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Stability to proteolytic degradation in the digestive tract is considered a general feature shared by most
food allergens. Current digestibility models exclusively utilize purified allergen proteins, neglecting the
relevant effects of matrix that occur for foodstuff systems. In the present study, we investigated
digestion stability of the major peanut allergens directly in the natural matrix using an in vitro static
model that simulates the gastrointestinal digestion including the oral, gastric, duodenal and intestinal
(brush border membrane enzymes) phases. Immunogenicity was evaluated by Western Blot using N=8
pooled sera of peanut allergic pediatric subjects. Immunoreactive, large-sized and fragments of Ara h 2,
Ara h 6 and Ara h 3 survived hydrolysis as assessed by SDS-PAGE. Smaller resistant peptides mainly
arising from Ara h 3 and also Ara h 1 were detected and further identified by LC-high resolution-MS/MS.
RP-HPLC purification followed by dot-blot analysis and MS/MS-based identification demonstrated that
stable IgE-binding peptides derived from Ara h 3. These results provide a more realistic picture of the
potentially allergenic determinants of peanuts that survived the human digestion, taking into account
the role of the food matrix, which may significantly affect gastrointestinal breakdown of peanut

allergens.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Peanut allergy is one of the most widespread and severe IgE-
mediated food allergies, with an estimated prevalence of 1% in
children and 0.6% in adults within the general population of
developed countries (Ben-Shoshan et al., 2010; Sicherer and
Wood, 2013). The complex allergome of peanut consists of
several type I protein allergens triggering immune responses with
different symptoms and prognosis, depending on characteristics of

Abbreviation: Ambic, ammonium bicarbonate; BBM, brush border member
enzymes; DTT, dithiothreitol; IAA, iodoacetamide; TAME, p-toluene-sulfonyl-L-
arginine methyl ester; TCA, trichloroacetic; TFA, trifluoroacetic; SSF, Simulated
salivary fluid; SGF, simulated gastric fluid; SIF, simulated intestinal fluid.
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the offending protein (Vereda et al., 2011; Lauer et al., 2009;
Nicolaou and Custovic, 2011; Mittag et al., 2004). Ara h 1, Ara h
2, and Ara h 3 are major allergens associated with primary
sensitization to peanut (Mueller et al., 2014). Ara h 1 is a 63.5-kDa
vicilin-type (7S) seed storage protein, representative of the cupin
superfamily, which naturally occurs as up to 600—700 kDa non-
covalent aggregates (van Boxtel et al, 2006). Ara h 3 is a
glycinin-like protein (11S) consisting of a 60-kDa polypeptide
post-translationally cleaved in acid and basic subunits which
remain linked each other by a disulphide bond, similarly to the 11S
plant seed storage protein signature (Boldt et al., 2005). Ara h 2
belongs to the conglutenin (2S albumin) superfamily and their
folding resembles that of a-amylase/trypsin inhibitors from cereal
kernels (Mueller et al., 2011). Ara h 2 comprises two isoforms,
namely Ara h 2.01 (17-kDa) and Ara h 2.02 (19-kDa). Ara h 2.02
includes an insertion of 12 extra amino acid residues, constituting
an additional IgE-binding epitope and is a more effective IgE cross-
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linker than Ara h 2.01 (Chatel et al., 2003). Ara h 6 is a 14.5-kDa 2S
albumin co-member, sharing 59% sequence identity, secondary
and tertiary structure homology as well as immune cross-
reactivity patterns with Ara h 2 (Koppelman et al, 2005;
Lehmann et al., 2006). World Health Organization and Interna-
tional Union of Immunologic Societies Subcommittee (WHO/IUIS)
catalogued several additional minor peanut allergens (www.
allergen.org), including Ara h 5 (profilin), Ara h 8 (Bet v 1birch
pollen homologue), Ara h 9 or lipid transfer protein (LTP), the
latter being a relevant peanut allergen especially in the Mediter-
ranean area (Krause et al., 2009). Ara h 10 (oleosin 1) and Ara h 11
(oroleosins) are not usually associated with severe allergic re-
actions (Zhuang and Dreskin, 2013).

Apart from geographical differences in the sensitization profiles
(Sicherer and Wood, 2013), conglutenin Ara h 2 and Ara h 6 have
been proven as the most harmful for peanut allergic subjects, in
term of basophil activation, IgE-binding properties and skin prick
test (Burks et al., 1991; Blanc et al., 2009). Both Arah 2 and Arah 6
are tightly coiled, heat-stable and resistant to gastrointestinal
digestion (Suhr et al., 2004), which are structural features shared by
a large number of common food allergens (Astwood et al., 1996).
Early studies showed that digestion of Ara h 2 and Ara h 6 by pepsin
and/or chymotrysin produce large stable fragments with unmodi-
fied immunological potential (Apostolovic et al., 2016). On the
contrary, peanut allergen Ara h 1 and Ara h 3 have been described
as highly susceptible to proteases (Koppelman et al., 2010).
Nevertheless, peptides resulting from gastro-duodenal digestion of
Ara h 1 retain T cell stimulatory, sensitizing capability and IgE-
binding properties (Eiwegger et al., 2006; Begh et al., 2009),
probably due to the formation of exceptionally stable non-covalent
peptide aggregates (Bogh et al., 2012).

Susceptibility of peanut food allergens to proteolysis has been
typically assayed by using single purified proteins (Bggh and
Madsen, 2016), due to the drawbacks of analyzing the heteroge-
neous digestome of peanut as a whole food. Such an approach could
suffer from scarce relevance, since the protein aggregation state,
the interaction of allergens with non-protein components naturally
occurring in whole foodstuff (e.g. polysaccharide, lipid), presence of
protease inhibitors and the protein-protein interactions affect the
accessibility of proteases to allergens, thereby contributing to the
bioaccessibility and hence to the bioavailability of allergenic de-
terminants (epitopes) (Teuber, 2002). Nowadays, the advances in
“omic” sciences (i.e., proteomics, metabolomics, lipidomics) have
enabled the assessment of the food digestome as well as the
identification of stable allergens and the monitoring of IgE-binding
epitopes sequentially released upon digestion of complex matrices
(Picariello et al., 2011, 2013).

Another relevant aspect, barely addressed so far, is the analysis
of peptide fragments arising from the proteolysis process. In fact,
the majority of the studies aimed at assessing the digestion stability
of allergens only monitored the degradation of allergens by SDS-
PAGE and Western Blot, neglecting the release of immunologi-
cally active proteolytic peptides, which escape the electrophoretic
detection. Mapping the peanut resistant peptides harbouring IgE
epitopes might improve the knowledge about the allergenic de-
terminants and the pathogenic mechanism, paving the way to new
immunotherapeutic approaches (Bannon et al., 2001; Li et al,
2003). These considerations prompted us to simulate the diges-
tion of whole raw peanuts using an in vitro multicompartmental
static digestion model with physiological relevance (Minekus et al.,
2014), which includes the oral, gastric, duodenal and intestinal
phases. IgE-binding (poly)peptides resulting from digestion were
characterized by integrated proteomic/peptidomic and immuno-
chemical assays.

2. Materials and methods
2.1. Chemicals

Raw peanuts (Virginia variety) were provided by Besana
(Milano, Italy). HPLC-grade solvents were from Merck (Whitehouse
Station, NJ, USA). Pepsin, trypsin, chymotrypsin, dithiothreitol
(DTT), iodoacetamide (IAA), Tris-HCl, urea, guanidine chloride,
ammonium bicarbonate (Ambic), phospholipids, trichloroacetic
(TCA), trifluoroacetic (TFA), p-toluene-sulfonyl-L-arginine methyl
ester (TAME) and the modified Lowry assay kit were purchased
from Sigma-Aldrich (St Louis, MO, USA). Egg lecithin was from Lipid
Products (Redhill, UK). Reagents for electrophoresis analysis were
from Bio-Rad (Milan, Italy). Brush border membrane (BBM) vesicles
were purified from porcine jejunum according to Cheeseman and
O'Neill (2006), as previously detailed (Picariello et al., 2015). The
aminopeptidase activity was determined by colorimetric assay
using p-nitroaniline as the substrate, while the total activity of BBM
peptidases was assayed by HPLC using angiotensin I as a substrate
(Picariello et al., 2015).

2.2. Sera of peanut allergic patients

Sera were collected from peanut allergic subjects (N = 8, 80%
male), all from Regione Campania (Southern Italy), according to the
ethical requirements. The local Ethics Committee approved the
study. The allergy symptoms ranged from urticaria to angioedema
and anaphylaxis. The clinical features of the allergic individuals
enrolled in this study are reported in Table S1. Diagnosis of IgE-
mediated allergy to peanut was confirmed by skin prick test (SPT)
and oral food challenges. Either a SPT peanut extract or fresh pea-
nut (prick-by-prick) was applied to the patients' volar forearm.
Tests were performed using a 1-mm single peak lancet (ALK,
Copenhagen, Denmark), with histamine dihydrochloride (10 mg/
mL) and isotonic saline solution (0.9% NaCl) as the positive and
negative controls, respectively. Reactions were recorded based on
the largest diameter (in millimeters) of the wheal and flare at
15 min. A SPT result was considered “positive” if the wheal was
3 mm or larger, without a reaction to the negative control.

