STAT3 mutations (6/21) but
also in six patients without detected genetic defect (6/197).
Severe scoliosis was reported in two patients with STAT3
defects (2/21) and seven patients without detected genetic
defects (7/197). Pneumatocele formation was reported in five
patients (5/21) with STAT3 mutations, one (1/3) with AIRE
mutation, and eight (8/197) without any detected genetic
defect. This is consistent with earlier findings from Schimke
et al. describing pneumatoceles, nail or mucocutaneous
candidiasis, bone fractures without adequate trauma, and
scoliosis to be predictive of STAT3. While, thus, distinguish-
ing STAT3 from other genetic defects, these features fail to
clearly distinguish patients with and without a genetic defect.
These findings highlight again that each individual clinical
feature by itself is nonspecific. For this reason, scores such

@ Springer

as the HIES NIH score were developed to predict underlying
genetic defects with a higher likelihood. However, these are
only available for the more common and established hyper-
IgE phenotypes such as STAT3 and DOCKS, and an overall
score to our knowledge so far does not exist. Furthermore,
scoring systems such as the NIH HIES score may impede an
early diagnosis as they rely on morphological criteria that
develop late in childhood (e.g., teeth, skeletal anomalies)
and on the manifestation of infections and end-organ dam-
age, which may take years to become obvious. This issue
may be circumvented by early genetic analysis for underly-
ing defects. Broader sequencing may help particularly to
identify atypical presentations.

In this study, the targeted panel sequencing approach has
allowed us to identify mutations in patients with atypical
clinical presentations, such as CARD9 mutations in patients
with a clinical diagnosis of the hyper-IgE syndrome, STAT3
mutations in patients with chronic mucocutaneous candidi-
asis and patients with low HIES scores that may otherwise
have been missed, or a WAS mutation in a patient with a
typical HIES phenotype.

This highlights the importance of making a genetic diag-
nosis, as the clinical picture may be variable and the genetic
background unexpected. However, the latter may have cru-
cial relevance regarding the counseling and treatment of
the patient and their family members. Furthermore, several
patients with mutations in multiple genes were identified,
which may contribute to atypical, complex, or more severe
phenotypes. In addition, the in-depth molecular characteri-
zation of underlying mutations and the involved pathways
constitutes a prerequisite for the identification of novel thera-
peutic targets and the development of targeted drug therapy
and novel therapeutic approaches such as gene surgery.

In our experience, the targeted panel sequencing approach
provided a cost-effective first-line genetic screening method.
Material costs for panel sequencing amounted to €141 per
sample, whereas commercial whole exome sequencing costs
€600-€700 including data processing for a single patient
and approximately €1400 for a trio of child and parents.
Data analysis for panel sequencing does not require complex
bioinformatical analysis but can be performed on preexisting
software, rendering analysis time and cost effective.

Covering a smaller number of genes highly preselected
for those known to be disease causing reduces the effort
and time spent on interpreting variants of unclear signifi-
cance. While panel sequencing precludes the identification
of novel genetic defects, the process is more time efficient.
Particularly, in a diagnostic setting, fast turnaround times
are crucial to ensure a quick diagnosis, thus favoring a panel
sequencing approach.

The average coverage of detected mutations in this study
amounted to 914 reads. The achieved high coverage is one of
the distinct advantages of panel sequencing over the whole



Journal of Clinical Immunology

exome and especially whole genome sequencing and is cru-
cial to reduce errors [41, 42], particularly in a diagnostic set-
ting. Disadvantages to panel sequencing include the constant
need to update the panel to reflect the current literature and
the need for further follow-up, including further sequencing
in case no variants are detected. This is also a limitation of
this study as the majority of patients without detection of a
genetic defect were not subjected to further genetic workup.
The variable number of genes sequenced due to the continu-
ous adaptation of the panel may be regarded as a further
limitation of this study.

For the time being, however, we propose a stepwise
approach with targeted panel sequencing as the first step
in genetic diagnostics. For patients, in whom no mutation
could be detected, further workup, including whole exome
sequencing, should be considered especially in the case of
young age and positive family history and if further fam-
ily members are available for sequencing. In the future,
whole exome sequencing (WES) will probably substitute
panel sequencing in the diagnostic setting as both WES and
whole genome sequencing and the ensuing data analysis are
becoming cheaper and quicker and databases with annota-
tion of variants are improving. The continued improvement
of sequencing technologies and bioinformatics analysis will
further facilitate the discovery of single nucleotide variants
and indels (insertions/deletions) and other structural rear-
rangements in the future.

In conclusion, we present a targeted panel sequencing
approach for the identification of genetic variants underlying
the clinical spectrum of hyper-IgE syndromes and mucocu-
taneous candidiasis. In total, we have detected 87 mutations
in 78 out of 275 patients, of which 32 were novel mutations.
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