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patients and sensitized controls whereas total IgG levels were comparable to STAT3
patients and significantly higher than in controls.

Conclusion: The analysis with multiple micro-arrayed allergen molecules reveals pro-
found differences of allergen-specific IgE and IgG recognition in PGM3 and STAT3

patients which may be useful for classification of IElI and clinical characterization of

allergen, hyper-IgE syndrome (HIES), micro-array, phosphoglucomutase-3 (PGM3) deficiency,
signal transducer and activator of transcription (STAT3)
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\ HIES patients have similar total IgE levels, but different allergen-specific IgE reactivity)—/

GRAPHICAL ABSTRACT

This study assesses IgE and 1gG antibody specificities in HIES patients using a comprehensive panel of allergen molecules. Median total IgE
levels are significantly lower in the sensitized control group as compared to PGM3 and STAT3 patients. PGM3 patients have significantly
higher allergen-specific IgE levels and are sensitized to a larger number of allergen molecules as compared to STAT3 patients.

1 | INTRODUCTION

Immunoglobulin E (IgE) production against specific allergens is the
hallmark of allergic diseases but is also elevated in certain forms of
PID.! IgE is the least abundant immunoglobulin but can elicit strong
immediate inflammation through FceRI-mediated activation of mast
cells and basophils when it becomes cross-linked by the correspond-
ing allergen molecules.? Accordingly total serum IgE levels can
be strongly elevated in atopic patients who are sensitized against
a large number of allergen molecules in severe allergic diseases
such as asthma or atopic dermatitis. However, several monogenic
Primary Immune Deficiencies (PIDs) or Inborn Errors of Immunity
(IEl) with dramatically elevated IgE levels have been reported.®*
Some of these disorders have been considered as hyper-IgE syn-
dromes (HIES), which are characterized by the triad of high serum
IgE levels, eczema, and eosinophilia which are accompanied by re-
current skin and pulmonary infections. HIES may also present with

non-immunological manifestations, such as connective tissue and
bone abnormalities.>"® Multiple genetic defects underlying HIES
have been identified and support the current 2019 International
Union of Immunological Societies (IUIS) classification of these dis-
eases.” The first description of HIES was Job’s syndrome reported
already in 19662 shortly before the characterization of IgE anti-
bodies.? It was shown to be an autosomal dominant (AD) form of
HIES due to mutations in the STAT3 gene, encoding for the STAT3

transcription factort0-13

influencing multiple cytokine and chemo-
kine pathways such as IL-6, IL-10, I1L-11, IL-21, IL-27, and oncostatin
M. STAT3 is essential for various cellular processes, including cell
survival, immunity, wound healing, vascular remodelling, and em-
bryogenesis.** Dysfunctional STAT3-dependent signalling in AD-
HIES was then investigated and specific stages of STAT3 signalling
affected by the mutations were identified.*

The autosomal recessive (AR) forms of HIES are mainly due to
mutations in PGM3.1¢17
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We have previously shown that mutations in PGM3 lead to a
glycosylation defect in a rare form of HIES.X® A more recent study
demonstrated that defective glycosylation in PGM3-deficient pa-
tients leads to reduced expression of the non-glycosylated form of
gp130 protein and thus to reduced gp130-dependent STAT3 phos-
phorylation, explaining similar clinical features of PGM3 deficiency
and the AD STAT3 form of the disease.'® Despite the massive ele-
vations of total IgE levels in various forms of HIES, little is known
about the specificities of IgE in the affected patients. It has been
even hypothesized that much of the IgE produced in PID patients is
driven by dysregulated IL-4 production and may lack antigen speci-
ficity.?? One study investigating patients with STAT3 mutations even
reported markedly lower occurrence of food allergy and anaphylaxis
as well as reduced IgE-FceRI-mediated mast cell activation in STAT3-
deficient patients as compared to allergic patients without STAT3
mutations?® A study assessing cellular immune responses in STAT3-
HIES patients found that they can mount in vivo T cell-dependent B
cell responses but obtained evidence for reduced affinity maturation
of antibodies and reduced B cell differentiation.?* A third study com-
pared STAT3-deficient patients and DOCK8-deficient patients, with
allergic patients and noted that DOCK8-deficient patients showed
higher IgE levels to food allergens whereas aeroallergen-specific IgE
levels were comparable in both groups.22 We previously reported,
that PGM3 patients may exhibit allergic symptoms, such as mod-
erate/severe atopic dermatitis, asthma, food and drug allergy but
nothing is known about the allergen specificities of IgE in PGM3
patients.16