The total serum IgE was quantified with the ImmunoCAP system
(Phadia, Uppsala, Sweden). All the serum samples were stored
at —20 °C before being used. Any sensitization was regarded as
positive when the total IgE was greater than 0.35 kUA/L.

2.3. In vitro gastroduodenal-BBM digestion of whole peanuts

In vitro oral-gastro-duodenal digestion of peanuts was per-
formed in triplicate, according to Minekus et al., (2014). Simulated
salivary fluid (SSF), simulated gastric fluid (SGF), and simulated
intestinal fluid (SIF) were prepared according to the harmonized
conditions. All digestion steps were carried out in a shaking incu-
bator at 37 °C and 170 rpm. For the oral phase, peanuts were grossly
minced using a coffee grinder and 100 mg of the resulting coarse
powder was suspended in 207 pL of SSF (included of 1500 U/mL of
human salivary amylase) and incubated for 2 min. Subsequently,
oral digesta were mixed with 320 puL SGF containing 8 pL of pre-
viously sonicated phospholipids (10 mg/mL). The pH was adjusted
to 2.7 and 40 pL of porcine pepsin (3000 U/mg) at a concentration
of 12 mg/mL was added. Sample was incubated for 2 h at 37 °C.
Pepsin hydrolysis was stopped by raising the pH to 7.0 with 1 M
sodium bicarbonate. The duodenal digestion was carried out 2 h at
37 °C after incorporating 640 pL of SIF, bile salts (16 mg), porcine
pancreatic lipase (1 mg), trypsin (0.7 mg, 100 U/mg as TAME ac-
tivity), a-chymotrypsin (0.3 mg, 40 U/mg) and pancreatic o-
amylase (1.1 mg, 10 U/mL). A final step of intestinal digestion was
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performed with of BBM (13 pU/uL, final concentration) after
adjusting pH to 7.2 with 1.0 M sodium bicarbonate. After 4 h at
37 °C, peptidases were inactivated by immersion in boiling water
for 5 min. Digesta were then filtered by Millex GV 0.22 pm (Milli-
pore, Billerica, MA, USA) and lyophilized.

2.4. Purification of peanut digesta samples

After digestion, sample was defatted through two 10 min
extraction with diethyl ether under magnetic stirring, followed by
centrifugation at 10,000g (10 min). Large-sized polypeptides were
precipitated with TCA up to a final concentration of 30% (w/v). After
centrifugation, pellet was four-fold washed with 1 mL of cold
acetone, to remove residual TCA. The protein pellet was resus-
pended in 50 mM Tris-HCl, pH 7.0 and fractionated with Econo-
pack 10-DG size exclusion chromatography (SEC) pre-packed col-
umns (Bio-Rad), using 50 mM Tris as the eluent. Effluents were
collected in 1 mL fractions and polypeptides monitored by the UV-
absorbance at 280 nm (Ultrospec 160 2100 pro, Amersham Bio-
sciences, Milan, Italy). Proteins (>6 kDa) and peptide (MW < 6 kDa)
fractions were separately pooled. The low-sized peptide fraction
was further desalted using Sep-Pak C18 pre-packed cartridges
(Waters, Milford, MA, USA) washed with aqueous 0.1% TFA (v/v)
and eluted with 70% ACN (v/v)/0.1% TFA (v/v). Proteins and peptides
were concentrated in a speed-vac and finally lyophilized.
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2.5. SDS—PAGE analysis

Digested protein fraction >6 kDa and urea-extracted proteins
were loaded onto a precast 12% polyacrylamide gel (Bio-Rad) either
under reduction or non-reduction conditions for SDS-PAGE anal-
ysis. The whole protein fraction of peanuts, extracted according to
Koppelman et al., (2016), was used as a reference to monitor the
proteolysis. Proteins were visualized with blue silver (G250)
staining. The gel was imaged with a scanner and processed using
the LABScan software 3.00 (Amersham Bioscience).

For proteomic analysis, protein bands were manually excised,
destained with acetonitrile/25 mM Ambic (1/1, v/v) and dried un-
der vacuum after dehydration in acetonitrile. Gel pieces were
rehydrated with 20 pL of a 12 ng/uL trypsin solution in 50 mM
Ambic for 45 min on an ice-cold bath. Afterward, the excess of
trypsin solution was discarded and the protein bands were incu-
bated overnight at 37 °C. The tryptic peptides were two-fold
extracted in 40 pL of 50% acetonitrile containing 2.5% (v/v) formic
acid and dried using a speed-vac.

2.6. Western blotting analysis

IgE binding peanut proteins were detected by immunoblot
analysis, performed using a pool of sera from N = 8 children allergic
to peanuts, as the source of specific IgE. SDS-PAGE resolved proteins

Oral phase

\’

gastric phase

\

Duodenal phase

\’

Intestinal (BBM) ph

\’

Protein fraction (>6)

Sample purification: delipidation, SE chromatography

ase

Peptides fraction (<6)

¥

SDS-PAGE
(Blue Comassie)

V

Data base search
(Protein identification)

l

Western Blotting
(sera allergic patients)

l

RP-HPLC

LC-MS/MS

\’

Data base search
(Peptide sequencing)

Collected fraction

Dot-blot (sera allergic patients)

¥

LC-MS/MS of positive IgE binding fraction

y

Data base search
(Peptide sequencing)

Fig. 1. Schematic workflow of the experimental approach employed (immunoassay and MS-
in vitro simulated digestion of whole peanuts.

based analysis) for the study and characterization of proteolytic digesta resulting from
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were electroblotted onto nitrocellulose membrane using a Trans-
blot cell (Bio-Rad) at 120 V for 60 min. The membrane was
blocked for 1 h at room temperature with 5% (w/v) bovine serum
albumin.

(Sigma-Aldrich) in a Tris-buffered saline solution with 0.05%
Tween 20 (TBS-T) and incubated overnight at 4 °C with the pooled
sera diluted 1:50 in TBS-T. After extensive washing (3 x 10 min with
TBS-T), the membrane was incubated 1 h with monoclonal
peroxidase-conjugated anti-human IgE antibody developed in goat
(Sigma, cod. A9667), diluted 1:10000 with TBS-T. The membrane
was rinsed with TBS-T (3 x 10 min) and finally with TBS
(1 x 10 min) before development. Chemiluminescence reagents
(ECL Plus WB reagent, GE Healthcare. Milan Italy) and X-ray film
(Kodak, Chalons/Saone, France) were used to visualize the immu-
noreactive protein bands at various exposure times (0.5—5 min
range).

2.7. LC-high resolution (HR)-MS/MS analysis

Mass spectrometry analysis was performed using a Q Exactive
Orbitrap mass spectrometer (Thermo Scientific, San Jose, CA, USA),
online coupled with an Ultimate 3000 ultra-high performance
liquid chromatography instrument (Thermo Scientific). Samples
were resuspended in 0.1% (v/v) formic acid solution, loaded
through a 5 mm long, 300 pm i.d. pre-column (LC Packings, USA)
and separated by an EASY-Spray™ PepMap C18 column (2 pm,
15 cm x 75 pm) 3 pm particles, 100 A pore size (Thermo Scien-
tific). Eluent A was 0.1% formic acid (v/v) in Milli-Q water; eluent B
was 0.1% formic acid (v/v) in acetonitrile. The column was equili-
brated at 5% B. Peptides were separated applying a 4—40% gradient
of B over 60 min. The flow rate was 300 nL/min. The mass spec-
trometer operated in data-dependent mode and all MS1 spectra
were acquired in the positive ionization mode with an m/z scan
range of 350—1600. Up to 10 most intense ions in MS1 were
selected for fragmentation in MS/MS mode. A resolving power of
70,000 full width at half maximum (FWHM), an automatic gain
control (AGC) target of 1 x 10° ions and a maximum ion injection
time (IT) of 256 ms were set to generate precursor spectra. MS/MS
fragmentation spectra were obtained at a resolving power of
17,500 FWHM. In order to prevent repeated fragmentation of the
most abundant ions, a dynamic exclusion of 10s was applied. lons
with one or more than six charges were excluded. Spectra were
elaborated using the Xcalibur Software 3.1 version (Thermo Sci-
entific). Mass spectra were elaborated using the Proteome
Discoverer 2.1 software (Thermo Scientific), restricting the search
to Arachis Hypogea database extracted from the NCBI (downloaded
on March 2017).

Database searching parameters for identification of SDS-PAGE
protein bands were the following: Met oxidation and pyrogluta-
mic for N-terminus Gln as variable protein modifications; carbox-
ymethylcysteine as a constant modification; a mass tolerance value
of 10 ppm for precursor ion and 0.01 Da for MS/MS fragments;
trypsin as the proteolytic enzyme; missed cleavage up to 2. Data-
base searching parameters for identification peptides is digests
were the same described above, except for no modification of
cysteine residues included and no proteolytic enzyme selected.