In a recent overview article a comprehensive overview of IEl
with atopic phenotypes is provided and the challenges in the di-
agnostic work-up of these diseases, in particular the differential
diagnosis to classical allergic disorders is mentioned.* This afore-
mentioned review article also emphasizes that in addition to HIES
several other IEIl such as Wiskott-Aldrich syndrome (WAS), immune
dysregulation, polyendocrinopathy, enteropathy, X-linked (IPEX),
Omenn syndrome and atypical DiGeorge syndrome are character-
ized by increased serum IgE levels.* The article also contains a useful
proposal for a diagnostic algorithm for the identification of IEl with
atopic phenotypes recommending a thorough genetic testing for
reaching a definitive diagnosis.

The fact, that there may be relevant differences regarding the
presence of allergen-specific IgE sensitizations in certain forms of
HIES (e.g., AD-HIES STAT3, DOCKS deficiency)?? indicates that it
may be useful to investigate and understand the specificities of IgE
antibodies in IEl with atopic phenotypes and HIES. Furthermore, it
may be of interest to investigate the spectrum and production of
allergen-specific IgG antibodies in HIES patients. For the assessment
of IgE and IgG reactivity to multiple defined allergen molecules, we
have developed the micro-array technology.23 This technology was
advanced to create the MeDALL allergen chip containing more than
160 allergen molecules, which we used for the measurement of
allergen-specific IgE and IgG responses in serum samples collected
from children in various birth cohorts in the European Union-funded
research program ‘Mechanisms for the development of allergy’

(MeDALL).2*?> The MeDALL allergen chip was shown to be as sen-
sitive as ImmunoCAP IgE measurements and to be more sensitive
to detect IgE specificities than traditional forms of allergy diagno-
sis.?%? The technology has been already used for measuring specific
IgE in case reports of immune dysregulation, polyendocrinopathy,
enteropathy, X-linked (IPEX) syndrome.?” Here we investigated IgE
and IgG specificities to a large set of micro-arrayed allergen mole-
cules in STAT3 and in PGMS patients and age-matched control indi-
vidual with IgE sensitizations and studied the biological relevance of

molecular IgE sensitization in PGM3 patients by basophil activation.

2 | MATERIALS AND METHODS

2.1 | Demographic and clinical characteristics of
patients and controls

Table 1 provides a summary of the demographic and clinical charac-
teristics of eight PGM3 and five STAT3 patients and an age-matched
group of eight non-HIES subjects with allergic sensitization from
Tunisia. In particular, the table provides information regarding age
and gender, allergic symptoms, laboratory parameters (total serum
IgE, total serum IgG) eosinophil blood counts, genetic analysis, HIES
clinical NIH scoring and STAT3 phosphorylation. The clinical mani-
festations of PGM3 and STAT3 patients are summarized in Table 2,
whereas data regarding cellular parameters can be found in Table S1.

The Tunisian patients with clinical hyper-IgE syndrome were
investigated at the Institute Pasteur of Tunis. Clinical examination
revealed that they presented the clinical features of HIES, that is
recurrent pneumonias, skin abscesses, eczema and elevated levels
of serum IgE. Besides the clinical features common to HIES, six HIES
patients (Table 2: patients #4, 5, 7, 8, 9 and 13) presented additional
non-immunological manifestations, such as connective tissue and
bone abnormalities usually associated with AD-HIES (Table 2).

The diagnosis of AD-HIES due to STAT3 mutation was based on
the HIES clinical NIH scoring system. The latter, included among oth-
ers the immunological, infectious, allergic, skeletal and connective
tissues abnormalities as well as the IgE level and eosinophil counts.
Although not perfectly adapted for AR-HIES, the NIH scoring sys-
tem is still commonly used. HIES was considered highly likely with a
score >40, a score between 20 and 40 gave an intermediate prob-
ability and with a score <20 points, HIES was considered unlikely.