The false discovery rate and protein probabilities were calcu-
lated by Target Decoy PSM Validator working between 0.01 and
0.05 for strict and relaxed searches, respectively. Proteins were
considered confidently identified based on at least four sequenced
peptides.

2.8. RP-HPLC and DOT-BLOT analysis

Peanut digests were fractionated using a HP1100 modular

system (Agilent, Palo Alto, CA, USA) equipped with a RP-HPLC a C18
(5u, 4.6 mm i.d., 300A, 250 mm) reverse-phase column (Phenom-
enex, Torrance, CA, USA) at a flow rate of 1 mL/min. Solvent A was
0.1% TFA (v/v) in water; solvent B was 0.1% TFA in acetonitrile.
Separation of the peptides was effected with a 5—70% linear
gradient of solvent B over 90 min, following 5 min of isocratic
elution at 5% B. The column effluents were monitored at A = 214
and 280 nm using a diode-array detector.

For dot-blot assay, the manually collected HPLC fractions were
spotted onto a 0.22-um trans-blot nitrocellulose membrane (Bio-
Rad) and developed using the same protocol as the Western blot
assay. The whole protein extract was used as the positive control.

3. Results
3.1. Gastrointestinal digestion of whole peanut

The stability of IgE binding proteins following gastrointestinal
digestion of whole raw peanut, was determined by immuno-
chemical and proteomic analysis, according to the workflow dia-
gram shown in Fig. 1.

A widespread commercial variety of peanuts (Virginia cv) was
used in this study (Koppelman et al., 2016). Whole peanuts were
digested according to the harmonized in vitro static digestion
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Fig. 2. SDS-PAGE comparison of undigested and digested peanut proteins under non-
reducing conditions. Lane 1, molecular marker. Lane 2, whole peanut protein extract
(urea extract). Lane 3, protein extract obtained from in vitro simulated gastrointestinal
digestion of whole peanuts.
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model (Minekus et al., 2014), based on the following phases: oral
phase through mastication, gastric and duodenal phases with a
sequential addition of digestive enzymes in physiological concen-
tration ranges. The model was finally integrated with pig intestinal
BBM mimicking the jejunal phase of peptide degradation. After
in vitro digestion, samples were defatted and protein and peptide
fractions were separated by SEC.

3.2. SDS-PAGE analysis digesta sample

The disappearance of peanut proteins after simulated digestion
was monitored by SDS-PAGE (Fig. 2), compared with whole pro-
tein extract as the reference control of undigested proteins. Indi-
vidual electrophoretic bands were identified by peptide
sequencing using LC-MS/MS analysis, as reported in Table 1. Ara h
1 was identified at approximately 68.2 kDa (band 1) and as less
abundant isoforms at 58.2 (band 2) and 33.4 kDa (band 8). Ara h 3
migrated in three different bands at 58.2 54.9 and 52.4 kDa (band
2, 3, and 4 respectively), close to Ara h 1. Low-abundance bands
identified as Ara h 3 were detected between 52.4 and 17.2 kDa
(bands 5—12). The high heterogeneity observed for Ara h 3 is a
consequence of multiple post-translational proteolytic events,
involving the N-terminal of the acidic subunit, which produces
isoforms of various molecular size (Piersma et al., 2005). A similar
processing has already been described for 11S glycinin storage
proteins from other plant sources (Dickinson et al., 1989). The Ara
h 2 migrated as a doublet at 17.8 (band 11) and 17.2 kDa (band 12)
which were assigned to the Ara h 2.01 and Ara h 2.02 isoforms,
respectively, according to migration (Koppelman et al., 2010). The
Ara h 6 was identified as a well resolved band at 16.3 kDa (band

Table 1

13). Minor allergens Ara h 7, Ara h 8 and Ara h 10 were also
detected in band 12.

As expected, after gastrointestinal digestion of whole peanuts,
the electrophoretic protein pattern radically changed, since large-
sized proteins were no longer detectable, while the gel exhibited
multiple polypeptide fragments at MW estimated between 7 and
23 kDa (Fig. 1). MS/MS-based analysis revealed the presence of Ara
h 3 fragments in all these bands (bands 14—17), indicating that large
domains of Ara h 3 survived proteolytic degradation. Ara h 6 frag-
ments were detected in band 16 and 17, whilst practically intact
residual Ara h 2 was revealed exclusively in band 15. No signal
assigned to Ara h1 allergen was detected in the gel, confirming its
susceptibility to digestion leading to low MW peptide products
(Koppelman et al., 2010).

3.3. Western blotting of digesta sample

The IgE-reactivity of digested and undigested peanut proteins
was assayed by immunoblotting using pooled sera from eight pe-
diatric patients diagnosed with food allergy to peanut (Fig. 3).
Before digestion, almost all the major peanut proteins appeared as
IgE-reactive, mainly due to the individual heterogeneity in the
recognition patterns of the allergic subjects. Consistently with SDS-
PAGE, native allergens were no longer detectable in gastrointestinal
digests, while neo-formed low MW bands were immunoreactive.
The immunoreactive band at 23.0 kDa was identified from the
corresponding Coomassie stained electrophoretic gel (Fig. 1,
Table 1) as Ara h 3 fragments. The IgE-binding fragments in the
immunoreactive bands between 20 and 7 kDa were not univocally
assigned, due to co-migration of fragments arising from Ara h 2, Ara

Identification of protein bands from SDS-PAGE through LC-HR-MS/MS of in gel produced tryptic peptides (Fig. 2).

Band® Accession Description

Allergen name” Coverage® Peptides’ aa® MW [kDa]' calc. pI' Score Sequest HT® Peptides SEQUEST HT"

Before digestion 1 N1NG13 Seed storage protein Ara hl Arah 1 65
2 Q8LKN1 Allergen Arah3/Arah4 Arah3 73
NING13 Seed storage protein Ara hl Arah 1 59

3 Q647H3  Arachin Ahy-2 Arah3 56
4 Q647H3 Arachin Ahy-2 Arah3 55
5 Q647H3  Arachin Ahy-2 Arah3 50
6 Q8LKN1  Allergen Arah3/Arah4 Arah3 47
7 Q9FZ11  Gly1 Arah3 58
8 A1DZFO  Arachin 6 Arah3 48
NING13 Seed storage protein Ara hl Arah 1 43

9 A1DZFO0  Arachin 6 Ara h3 33
10 A1DZFO  Arachin 6 Arah3 59
11 Q6PSU2  Conglutin-7 Arah 2 40
Q647G5 Oleosin 1 Arah 10 27

12 A1DZFO0  Arachin 6 Arah3 33
Q6PSU2  Conglutin-7 Arah2 36
Q647G5 Oleosin 1 Arah 10 36
BOYIU5  Ara h 8 allergen isoform Arah 8 38
B4XID4  Ara h 7 allergen Arah7 26

13 A5Z1R0O Arah6 Arah 6 61
After digestion 14 Q9FZ11  Gly1 Arah3 32
15 Q516T2  Arachin Ahy-4 Arah3 32
52001227 2S protein Arah?2 46

16 Q9FZ11  Gly1 Arah3 34
A5Z1RO Arah6 Arah 6 57

17 Q9FZ11 Gly1 Arah3 18
A5Z1R0 Arah6 Arah 6 52

64 626 71,302 7,06 689,59 64
32 538 61,7 572 48949 32
43 626 71,302 7,06 266,06 43
31 537 61,494 573 499,05 31
25 537 61,494 573 182,64 25
23 537 61,494 573 205,92 23
18 538 61,7 5,72 116,78 18
27 529 60,412 564 22542 27
24 529 60,339 5554 336,71 24
26 626 71,302 7,06 137,80 26
18 529 60,339 554 94,68 18
32 529 60,339 5,54 356,90 32
5 172 20,102 634 31,61 5
3 169 17,741 9,58 15,39 3
15 529 60,339 554 77,368 15
5 172 20,102 6,34 41,520 5
6 169 17,741 9,58 23,170 6
3 153 16,402 52 16,86 3
3 164 19,326 79 9,83 3
9 145 16,909 6,52 60,31 9
12 529 60,412 564 33,78 12
14 531 60,699 548 56,624 14
11 179 20,837 736 52,84 11
15 529 60,412 564 64,41 15
11 145 16,909 6,52 62,38 11
8 529 60,412 564 42,81 8
8 145 16,909 6,52 29,11 8

Protein band from SDS-PAGE (Fig. 2).

Allergen name according to WHO/IUIS database (www.allergen.org).
Sequence coverage (%).

Number of peptides identified.

Number of amino acids (AA).

Theoretical Mr and pl values.

& Sum of the scores of the individual peptides from the Sequest HT search.

[ ]

f

Numberof distinct peptide sequences in a protein group from the SEQUEST HT search.
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Fig. 3. Western Blotting analysis. Undigested (lane 1) and digested (lane 2) peanut
extracts immunostained using specific IgE from pooled sera of (N = 8) pediatric allergic
subjects.

h 3 and Ara h 6.

3.4. LC-MS/MS analysis of digesta sample

The peptide fraction of digested samples collected after SEC
separation (see Fig. 1) was analyzed by LC-HR-MS/MS to identify
the released peptides resistant to digestion. Table 2 lists the parent
proteins identified through MS/MS based peptide sequencing. De-
tails about peptide sequences are reported in Table S2. Fig. 4
highlights the sequence of peptides identified in the digesta
belonging to Ara h 1, Ara h 3, Ara h 2 and Ara h 6 main isoforms.
Notably, protein coverage data generated by peptide sequencing,
might be not fully exhaustive, considering that database search is
challenged by the non-tryptic nature of the peptides, the non
predictable cleavage specificity as well as the extreme heteroge-
neity of the parent protein subset. Despite such drawbacks, LC-HR-
MS/MS analysis revealed a heterogeneous mixtures of peptides
(nearly 800 identified sequences) with molecular size up to
5000 kDa. The bulk of signals was assigned to fragments of Ara h 3
isoforms, which mapped 69% of the primary structure, indicating a
significant stability of Ara h 3-derived peptides to gastrointestinal
protease.

A lower number of peptides (MW between 400 and 2000 Da)
matched with Ara h 1, showing a sequence coverage of 22%.
Peptides arising from Ara h 2 and Ara h 6 digestion were detected
as well. In particular, two and five peptides from Ara 6 and Ara h
2 were identified, respectively. Similarly, six peptides attributed
to Ara h 8, occurred in the peptide mixture. Proteolytic fragments
of actin, conarachin, 13-lipoxigenase were also detected, though
with poor sequence coverage. Three peptides arising from the
digestion of an olesin allergen, namely Ara h 10, were identified
as well. As regarding these hydrophobic proteins, we can not
exclude that large oleosin-derived peptides remained embedded
in the lipid matrix and were removed during defatting process of
digesta.

3.5. Characterization of IgE binding peptides

IgE binding capability of peptides (<6 kDa) was assessed by
HPLC fractionation and Dot-blot analysis (Fig. 5a and b). Six out of
sixteen spotted fractions (panel B) tested positive to IgE. Fractions
9,10, 12,13 and 16 exhibited the most intense response, indicating
the presence of peptide(s) harboring IgE epitope(s). Fraction 5, 8
and 14 were also positive, although at a weaker intensity. IgE
positive-HPLC fractions were sequenced by LC-HR-MS/MS (Table 3).
Details about MS/MS based peptide sequencing are given in
Table S3. The reference linear IgE-binding epitopes are taken from
previous studies (Rabjohn et al., 1999; Rougé et al., 2009; Jin et al.,
2009; Shinmoto et al., 2010). Overall, IgE-binding peptides were
from Ara h 3, releasing three specific domains that appear partic-
ularly resistant to proteolysis (Fig. 4, boxed regions). In the HPLC
peaks 12 and 13, “chopped” forms of a single peptide deriving from
the protein region 260—274 (referred to amino acid sequences of
Q5I6T2) (Fig. 4) harbored the epitope GNIFSGFTPEFLEQA (Rabjohn
P. et al,, 1999; Jin et al., 2009). The same epitope was also encrypted
in peptides arising from Ara h 3 isoform (Q9FZ11), where an alanine
is replaced by a glutamic acid residue (GNIFSGFTPEFLAQA)
(Table 3). In contrast, the HPLC peaks 8, 9 and 10 contained peptides
from Ara h 3 isoforms encrypting the IgE-binding epitope
KNNNPFKFFVPP (Rougé et al., 2009). Partial sequences of a further
Ara h 3 linear epitope (KKNIGRNRSPDIYNP), identified by Rougé
et al.,, (2009), eluted in the HPLC peaks 14 and 16. Finally, the N-
terminal fragment of Ara h 3 harboring the IgE-binding epitope
IETWNPNNQEFECAG (Rabjohn et al., 1999) occurred in fraction 5.
Noteworthy, exclusively Ara h 3 fragments were IgE-positive, whilst
no immunoreactive peptide of Ara h 1 was identified.

4. Discussion

The mechanism by which dietary proteins sensitize and elicit an
allergic reaction remains substantially unresolved. In particular it is
still fervently debated whether gastrointestinal digestion stability
could be an effective predictor of allergenicity. Anyway, it is widely
accepted that many among the most common food allergens are
digestion resistant proteins and probably induce sensitization at
the level of the intestinal tract (Asero and Antonicelli, 2010). Un-
questionably, the digestion stability increases the probability that a
food protein (or its derived peptide) can sensitize an individual,
because in addition to the skin, respiratory and oral mucosa ones,
also the intestinal route of sensitization becomes accessible. In the
last years, the scientific community has paid remarkable attention
to the evaluation of the stability of food allergens along the human
digestive tract, also providing information at the molecular level
about the proteolytic fraction resulting from the digestion process
(Huby et al., 2000). In a perspective of molecular resolved diag-
nostic and therapeutic approaches, these insights contribute to the
precise identification of epitopic determinants able to reach the
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Table 2

Identification of parent peanut proteins through LC-HR-MS/MS sequencing of peptide digests.
Accession Description Allergen name®  Coverage” Peptides © aa® MW [kDa]® calc. pI° Score SEQUEST HT' Peptides SEQUEST HT®
Q5I6T2 Arachin Ahy-4 Arah3 69 403 531 60,69 5,48 6531 403
Q9FZ11 Gly1 Arah3 69 392 529 60,41 5,64 6523 392
B5TYU1 arachin Arah3 isoform Arah3 69 346 530 60,58 5,55 5560 346
A1DZF0 arachin 6 Arah3 69 356 529 60,33 5,54 5925 356
QOGM57 iso-Ara h3 Arah3 69 260 512 58,22 5,59 3464 260
P02872 peanut agglutinin precursor Ara h agglutinin 35 25 273 29,30 5,66 224 25
BOYIU5 Ara h 8 allergen isoform Arah 8 69 6 153 16,40 5.2 41 6
AOAOA1EUV7 actin 25 15 323 35,86 5,97 168 15
N1NG13 Seed storage protein Arahl Arah1 22 41 626 71,30 7,06 630 41
B3IXL2 Main allergen Ara h1 Arah1 22 35 614 70,24 6,86 554 35
Q647H1 Conarachin 20 28 662 75,88 54 232 28
Q647H2 Arachin Ahy-3 Arah3 18 16 484 54,53 5,59 130 16
Q6PSU2 seed storage protein SSP1 Arah 2 16 5 187 21,77 6,39 56 5
Q647G5 oleosin 17.8 Arah 10 13 3 169 17,74 9,58 8 3
Q647G9 Conglutin Arah 6 7 2 145 16,91 6,01 36 2
A1DZE9 Conglutin 8 hypogaea Arah 6 7 3 145 16,82 6,54 20 3
Q4]ME6 13-lipoxygenase 3 5 863 97,41 5,53 28 5

@ Allergen name according to WHO/IUIS database (www.allergen.org).

b Sequence coverage (%).

¢ Number of peptides identified.

4 Number of amino acids (AA).

€ Theoretical MW and pl values.

f Sum of the scores of the individual peptides from the SEQUEST HT search.

& Number of distinct peptide sequences in a protein group from the SEQUEST HT search.
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Fig. 4. Primary sequences of the major peanut allergens Ara h 1, Ara h 3, Ara h 2 and Ara h 6. The highlighted domains correspond to peptides arising from simulated digestion of
whole peanut, identified by LC-HR-MS/MS. The underlined sequences belonging to Ara h 1 and Ara h 3 correspond to predicted IgE-binding regions. The boxed sequences are Ara h
3 IgE-binding peptides as assessed by Dot-blot and LC-HR-MS/MS.
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intestinal mucosa in immunological active form, with relatively
high likelihood to trigger immunological reactions in sensitised
subjects. To this aim, more or less physiological-correspondent
in vitro protocols have been developed to simulate human diges-
tion. Early attempts evaluated the digestion stability of purified
allergens by mimicking only the gastric phase of digestion
(Astwood et al., 1996). Later on, digestion protocols were extended
also to the pancreatic phase (Fu et al., 2002; Wickham et al., 2009).
In the case of peanuts, nearly all model studies indicated that Ara h
1 and Ara h 3 are broken down into small peptide fragments within
minutes, while Ara h 2 and Ara 6 remain almost unaffected by
digestion (Koppelman et al., 2010). The digestion resistance might
justify the predominant clinical relevance of Ara h 2 and Ara h 6
allergens (Flinterman et al,, 2007). At the same time, these out-
comes left partially unanswered the question why and how
extremely proteolysis-labile proteins, such as Ara h 1 and Ara h 3,
could be associated with primary sensitization.