Besides NIH scoring, a psychomotor retardation and a develop-
mental delay observed in certain patients were highly suggestive of
PGM3 deficiency (Table 2).

Within the HIES suspected patients the following subgroups
were identified by means of clinical, laboratory and genetic ex-
amination: Group 1 PGMS3: confirmed autosomal recessive phos-
phoglucomutase three deficiency (PGM3) (n = 8); Group 2 STAT3:
confirmed autosomal dominant STAT3 deficiency (n = 5); (Table 1).

Patients or parents of patients were asked to fill the ISAAC
core questionnaires28 to assess the prevalence and severity of al-
lergic symptoms such as asthma, rhinitis and eczema. For control
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TABLE 2 Clinical manifestations in HIES patients

Patients Clinical manifestations

PGM3

1 recRTI, eczema, oral candidiasis, cutaneous abscesses, DD, elevated IgE, eosinophilia

2 recRTI, eczema, cutaneous abscesses, DD, elevated IgE, eosinophilia

3 recRTI, cutaneous abscesses, DD, elevated IgE, eosinophilia

4 recRTI, eczema, DD, viral infection, scoliosis, elevated IgE, eosinophilia

5 recRTI, eczema, cutaneous abscesses, DD, scoliosis, elevated IgE, eosinophilia

6 recRTI, eczema, cutaneous abscesses, DD, candidiasis, elevated IgE, eosinophilia

7 hyperextensibility, failure to thrive, DD, elevated IgE, eosinophilia

8 recRTI, pneumonias, bronchiectasis, bacterial skin abscesses, severe eczema, hyperextensibility,
failure to thrive, DD, elevated IgE, eosinophilia

STAT3

9 recRTI, scoliosis, pathologic fractures, joint hyperextensibility, elevated IgE

10 recurrent bacterial skin infections, pneumonias, eczema, elevated IgE, eosinophilia

11 pneumonias, atopic dermatitis, cutaneous abscesses, oral candidiasis, elevated IgE

12 recurrent bacterial skin abscesses, pneumonias, pneumatoceles, atopic dermatitis, elevated IgE,
eosinophilia

13 recRTI, recurrent bacterial skin infection, eczema, gingivitis, oral candidiasis, onychomycosis, retained

primary teeth, short stature, puberty delay, elevated IgE, eosinophilia

Abbreviations: DD, developmental delay; recRTI, recurrent respiratory tract infections.

purposes, serum samples from 8 age-matched non-HIES Tunisian
residents with IgE sensitizations to the tested allergen molecules
were picked from a group of 27 subjects who had undergone minor
surgery to reflect the regional sensitization profiles (Control). Since
the ISAAC core questionnaire was not applied to the latter group no
information regarding allergic symptoms is available for these sub-
jects but their IgE sensitizations to the 174 allergen molecules were
determined (Figures 1 and 2; Figure S1).

2.2 | Ethics approval and sample collection

Upon signing the written consent the patients’ blood samples were
taken. For each patient venous blood was collected from a cubital
vein into a tube without an anticoagulant. The blood samples were
centrifuged at room temperature for 10 min, and the serum was ali-
quoted into Eppendorf tubes and stored at —20°C for further analy-
sis. Pseudonymized sera were then analyzed for specific antibodies
with approval of the ethics committee of Medical University of
Vienna, Austria—EK1641/2014.

2.3 | Cellular and genetic analyses

Numbers of blood eosinophils, CD19*, CD3*, CD4* and CD8™" cells
were determined as described.* In brief, CD19*, CD4* and CD8* T
cells were measured in freshly isolated peripheral blood mononu-
clear cells (PBMCs) which had been stained with CD3-fluorescein
isothiocyanate (FITC), CD4-FITC or CD8-phycoerythrin abs from
Becton Dickinson (BD).