The digestion and the immunogenic potential of allergenic
proteins in a more realistic context, also taking into consideration
the allergen containing food matrix, have remained poorly inves-
tigated so far. In this paper, we aimed at investigating the stability
of peanut allergens throughout the digestive process and at iden-
tifying the potential antigenic determinants surviving the diges-
tion. However, compared to the existing works, which are for the
most tailored to the assessment of allergen stability using standard
purified proteins, we herein introduced a further complexity factor
represented by the whole peanut matrix to reproduce more real-
istically what happens after consumption of peanuts. To this pur-
pose, we applied the harmonized in vitro digestion procedure,
developed for mimicking protein degradation of unfractionated
foodstuff (Minekus et al., 2014). This digestion model was also in-
tegrated with an additional step with porcine jejunal BBM en-
zymes. The jejunal phase of peptide degradation is a fundamental
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step for assessing the intestinal stability of large protein fragments
produced upstream, during the gastric and duodenal phases
(Mamone et al., 2009, Picariello et al., 2016).

In line with previous studies (Apostolovic et al., 2016), the
outcomes of the digestion assays confirmed the substantial stability
of Ara h 2 and Ara h 6, since these latter produced protein frag-
ments with MW only slightly lower than their parent proteins, as
detected by SDS-PAGE. Consistently, LC-HR-MS/MS of the small
MW peptides revealed that Ara h 2 and Ara h 6 released a number
of peptides relatively low.

The most striking result of the current study was the additional
identification of digestion stable Ara h 3 large sized fragments
(7—21 kDa). Such a finding contrasts with most of the previous
literature, which claimed the almost complete susceptibility of Ara
h 3 to gastrointestinal proteases (Koppelman et al., 2010). The
partial resistance of Ara h 3 to digestion was also confirmed by LC-
HR-MS/MS analysis of peptide digests, that contained several
peptides with MW between 800 and 5000 Da mapping the Ara h 3
isoforms for 69% overall. A reasonable explanation of this finding
may be the “masking effect” by the peanut matrix, delaying or
impairing the protein degradation and altering the pattern of the
peptide fragments released by proteolysis. Indeed, the peanut body
includes a medium protein content and high level of lipids and
polysaccharides, which may affect the proteolysis, sparing several
immunological active polypeptides. It has been demonstrated that
some type of polysaccharides decrease the digestibility of peanut
allergens and increased the number of large-sized IgE-binding
polypeptides (Mouécoucou et al., 2004). Similarly, reports assessing
digestion stability of other food allergens (e.g. B-lactoglobulin, Act
d 2 kiwi allergens, p-conglycinin) confirmed this trend
(Mouécoucou et al., 2004; Polovic et al., 2007; De Angelis et al.,
2017). The presence of lipids, like phospholipids naturally occur-
ring in foods may greatly alter susceptibility of allergens to
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Fig. 5. HPLC fractionation (A) and dot-blot analysis of individual fractions (B) of low MW peptides (<6 kDa) arising from simulated digestion of whole raw peanut. IgE-

immunoreactive peptides were identified by LC-HR-MS/MS.
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Table 3
Sequences harbouring IgE binding peptides, identified in IgE-immunoreactive HPLC fractions (Fig. 5). Details about MS/MS based peptide sequencing are reported in
Table S3.
Accession Amino acid sequence LC MH*(Da)
Q647H3; LNAQRPDNRLESEGGYIETWNPNN #5 2787.30979
Q9FZ11
Q8LKNT; LNAQRPDNRIESEGGYIETWNPNN #5 2787.30979
Q647H4;
Q6IWG5;
Q9SQH7;
Q5I6T2.
Q647H4. NRSPDIYNPQAGSLKTANELNLLILR #8 2910.57749
QISQH7 QLKNNNPFKFFVPPFQQSPR #8 2416.25553
—KNNNPFKFFVPPFQQSPR 2192.13993
Q647H3; NRSPDIYNPQAGSLKTANDLNLLIL— #9 2740,46281
Q516T2 NRSPDIYNPQAGSLKTANELNLLILR 2910,57957
Q647H3; QLKNNNPFKFF— #10 1379,71064
Q516T2 —FKFFVPPFQQSP 1468,76234
—NNPFKFFVPP— 1206,63060
Q9SQH7; AGQEEENEGGNIFSGFTPEFLEQAFQVDDR— #12 3360.50791
Q516T2 —EEENEGGNIFSGFTPEFLEQAFQVDDR— 3104.37456
—EGGNIFSGFTPEFLEQAFQVDDRQIVQ 3071.47702
—EENEGGNIFSGFTPEFLEQAFQVDDR— 2975.33585
—ENEGGNIFSGFTPEFLEQAFQVDDR— 2846.28862
—NEGGNIFSGFTPEFLEQAFQVDDR— 2717.23686
—EGGNIFSGFTPEFLEQAFQVDDR— 2603.20561
Q8LKNT; AGQEQENEGGNIFSGFTPEFLAQAFQVDDR— #12 3301.50290
Q647H3; AGQEQENEGGNIFSGFTPEFLAQAF— 2688.22197
Q647H4
Q6IWGS5; QLKNNNPFKFFVPPFQQSPR #12 2416.24857
Q9SQH7 QLKNNNPFKFFVPPF— 1819.95452
Q516T2; —EEENEGGNIFSGFTPEFLEQAFQVDDRQIVQNLRGE— #13 414191421
Q9SQH7 —EENEGGNIFSGFTPEFLEQAFQVDDRQIVQNLRGE—— 4012.89492
EENEGGNIFSGFTPEFLEQAFQVDDRQIVQNLR— 3826.81826
EGGNIFSGFTPEFLEQAFQVDDRQIVQNLRGE— 3754.80979
EGGNIFSGFTPEFLEQAFQVDDRQIVQNLRGE— 3640.76406
EGGNIFSGFTPEFLEQAFQVDDRQIVQNLR— 3454.71054
—EEDEGGNIFSGFTPEFLEQAFQVDDR— 2976.32573
—EENEGGNIFSGFTPEFLEQAFQV — 2589.17803
EGGNIFSGFTPEFLEQAFQVD— 2332.08745
Q8LKNT; AGQEQENEGGNIFSGFTPEFLAQAFQVDDRQIL— #13 3655.73288
Q647H3; —EENEGGNIFSGFTPEFLAQAFQVDDRQIVQNLRGEN— 4068.92885
Q647H4; —EENEGGNIFSGFTPEFLAQAFQVDDRQIVQNLRGE— 3954.88588
QIFZ11. —EENEGGNIFSGFTPEFLAQAFQVDDRQIVQNLR— 3768.84463
—EGGNIFSGFTPEFLAQAFQVDDRQILQ 3027.48223
—QENEGGNIFSGFTPEFLAQAF— 2286.03105
—EGGNIFSGFTPEFLAQAF— 1931.92278
Q647H4. KKNIGRNRSPDIYNPQAGSLKTANELNLLILRWL #13 3906.18349
—KNIGRNRSPDIYNPQAGSLKTANELNLLILRWL 3778.09853
—NIGRNRSPDIYNPQAGSLKTANDLNLLILRWL 3635.97622
—RNRSPDIYNPQAGSLKTANDLNLLILRWL 3351.82325
—NRSPDIYNPQAGSLKTANDLNLLILRWL— 3195.73061
Q6IWGS5; NRSPDIYNPQAGSLKTANELNLLILRWL #14 3209.73337
Q647H4. NRSPDIYNPQAGSLKTANELNLLIL— 2754.48044
NRSPDIYNPQAGSLKTANELNL— 2415.22611
Q647H4; NRSPDIYNPQAGSLKTANELNLLILRWLGLSAEYGNLYR #16 4433.33387
Q647H3; NRSPDIYNPQAGSLKTANDLNLLILRWLGLSAEYGNLYR 4419.32294
Q9FZ11; NRSPDIYNPQAGSLKTANDLNLLILRWLGLSAEYGNLY— 4263.21840
Q516T2 -SPDIYNPQAGSLKTANDLNLLILRWLGLSAEYGNLYR 4149.17348
NRSPDIYNPQAGSLKTANELNLLILRWLGLSAEYG— 3887.04555
NRSPDIYNPQAGSLKTANDLNLLILRWLGL— 3365.84731
NRSPDIYNPQAGSLKTANELNLLILRWL— 3209.74209
NRSPDIYNPQAGSLKTANDLNLLILRWL— 3195.71914

digestion, as well. For example, phosphatidylcholine hinders the
enzymatic degradation of B-lactoglobulin and «-lactalbumin
(Moreno et al., 2005; Mandalari et al., 2009).

In addition to proteins, we evaluated the IgE-binding properties
of peptides resulting from simulated digestion. By using a com-
bined approach based on HPLC, dot-blot and LC-HR-MS/MS, for the
first time, to the best of our knowledge, it was evaluated the IgE-
binding property of peptide fragments produced as a conse-
quence of the physiological digestion. Interestingly, linear epitopes
GNIFSGFTPEFLEQA and IETWNPNN encrypted in digestion-stable

Ara h 3 domains were sequenced. Their epitope nature had previ-
ously been assessed using overlapping synthetic peptides (Rabjohn
et al,, 1999) and their conformation within native Ara h 3 protein
was determined by crystallographic methods (Jin et al., 2009).
Notably, it has been reported that the side chain of GNIFSGFTPE-
FLEQA and IETWNPNN was nearly completely buried in the folded
native allergen, thereby being not exposed to the IgE capture (Jin
et al, 2009). However, as suggested by the same authors and
confirmed in current study, the Ara h 3 peptides harboring these
epitopes became available for interaction with immune system
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effectors upon gastrointestinal release. These same authors also
identified two additional linear Ara h 3 epitopes (DEDEYEYD and
VTVRGGLRILSPDRK) that, on the contrary, are exposed on the
surface of the allergen in the native folding and so immediately
available for IgE-binding. Although peptides containing these epi-
topes occurred in the peanut digesta (Fig. 4, Table S1), none of them
was IgE-immunoreactive in our conditions. This apparent incon-
gruence is likely due to a poor specificity of these epitopes for the
specific IgE in the pool of pediatric sera used in the current study. To
this purpose, it has to be underlined that IgE-based immuno-
chemical assays for the identification of allergenic determinants are
in general affected by a high degree of individual variability.

Unlike Ara h 3, Ara h 1 was completely degraded and no derived
peptide showed immunoreactivity. LC-HR-MS/MS analysis of
digesta revealed Ara h 1 peptides with MW lower than 2 kDa,
which mapped 22% of the whole protein. Although some of the Ara
h 1 sequenced peptides included already described epitopes (Fig. 4,
Table S3), these were not reactive against serum IgE in our condi-
tions. Bagh et al., 2009 demonstrated that gastro-duodenal digests
from Ara h 1, containing peptides of size less than 2 kDa, could
induce degranulation response with a similar magnitude as intact
Ara h 1. These small peptides were shown to be aggregated in large
complexes, which was hypothesized to be the reason for their
eliciting capacity (Begh et al., 2009).

5. Conclusion

Our results point out the importance to investigate the digestion
process of whole food, instead of purified allergen proteins, clearly
increasing the correspondence of the model systems with human
physiology. Remarkably, at the moment a digestion model assuring
the complete in vitro-in vivo correspondence is not available, taken
into account the large range of factors affecting human digestion
and the complexity of an ordinary meal. Notwithstanding this, a
static in vitro multi-compartmental model, recently developed in
the framework of the EU Infogest Cost Action with the precise aim
to harmonize digestion conditions based on human physiology, has
been applied for the evaluation of allergen stability of food matrices
(Picariello et al., 2015; Mamone et al., 2015), providing physiolog-
ically consistent outcomes (Egger et al., 2016). Along with the
advancement of omic sciences, it is plausible to assume that all
products arising from food digestion can be “simply” characterized
in order to define with high accuracy the metabolic fate of either
toxic or bioactive molecules. With regard to food allergens,
improving the understanding of the spatio-temporal evolution of
allergens in the gastrointestinal tract will facilitate the develop-
ment of more sensitive and effective antibodies to detect food al-
lergens, pushing to the edge the limit of allergen detection in
complex matrices, and will support establishing threshold levels of
sensitization/elicitation. In perspective, such an analysis could
contribute to predict the allergenicity of proteins from novel and
alternative foods.

Acknowledgements

The work was funded by the project Safe & Smart Nuove tec-
nologie abilitanti per la food safety e l'integrita delle filiere agro-
alimentari in uno scenario globale — National CL.AN Cluster agro-
alimentare nazionale programma area 2 (MIUR
CTN01_00230_248064).

Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.fct.2017.06.029.

Transparency document

Transparency document related to this article can be found
online at http://dx.doi.org/10.1016/j.fct.2017.06.029.

References

Apostolovic, D., Stanic-Vucinic, D., de Jongh, H.H., de Jong, G.A., Mihailovic, J.,
Radosavljevic, ]., Radibratovic, M., Nordlee, ]J.A., Baumert, J.L., Milcic, M.,
Taylor, S.L., Garrido Clua, N., Cirkovic Velickovic, T., Koppelman, SJ., 2016.
Conformational stability of digestion-resistant peptides of peanut conglutins
reveals the molecular basis of their allergenicity. Sci. Rep. 6, 29249. http://
dx.doi.org/10.1038/srep29249.

Asero, R., Antonicelli, L., 2010. Does sensitization to foods in adults occur always in
the gut? Int. Arch. Allergy Immunol. 154 (1), 6—14. http://dx.doi.org/10.1159/
000319203.

Astwood, ].D., Leach, ].N., Fuchs, R.L,, 1996. Stability of food allergens to digestion
in vitro. Nat. Biotechnol. 14, 1269—1273. http://dx.doi.org/10.1038/nbt1096-
1269.

Bannon, G.A., Cockrell, G., Connaughton, C.,, West, CM., Helm, R,, Stanley, ].S.,
King, N., Rabjohn, P.,, Sampson, H.A., Burks, A.W., 2001. Engineering, charac-
terization and in vitro efficacy of the major peanut allergens for use in immu-
notherapy. Int. Arch. Allergy Immunol. 124 (1-3), 70—72. http://dx.doi.org/
10.1159/000053672.

Ben-Shoshan, M., Harrington, D.W., Soller, L., Fragapane, J., Joseph, L., St Pierre, Y.,
Godefroy, S.B., Elliott, SJ., Clarke, A.E., 2010. A population-based study on
peanut, tree nut, fish, shellfish, and sesame allergy prevalence in Canada.
J. Allergy Clin. Immunol. 125 (6), 1327-1335. http://dx.doi.org/10.1016/
jjaci.2010.03.015.

Blanc, F, Adel-Patient, K., Drumare, M.F, Paty, E., Wal, J.M., Bernard, H., 2009. Ca-
pacity of purified peanut allergens to induce degranulation in a functional
in vitro assay: Ara h 2 and Ara h 6 are the most efficient elicitors. Clin. Exp.
Allergy 39, 1277—1285. http://dx.doi.org/10.1111/j.1365-2222.2009.03294.x.

Bogh, K.L., Madsen, C.B., 2016. Food allergens: is there a correlation between sta-
bility to digestion and allergenicity? Crit. Rev. Food Sci. Nutr. 56 (9), 1545—1567.
http://dx.doi.org/10.1080/10408398.2013.779569.

Bogh, K.L., Kroghsbo, S., Dahl, L., Rigby, N.M., Barkholt, V., Mills, E.N., Madsen, C.B.,
2009. Digested Ara h 1 has sensitizing capacity in Brown Norway rats. Clin. Exp.
Allergy 39 (10), 1611-1621. http://dx.doi.org/10.1111/j.1365-2222.2009.03333.x.

Bogh, K.L., Barkholt, V., Rigby, N.M., Mills, E.N., Madsen, C.B., 2012. Digested Ara h 1
loses sensitizing capacity when separated into fractions. J. Agric. Food Chem. 60
(11), 2934—2942. http://dx.doi.org/10.1021/jf2052306.

Boldt, A., Fortunato, D., Conti, A., Petersen, A., Ballmer-Weber, B., Lepp, U., Reese, G.,
Becker, W.M., 2005. Analysis of the composition of an immunoglobulin E
reactive high molecular weight protein complex of peanut extract containing
Ara h 1 and Ara h 3/4. Proteomics 5 (3), 675—686. http://dx.doi.org/10.1002/
pmic.200401150.

Burks, A.W., Williams, LW., Helm, R.M., Connaughton, C., Cockrell, G., O'Brien, T.,
1991. Identification of a major peanut allergen, Ara h 1, in patients with atopic
dermatitis and positive peanut challenges. J. Allergy Clin. Immunol. 88 (2),
172—-179.

Chatel, J.M., Bernard, H., Orson, FM., 2003. Isolation and characterization of two
complete Ara h 2 isoforms cDNA. Int. Arch. Allergy Immunol. 31, 14—18. http://
dx.doi.org/10.1159/000070429.

Cheeseman, C.I., O'Neill, D., 2006. Isolation of intestinal brush border membranes.
In: Jones, B.S., Smith, R.Z. (Eds.), Curr. Protoc. Stem Cell Biol. (Chapter 3:Unit
3.21).

De Angelis, E., Pilolli, R., Bavaro, S.L, Monaci, L., 2017. Insight into the gastro-
duodenal digestion of soybean proteins and potential implications on residual
immunogenicity. Food Funct. 8 (4), 1599—1610. http://dx.doi.org/10.1039/
c6fo01788f.

Dickinson, C.D., Hussein, E.H.A., Nielsen, N.C., 1989. Role of post-translational
cleavage in glycinin assembly. Plant Cell 1, 459—469. http://dx.doi.org/
10.1105/tpc.10.3.343.