TH17 cells (CD4*IL17*INFgamma-) were identified by means of
intracellular staining of IL-17. Briefly, adherent monocytes were re-
moved from the PBMC preparation by incubation for 3 h at 37°C,
under an atmosphere containing 5% CO,. Aliquots of 2.5 x 10¢
non-adherent cells were stimulated overnight with 40 ng/ml phor-
bol 12-myristate 13-acetate (Sigma-Aldrich) and 107> M ionomy-
cin (Sigma-Aldrich) in the presence of a secretion inhibitor (1 ul/ml
GolgiPlug BD Biosciences). CD4" surface-stained cells were fixed,
permeabilized (Cytofix/Cytoperm;BD Biosciences), and stained
with anti-IL-17A and anti-IFN-y (BD Biosciences). CD4"CD45RO*
surface-stained cells were fixed, permeabilized (Cytofix/Cytoperm,
BD Biosciences), and stained with an anti-IL-4 antibody (BD
Biosciences).”” Stained cells were analyzed on a BD FACSCanto I
Flow Cytometer and results were analyzed using Cell Quest Pro soft-
ware (BD Biosciences). Data were analyzed using FlowJo software.

The analysis of STAT3 phosphorylation was performed as de-
scribed.'® Cells were stimulated with IL-6 (20 ng/ml, R&D Systems,
Inc.) for 15 min at 37°C and then fixed at 37°C using Cytofix buffer
for 10 min, permeabilized on ice with Perm Buffer Il for 30 min (both
from BD Biosciences) and stained with phospho-STAT3 (pY705) an-
tibody (BD Biosciences) for 1 h at room temperature, washed again,
and re-suspended in FACS buffer for flow cytometry (BD FACScanto
11). Data were analyzed using FlowJo software.

Genetic analysis of mutations in STAT3 and PGM3 were per-
formed as described.?®” In brief, genomic DNA was extracted from
PBMCs or Epstein-Barr virus-transformed lymphoblastoid B cell
lines (EBV-LCLs) using a phenol-chloroform procedure. Cells were
incubated in 5 ml of lysis buffer (100 mM NaCl, 10 mm Tris-HCL
pH 7.4, 25 mM EDTA pH 8.0, 0.5% SDS) and incubated overnight
at 37°C in the presence of 20 pg/ml proteinase K. DNA was then
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(A) Bos d8 | as1 | Bosd6 Gald 1 Gald 2 Gald 3 Gald 5
patients IgE 18G IgE 1gG IgE 1gG IgE 1gG 1gE_ | 1gG IgE 1gG IgE 1gG
PGM3 1 0,00 0,07 0,00 0,00 0,15 1,16 0,00 0,38 0,00 0,00 0,00 0,00
2 0,00 0,00 0,00 0,00 0,00 4,34 0,12 4,88 1,81 0,00 1,20 4,39 0,85
3 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00
4 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 3,27 0,00 6,66
5 0,00 0,00 0,00 0,89 0,00 0,00 0,00 10,05 0,00 0,00 1,43 0,00 0,92
6 0,00 1,58 0,00 1,53 0,00 0,77 0,76 0,04 0,00 1,82 8,38 0,78
7 0,00 0,67 0,00 1,73 0,00 1,11 0,00 2,51 0,00 0,00 3,62 0,00 1,14
8 0,00 0,00 0,00 0,00 0,39 0,00 0,00 237
STAT3 9 0,11 0,00 0,00 0,00 0,00 0,00 0,00
10 0,00 0,06 0,00 0,00 4,93 0,00 2,44
1 0,00 0,05 0,00 0,00 7,63 0,00 0,00
12 0,00 0,09 0,06 0,00 5,36 0,00 0,86
13 0,00 0,00 0,00 0.00 273 0,00 0,56
Control 14 0,00 0,00 0,00 0,00 6,69 0,00 2,96
15 0,00 0,00 0,00 0,00 0,90 0,00 0,89
16 0,00 0,00 0,00 4,04 0,00 2,95 0,00 1,45
17 0,00 0,00 0,00 1,70 0,00 1,66 0,00 0,00
18 0,00 0,00 0,00 0,00 2,27 0,00 1,42
19 0,00 0,00 0,00 2,75 0,00 1,39 0,00 0,00
20 0,00 0,00 0,00 0,00 1,66 0,00 0,00
21 0,00 0,00 0,00 2,11 0,00 570 0,00 0,00
(B) Actd1 Actd 2 Anao1 Anao2 Ana o2 Arah1 Cora8 Cora9 Glym4 Glym5 Jugr2 Prup3
atients| 1gf | 196 | 1gE | 196 | 1gE | 196 | IgF | IqG gt | IgE
PGM3 1 012 | 845 | 040 0,00
2 000 | 1298 | 000 0,00
3 000 | 1,78 [ 000 0,00
4 0,00 | 449 | 000 0,00
5 0,00 0,00
6 0,00 | 240 [ 000 0,00
7 000 | 291 | 000 0,00
8 024 0,00 0,00
STAT3 9 0,00 | 000 | 000 0,00
10 0,00 | 1349 000 0,00
1" 000 | 290 | 0,00 0,00
12 0,00 | 1193 | 000 0,00
13 0,00 11346 | 000 0,00
Control 14 000 | 11.11] 0,00 0,00
15 0,00 0,00 0,10
16 0,00 | 265 | 000 0,00
17 000 | 204 | 0,00 0,00
18 000 | 281 [ 000 0,00
19 000 | 920 | 000 0,00
20 000 | 314 | 0,00 0,00 | 235 | 000 | 0,00 | 0,00
21 000 | 136 | 000 000 [ 106 [ 000 [ 286 ] 000
©)
Penm 1 Penm 2 Penm 4
patients IgE 19G IgE 19G IgE 19G
PGM3 1 0,00 0,00 0,00 0,00 0,00 0,00
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FIGURE 2 Heat map of IgE and IgG reactivity to A, cow’s milk and egg allergens B, to nut-, seed-, fruit- and wheat allergens and C, fish-
and shrimp allergens. Shown are IgE (ISU-IgE) and 1gG (ISU-1gG) levels (color code) specific for the allergens determined in sera from the
patients with hyper-IgE syndromes (PGM3, STAT3) and control subjects
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extracted with phenol-chloroform, precipitated in ethanol, and
suspended in TE 1X buffer (10 mM Tris-HCI pH 8.0, 1 mM EDTA).
Polymerase chain reaction (PCR) amplification was carried out with
Tag DNA Polymerase (Bioline).