Egger, L, Menard, O., Delgado-Andrade, C., Alvito, P, Assuncao, R., Balance, S.,
Barbera, R., Brodkorb, A., Cattenoz, T., Clemente, A., Comi, I., Dupont, D., Garcia-
Llatas, G., Lagarda, M., Le Feunteun, S., JanssenDuijghuijsen, L., Karakaya, S.,
Lesmes, U., Mackie, A.R., Martins, C., Meynier, A., Miralles, B., Murray, B.S.,
Pihlanto, A., Picariello, G., Santos, C.N., Simsek, S., Recio, L, Rigby, N., Rioux, L.E.,
Stoffers, H., Tavares, A., Tavares, L., Turgeon, S., Ulleberg, EK., Vegarud, G.E.,
Vergeres, G., Portmann, R., 2016. The harmonized INFOGEST in vitro digestion
method: from knowledge to action. Food Res. Int. 88B, 217—225. http://
dx.doi.org/10.1016/j.foodres.2015.12.006.

Eiwegger, T., Rigby, N.,, Mondoulet, L., Bernard, H., Krauth, M.T., Boehm, A,
Dehlink, E., Valent, P., Wal, .M., Mills, E.N., Szépfalusi, Z., 2006. Gastro-duodenal
digestion products of the major peanut allergen Ara h 1 retain an allergenic
potential. Clin. Exp. Allergy 36 (10), 1281—1288. http://dx.doi.org/10.1111/
j1365-2222.2006.02565.X.

Flinterman, A.E., van Hoffen, E., den Hartog Jager, C.F., Koppelman, S., Pasmans, S.G.,
Hoekstra, M.O., Bruijnzeel-Koomen, C.A., Knulst, A.C., Knol, E.F,, 2007. Children
with peanut allergy recognize predominantly Ara h2 and Ara h6, which remains
stable over time. Clin. Exp. Allergy 37 (8), 1221—1228. http://dx.doi.org/10.1111/
j.1365-2222.2007.02764.x.


http://dx.doi.org/10.1016/j.fct.2017.06.029
http://dx.doi.org/10.1016/j.fct.2017.06.029
http://dx.doi.org/10.1016/j.fct.2017.06.029
http://dx.doi.org/10.1038/srep29249
http://dx.doi.org/10.1038/srep29249
http://dx.doi.org/10.1159/000319203
http://dx.doi.org/10.1159/000319203
http://dx.doi.org/10.1038/nbt1096-1269
http://dx.doi.org/10.1038/nbt1096-1269
http://dx.doi.org/10.1159/000053672
http://dx.doi.org/10.1159/000053672
http://dx.doi.org/10.1016/j.jaci.2010.03.015
http://dx.doi.org/10.1016/j.jaci.2010.03.015
http://dx.doi.org/10.1111/j.1365-2222.2009.03294.x
http://dx.doi.org/10.1080/10408398.2013.779569
http://dx.doi.org/10.1111/j.1365-2222.2009.03333.x
http://dx.doi.org/10.1021/jf2052306
http://dx.doi.org/10.1002/pmic.200401150
http://dx.doi.org/10.1002/pmic.200401150
http://refhub.elsevier.com/S0278-6915(17)30337-X/sref12
http://refhub.elsevier.com/S0278-6915(17)30337-X/sref12
http://refhub.elsevier.com/S0278-6915(17)30337-X/sref12
http://refhub.elsevier.com/S0278-6915(17)30337-X/sref12
http://refhub.elsevier.com/S0278-6915(17)30337-X/sref12
http://dx.doi.org/10.1159/000070429
http://dx.doi.org/10.1159/000070429
http://refhub.elsevier.com/S0278-6915(17)30337-X/sref14
http://refhub.elsevier.com/S0278-6915(17)30337-X/sref14
http://refhub.elsevier.com/S0278-6915(17)30337-X/sref14
http://dx.doi.org/10.1039/c6fo01788f
http://dx.doi.org/10.1039/c6fo01788f
http://dx.doi.org/10.1105/tpc.10.3.343
http://dx.doi.org/10.1105/tpc.10.3.343
http://dx.doi.org/10.1016/j.foodres.2015.12.006
http://dx.doi.org/10.1016/j.foodres.2015.12.006
http://dx.doi.org/10.1111/j.1365-2222.2006.02565.x
http://dx.doi.org/10.1111/j.1365-2222.2006.02565.x
http://dx.doi.org/10.1111/j.1365-2222.2007.02764.x
http://dx.doi.org/10.1111/j.1365-2222.2007.02764.x

98 L. Di Stasio et al. / Food and Chemical Toxicology 107 (2017) 88—98

Fu, TJ., Abbott, U.R., Hatzos, C., 2002. Digestibility of food allergens and nonaller-
genic proteins in simulated gastric fluid and simulated intestinal fluid-a
comparative study. J. Agric. Food Chem. 50 (24), 154—160. http://dx.doi.org/
10.1021/jf020599h.

Huby, R.D., Dearman, RJ., Kimber, I, 2000. Why are some proteins allergens?
Toxicol. Sci. 55 (2), 235—246.

Jin, T, Guo, F,, Chen, Y.W., Howard, A., Zhang, Y.Z., 20009. Crystal structure of Ara h 3,
a major allergen in peanut. Mol. Immunol. 46 (8—9), 1796—1804. http://
dx.doi.org/10.1016/j.molimm.2009.01.023.

Koppelman, SJ., de Jong, G.A., Laaper-Ertmann, M., Peeters, K.A., Knulst, A.C.,
Hefle, S.L., Knol, E.F,, 2005. Purification and immunoglobulin E-binding prop-
erties of peanut allergen Ara h 6: evidence for cross-reactivity with Ara h 2. Clin.
Exp. Allergy 35, 490—497. http://dx.doi.org/10.1111/].1365-2222.2005.02204.x.

Koppelman, S.J., Hefle, S.L., Taylor, S.L., de Jong, G.A., 2010. Digestion of peanut al-
lergens Ara h 1, Ara h 2, Ara h 3, and Ara h 6: a comparative in vitro study and
partial characterization of digestion-resistant peptides. Mol. Nutr. Food Res. 54
(12), 1711-1721. http://dx.doi.org/10.1002/mnfr.201000011.

Koppelman, SJ., Jayasena, S., Luykx, D., Schepens, E., Apostolovic, D., de Jong, G.A.,
Isleib, T.G., Nordlee, ]., Baumert, ]., Taylor, S.L, Cheng, H., Maleki, S., 2016.
Allergenicity attributes of different peanut market types. Food Chem. Toxicol.
91, 82—90. http://dx.doi.org/10.1016/j.fct.2016.02.016.

Krause, S., Reese, G. Randow, S. Zennaro, D. Quaratino, D., Palazzo, P,
Ciardiello, M.A., Petersen, A., Becker, W.M., Mari, A., 2009. Lipid transfer protein
(Ara h 9) as a new peanut allergen relevant for a Mediterranean allergic pop-
ulation. J. Allergy Clin. Immunol. 124 (4), 771—778. http://dx.doi.org/10.1016/
j-jaci.2009.06.008.

Lauer, I, Dueringer, N., Pokoj, S. Rehm, S., Zoccatelli, G., Reese, G., Miguel-
Moncin, M.S., Cistero-Bahima, A., Enrique, E., Lidholm, ]., Vieths, S., Scheurer, S.,
2009. The non-specific lipid transfer protein, Ara h 9, is an important allergen in
peanut. Clin. Exp. Allergy 39 (9), 1427—1437. http://dx.doi.org/10.1111/j.1365-
2222.2009.03312.x.

Lehmann, K., Schweimer, K., Reese, G., Randow, S., Suhr, M., Becker, W.M.,, Vieths, S.,
Rosch, P., 2006. Structure and stability of 2S albumin-type peanut allergens:
implications for the severity of peanut allergic reactions. Biochem. J. 395 (3),
463—472. http://dx.doi.org/10.1042/BJ20051728.

Li, X.M,, Srivastava, K, Grishin, A. Huang, CK, Schofield, B., Burks, W,
Sampson, H.A., 2003. Persistent protective effect of heat-killed Escherichia coli
producing “engineered,” recombinant peanut proteins in a murine model of
peanut allergy. J. Allergy Clin. Immunol. 112 (1), 159—167. http://dx.doi.org/
10.1067/mai.2003.1622.

Mamone, G., Picariello, G., Caira, S., Addeo, F., Ferranti, P., 2009. Analysis of food
proteins and peptides by mass spectrometry-based techniques. J. Chromatogr. A
1216 (43), 7130—7142. http://dx.doi.org/10.1016/j.chroma.2009.07.052.

Mamone, G., Nitride, C., Picariello, G., Addeo, F., Ferranti, P, Mackie, A., 2015.
Tracking the fate of pasta (T. Durum semolina) immunogenic proteins by
in vitro simulated digestion. ]. Agric. Food Chem. 63 (10), 2660—2667. http://
dx.doi.org/10.1021/jf505461x.

Mandalari, G., Adel-Patient, K., Barkholt, V., Baro, C., Bennett, L., Bublin, M., Gaier, S.,
Graser, G., Ladics, G.S., Mierzejewska, D., Vassilopoulou, E., Vissers, Y.M.,
Zuidmeer, L., Rigby, N.M., Salt, L]., Defernez, M., Mulholland, F., Mackie, A.R.,
Wickham, M.S., Mills, E.N., 2009. In vitro digestibility of beta-casein and beta-
lactoglobulin under simulated human gastric and duodenal conditions: a
multi-laboratory evaluation. Regul. Toxicol. Pharmacol. 55 (3), 372—381. http://
dx.doi.org/10.1016/j.yrtph.2009.08.010.