All STAT3 (ENST0000264657.10) exons and exon/intron bound-
aries, PGM3 (ENSTO0000513973.6) exon 4 and exon 8 were ampli-
fied by PCR. Amplified products were purified using the EXO-SAP
(Thermo Scientific) cleanup procedure and sequenced with the
BigDye Terminator kit V3.1 (Applied Biosystems). The sequenc-
ing was performed on an automated sequencer from Applied
Biosystems (Applied Biosystems) and the data were analyzed with
GENALYS software (CNG, France; http://software.cng.fr).

2.4 | Measurement of total IgE and IgG levels

For measuring total IgE levels, ImmunoCAP assays were per-
formed according to the manufacturer's instructions (Thermofisher
Scientific). Serum IgG levels were measured by Turbidimetry—SPA
plus ® (Binding Site).

2.5 | Determination of allergen-specific
IgE and IgG

IgE and IgG reactivity to 174 allergen molecules (Table S2), was de-
termined, using MeDALL allergen chips, which had been produced
according to ImmunoCAP ISAC technology (Thermofisher), as de-
scribed previously.?* For IgG measurements samples were diluted
1:50 using sample diluent (Thermofisher).

Bound IgE or IgG antibodies, were determined by scanning chips
using LuxScan 10K micro-array Scanner (CapitalBio Technology).
The analysis of scanned chips was performed with the micro-array
evaluation software version 3.1.2 (customized for MeDALL chips).
Results were summarized in three categories for specific IgE/IgG
values (0.1 <1SU < 1,1 <ISU < 15, and >15 ISAC Standardized Units)
(ISU). Patients having antibody levels above 0.1 ISU were considered
positive. Subjects displaying IgE reactivity to any of the allergens on

the MeDALL chip were considered as having an IgE sensitization.

2.6 | Ratbasophil leukemia cell degranulation assay
RBL assays were performed for patients from the PGM3 (patients
#2, #5) for whom sufficient volumes of serum were available to in-
vestigate the biological relevance of IgE sensitization. Rat Basophil
Leukemia cells (RBL) (RS-ALT8) expressing the human high-affinity
IgE receptor,?’ were maintained in minimum essential medium Eagle
(MEM) supplemented with 5% FBS, 2 mM L-glutamine (ThermoFisher
Scientific), 100 units/ml penicillin and 100 pg/ml streptomycin,
200 pg/ml Geneticin (ThermoFisher Scientific) and 200 pg/ml
Hygromycin B (ThermoFisher Scientific) at 37°C and 5% CO,. RBL
cells were then loaded with sera from patients at a dilution of 1:10

as described.*® Cells were then washed three times with Tyrode's
buffer (Sigma) and exposed to serial dilutions of allergens (1 ng,
10 ng or 100 ng/ml), respectively, for 1 h. As negative controls, cells
were incubated (i) only with allergen but without serum, (ii) only with
serum but without allergen or (iii) only with medium but without al-
lergen or serum. Supernatants were analyzed for f-hexosaminidase
release as described previously.3! Experiments were carried out in
duplicates, and results are presented as mean percentages of total
B-hexosaminidase released after addition of 1%Triton X-100. The

deviations of the duplicates were always less than 10%.

2.7 | Statistical analysis

As primary endpoint the sum of specific IgE levels was statistically
analyzed by a general linear model with log link because of the ap-
proximately log-normal distribution of IgE levels. Normality of re-
siduals was tested by Kolmogorov-Smirnov tests with Lilliefors’
corrected p values. Homogeneity of variances was tested by
Brown-Forsythe test. Comparisons between groups were done by
Tukey's honest significant difference tests. Other endpoints were
tested analogously, however, p values are considered exploratory.
For computation of the sum of specific IgE levels, zeros were arbi-
trarily replaced by half of the cutoff level of 0.1. All statistical tests
were performed by Stata 13.0 (StataSoft). Figures were prepared
by Statistica 10.0 (StatSoft). p values below 0.05 were considered

significant.

3 | RESULTS AND DISCUSSION

This study compared the IgE and IgG reactivity profiles against 174
allergen molecules (Table S2) in patients with STAT3 and PGM3
deficiency and an age-matched control group of subjects with IgE
sensitizations from the same geographic region with similar cultural
backgrounds. Table 1 displays an overview of the demographic and
clinical features of the patients with confirmed PGM3 deficiency
due to mutations in the PGM3 gene (PGM3, n = 8) and patients, with
AD-STAT3 mutation (STAT3, n = 5). (Table 1). Besides the mutations
determined for the HIES patients, results regarding the phospho-
rylation status are provided in Table 1 for all but one of the HIES
patients.

The clinical features of the HIES patients are described in detail
in Table 2. Patients suffered from recurrent respiratory tract infec-
tions (n = 9/13), eczema (n = 8/13), elevated total IgE (n = 13/13),
eosinophilia (n = 11/13) as well as abscesses and/or skin infections
(n = 10/13). Developmental delays and neurological impairment oc-
curred mainly in PGM3-deficient patients (Table 2). A characteristic
clinic-laboratory finding in PGM3-deficient patients is an inverted
CD4/CDS8 ratio (n = 6/8) (Table S1). Our past work has shown, that
for the same patients investigated previously (n = 3), lymphocyte
sub-population phenotyping revealed increased TH2 and normal or
borderline low number TH17 cells (Table 51).1¢
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FIGURE 3 Induction of specific and dose-dependent rat basophil leukemia (RBL) cell activation in PGM3 patients. Shown are mean
percentages of total beta-hexosaminidase (y-axes) releases from RBL cells which had been loaded with serum IgE from PGM3 patients
(patients 2, 5) after stimulation with different allergen concentrations (x-axes). Furthermore, negative controls (cells plus allergen only; cells
plus serum only; cells plus medium only) and positive controls (loading with serum from a patient with clinically relevant sensitization to the

tested allergen, pos control) were performed (x-axes)

Median as well as geometric mean total IgE levels were highest
in PGM3 patients followed by the STAT3 patients whereas they
were significantly lower in the control group of subjects with allergic
sensitizations (Figure 1A, Table S3). Figure 2 and Figure S1A-D dis-
play heat maps of IgE and IgG reactivity to those of the 174 allergen
molecules tested (Table S2) for which specific IgE reactivity was de-
tected in at least one of the patients or controls.

Although STAT3 and PGM3 patients, had significantly higher
total serum IgE levels as compared to subjects with allergic sensiti-
zations, the STAT3 patients showed the lowest cumulative allergen-
specific IgE levels among all studied groups which were significantly
lower than those of the PGM3 group (Figure 1, Table S3). This was
also reflected by the median numbers of recognized allergens. The
median number of allergens recognized by STAT3 patients was 2,
whereas sensitized controls were sensitized to 4.5, and PGM3 pa-
tients to 7 (Table S3).

PGM3 patients were frequently sensitized to egg allergens
(Figure 1A). Also, fish, shrimp, fruit, vegetable, seed, and nut aller-
gens were more frequently recognized by the PGM3 group and con-
trol group than by the STAT3 group (Figure 1, Figure 2B,C, Table S3).
In this context, one has to consider that the prevalence of IgE sensi-
tization to food allergens usually does not exceed 5%-10%.32

Sensitization to respiratory allergens typically develops later in
life as compared to food allergen sensitization.*? We found that also
IgE sensitizations to respiratory allergen molecules were lowest in
term of allergen-specific IgE levels and numbers of recognized aller-
gens in the STAT3 group as compared to PGMS3 patients and allergic
controls (Figure 1, Figure S1A-C, Table S3).

In summary, patients with STAT3 mutations reacted with fewer
allergen molecules and had a lower mean cumulative allergen-
specific IgE level than the PGM3 and allergic control group although
they had highly elevated total IgE levels (i.e., median 2561, geomet-
ric mean 2120 kU/L) (Figure 1, Table S3). This finding is in agree-
ment with earlier studies reporting that STAT3 patients show highly

elevated total IgE levels but only little specific IgE reactivity to known
allergen sources.??%% A more recent study suggested that STAT3 sig-
nalling is important for optimal affinity maturation of antibodies and
B cell differentiation and that the low allergen-specific IgE reactivity
in STAT3 patients may be due to disturbed affinity maturation of
antibodies.?! The latter may also explain the observation made in
another study that STAT3 patients exhibited few allergic symptoms
and reduced IgE-FceRI-mediated mast cell activation.?®

We therefore were interested to study whether allergen-
specific IgE antibodies detected in PGM3 may be functional and
elicit allergen-specific effector cell activation. In fact, the biolog-
ical relevance of IgE sensitization in the PGM3-deficient patients
was confirmed in basophil activation experiments. We observed a
specific and dose-dependent release of beta-hexosaminidase from
RBL cells when they were loaded with serum IgE from two PGM3-
deficient patients and exposed to respiratory allergens (i.e., major
cat allergen, Fel d 1; major Alternaria alternata allergen, Alt a 1)
(Figure 3). These experiments could be only performed with sera of
which we had sufficient volumes available and with a limited num-
ber of allergens, but they indicate the potential clinical relevance
of IgE sensitization in the tested patients. Information regarding
clinical symptoms of allergy was available for certain of the inves-
tigated HIES patients according to ISAAC questionnaire (i.e., for 5
out of 8 PGM3 patients and 4 out of 5 STAT3 patients). We found
that allergic symptoms which are mainly caused by IgE-mediated
mast cell and basophil degranulation (i.e., wheezing, conjunctivitis
and/or allergic rhinitis) were more common in PGM3- (i.e., 4 out of
5) as compared to STAT3 patients (i.e., 1 out of 4) (Table 1). Eczema,
a mainly T cell-mediated allergic manifestation which does not
strictly depend on IgE sensitization®* was found in all but one of the
HIES patients with available ISAAC questionnaire data (Table 1).
While it is a limitation of our study that information regarding clin-
ical manifestations of allergy was obtained only by ISAAC ques-
tionnaire and not for all subjects investigated, the available data
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still would indicate that symptoms of allergy are more common in
PGM3 patients as compared to STAT3 patients.

Next, we investigated total and allergen-specific IgG levels in
the HIES patients and sensitized control group (Table 1, Figure 1,
Tables S3 and S4). We found that total I1gG levels were comparable
in the HIES patients whereas they were significantly lower in the
allergic control group (Figure 1B, Table S3). Regarding the cumu-
lative sum of allergen-specific 1gG levels PGM3-deficient patients
stood out because their allergen-specific IgG levels and in particu-
lar their milk- and egg allergen-specific I1gG levels were significantly
lower than those of STAT3 patients (Figure 1D,F, Table S4). This find-
ing cannot be explained by the fact that the PGMS3 patients were
younger than the STAT3 patients and control subjects and thus ex-
posed for a shorter time to the allergens because their median age
was the highest of the three studied groups (Tables S3 and S4).

The use of micro-arrayed allergen molecules for detecting IgE
and IgG responses to a large number of allergen molecules was cer-
tainly important to reveal these differences of IgE and IgG recogni-
tion of allergen molecules in the different HIES groups. In fact, our
micro-array contained a broad panel of the most common food, re-
spiratory and other allergen molecules. Earlier studies have shown
that the test was more sensitive in picking up IgE sensitizations than
allergen extract-based screening tests for detecting specific IgE sen-
sitizations.?%%> We therefore argue that testing of IgE, IgG and per-
haps of IgG subclass and eventually IgA reactivity to micro-arrayed
allergens could be especially useful for the testing of HIES patients
given the fact that they mount extremely high total IgE levels which
may interfere with results in other allergen-specific test systems.

The fact, that allergen-specific 1gG responses in STAT3 patients
were comparable to those observed in allergic controls whereas their
allergen-specific IgE responses was significantly lower is of interest.
There are at least three mutually non-exclusive explanations why
allergen-specific IgG responses in STAT3 patients were comparable to
those observed in allergic controls whereas their allergen-specific IgE
responses were significantly lower. First, it is possible that IgE- but not
IgG-affinity maturation is selectively reduced in STAT3 patients as was
proposed by Van de Veen et al.?%. Second, it is possible that highlgE
levels are a result of a polyclonal IgE production with unknown spec-
ificities. Alternatively, it may be considered that patients with STAT3
mutations mount IgE responses against IgE-reactive antigens such

3637 or IgE-reactive autoantigens,®® which were

as bacterial antigens
not yet represented on our micro-array. In fact, IgE autoreactivity
was detected already in the first years of life in an earlier study.®? The
fact, that patients with STAT3 mutations also experienced symptoms
of eczema would indeed speak for the latter possibility because IgE
autoreactivity and IgE reactivity against bacterial antigens was found
especially in patients suffering from atopic dermatitis.3¢-%8

Thus we could show profound differences regarding allergen-
specific IgE- and IgG-recognition in STAT3 and PGM3-deficient
patients using micro-arrayed allergen molecules suggesting that mo-
lecular profiling of HIES patients may not only explain the occurrence
or lack of certain allergic symptoms but also assist in the characteri-

zation and classification of HIES and IEIl with atopic phenotypes. The

analysis of IgE reactivity to a comprehensive number of allergen mol-
ecules in combination with phenotypic and genetic testing including,
if necessary, whole-exome sequencing (WES) and/or whole-genome
sequencing (WGS) may help to discriminate IElI with atopic pheno-
types from atopic diseases early in life and to initiate targeted forms
of treatment.* In this context molecular diagnosis of IgE sensitizations
by broad screening with a large panel of micro-arrayed allergen mol-
ecules may help to identify IgE sensitizations which may progress to
clinically relevant allergic disease and/or are already a causal factor for
allergic symptoms and thus contribute to disease pathology. Based on
identified IgE sensitization profiles detailed anamnesis and targeted
diagnostic testing (e.g., provocation testing) can be performed to
understand the clinical relevance of IgE sensitization for disease pa-
thology and to initiate preventive and therapeutic forms of disease

management.
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