Minekus, M., Alminger, M., Alvito, P., Balance, S., Bohn, T., Bourlieu, C., Carriere, F,
Boutrou, R., Corredig, M., Dupont, D., Dufour, C., Egger, L, Golding, M.,
Karakaya, S., Kirkhus, B., Le Feunteun, S., Lesmes, U., Macierzanka, A., Mackie, A.,
Marze, S., McClements, D.J.,, Ménard, O., Recio, I, Santos, C.N., Singh, R.P,
Vegarud, G.E., Wickham, M.S. Weitschies, W. Brodkorb, A. 2014.
A standardised static in vitro digestion method suitable for food - an interna-
tional consensus. Food Funct. 5 (6), 1113—1124. http://dx.doi.org/10.1039/
€3f060702j.

Mittag, D., Akkerdaas, J., Ballmer-Weber, B.K., Vogel, L., Wensing, M., Becker, W.M.,
Koppelman, S.J., Knulst, A.C., Helbling, A., Hefle, S.L., Van Ree, R., Vieths, S., 2004.
Ara h 8, a Bet v 1-homologous allergen from peanut, is a major allergen in
patients with combined birch pollen and peanut allergy. J. Allergy Clin.
Immunol. 114 (6), 1410—1417. http://dx.doi.org/10.1016/j.jaci.2004.09.014.

Moreno, FJ., Mackie, A.R., Mills, E.N., 2005. Phospholipid interactions protect the
milk allergen alpha-lactalbumin from proteolysis during in vitro digestion.

J. Agr. Food Chem. 53 (25), 9810—9816. http://dx.doi.org/10.1021/jf0515227.

Mouécoucou, ]., Frémont, S., Sanchez, C., Villaume, C., Méjean, L., 2004. In vitro
allergenicity of peanut after hydrolysis in the presence of polysaccharides. Clin.
Exp. Allergy 34 (9), 1429-1437. http://dx.doi.org/10.1111/j.1365-
2222.2004.02022.x.

Mueller, G.A., Gosavi, R.A., Pomés, A., Wiinschmann, S., Moon, A.F,, London, RE.,
Pedersen, L.C., 2011. Ara h 2: crystal structure and IgE binding distinguish two
subpopulations of peanut allergic patients by epitope diversity. Allergy 66 (7),
878—885. http://dx.doi.org/10.1111/j.1398-9995.2010.02532.x.

Mueller, G.A., Maleki, S.J., Pedersen, L.C., 2014. The molecular basis of peanut allergy.
Curr. Allergy Asthma Rep. 14 (5), 429. http://dx.doi.org/10.1007/s11882-014-
0429-5.

Nicolaou, N., Custovic, A., 2011. Molecular diagnosis of peanut and legume allergy.
Curr. Opin. Allergy Clin. Immunol. 11, 222-228. http://dx.doi.org/10.1097/
ACIL.Ob013e32834656¢2.

Picariello, G.,, Mamone, G., Addeo, F., Ferranti, P, 2011. The frontiers of mass
spectrometry-based techniques in food allergenomics. ]J. Chromatogr.y A 1218
(42), 7386—7398. http://dx.doi.org/10.1016/j.chroma.2011.06.033.

Picariello, G., Mamone, G., Nitride, C., Addeo, F, Ferranti, P., 2013. Protein diges-
tomics: integrated platforms to study food protein digestion and derived
functional and active peptides. TrAC Trends Anal. Chem. 52, 120—134. http://
dx.doi.org/10.1016/j.trac.2013.08.001.

Picariello, G., Miralles, B., Mamone, G., Sdnchez-Rivera, L., Recio, I, Addeo, F,
Ferranti, P,, 2015. Role of intestinal brush border peptidases in the simulated
digestion of milk proteins. Mol. Nutr. Food Res. 59 (5), 948—956. http://
dx.doi.org/10.1002/mnfr.201400856.

Picariello, G., Ferranti, P., Addeo, F,, 2016. Use of brush border membrane vesicles to
simulate the human intestinal digestion. Food Res. Int. 88, 327—-335. http://
dx.doi.org/10.1016/j.foodres.2015.11.002.

Piersma, S.R., Gaspari, M., Hefle, S.L., Koppelman, S.J., 2005. Proteolytic processing of
the peanut allergen ara h 3. Mol. Nutr. Food Res. 9, 744—755. http://dx.doi.org/
10.1002/mnfr.200500020.

Polovic, N., Blanusa, M., Gavrovic-Jankulovic, M., Atanaskovic-Markovic, M.,
Burazer, L., Jankov, R., Cirkovic, V.T., 2007. A matrix effect in pectin-rich fruits
hampers digestion of allergen by pepsin in vivo and in vitro. Clin. Exp. Allergy
37, 764—771. http://dx.doi.org/10.1111/j.1365-2222.2007.02703.x.

Rabjohn, P, Helm, E.M,, Stanley, J.S., West, C.M., Sampson, H.A., Burks, A\W.,,
Bannon, G.A. 1999. Molecular cloning and epitope analysis of the peanut
allergen Ara h 3. J. Clin. Invest 103 (4), 535—542.

Rougé, P., Culerrier, R., Sabatier, V., Granier, C., Rancé, F,, Barre, A., 2009. Mapping
and conformational analysis of IgE-binding epitopic regions on the molecular
surface of the major Ara h 3 legumin allergen of peanut (Arachis hypogaea).
Mol. Immunol. 46 (6), 1067—1075. http://dx.doi.org/10.1016/
j.molimm.2008.09.030.

Shinmoto, H., Takeda, M., Matsuo, Y., Naganawa, Y., Tomita, S., Takano-Ishikawa, Y.,
2010. Epitope analysis of peanut allergen Ara h1 with human monoclonal IgM
antibody clone #86. Hum. Antibodies ]J. 19 (4), 101-105. http://dx.doi.org/
10.3233/HAB-2010-0233.

Sicherer, S.H., Wood, R.A., 2013. Advances in diagnosing peanut allergy. J. Allergy
Clin. Immunol. 1 (1), 1-13. http://dx.doi.org/10.1016/j.jaip.2012.10.004.

Suhr, M., Wicklein, D., Lepp, U., Becker, W.M., 2004. Isolation and characterization of
natural Ara h 6: evidence for a further peanut allergen with putative clinical
relevance based on resistance to pepsin digestion and heat. Mol. Nutr. Food Res.
48 (5), 390—399. http://dx.doi.org/10.1002/mnfr.200400028.

Teuber, S.S., 2002. Hypothesis: the protein body effect and other aspects of food
matrix effects. Ann. N.Y. Acad. Sci. 964, 111e6.

van Boxtel, E.L., van Beers, M.M., Koppelman, S.J., van den Broek, L.A., Gruppen, H.,
2006. Allergen Ara h 1 occurs in peanuts as a large oligomer rather than as a
trimer. J. Agric. Food Chem. 54 (19), 7180—7186. http://dx.doi.org/10.1021/
jf061433.

Vereda, A., van Hage, M., Ahlstedt, S., Ibafiez, M.D., Cuesta-Herranz, J., van Odijk, ].,
Wickman, M., Sampson, H.A., 2011. Peanut allergy: clinical and immunologic
differences among patients from 3 different geographic regions. J. Allergy Clin.
Immunol. 127 (3), 603—607. http://dx.doi.org/10.1016/j.jaci.2010.09.010.

Wickham, M., Faulks, R., Mills, C., 2009. In vitro digestion methods for assessing the
effect of food structure on allergen breakdown. Mol. Nutr. Food Res. 53 (8),
952—-958. http://dx.doi.org/10.1002/mnfr.200800193.

Zhuang, Y., Dreskin, S., 2013. Redefining the major peanut allergens. Immunol. Res.
55, 125—134. http://dx.doi.org/10.1007/s12026-012-8355-x.


http://dx.doi.org/10.1021/jf020599h
http://dx.doi.org/10.1021/jf020599h
http://refhub.elsevier.com/S0278-6915(17)30337-X/sref21
http://refhub.elsevier.com/S0278-6915(17)30337-X/sref21
http://refhub.elsevier.com/S0278-6915(17)30337-X/sref21
http://dx.doi.org/10.1016/j.molimm.2009.01.023
http://dx.doi.org/10.1016/j.molimm.2009.01.023
http://dx.doi.org/10.1111/j.1365-2222.2005.02204.x
http://dx.doi.org/10.1002/mnfr.201000011
http://dx.doi.org/10.1016/j.fct.2016.02.016
http://dx.doi.org/10.1016/j.jaci.2009.06.008
http://dx.doi.org/10.1016/j.jaci.2009.06.008
http://dx.doi.org/10.1111/j.1365-2222.2009.03312.x
http://dx.doi.org/10.1111/j.1365-2222.2009.03312.x
http://dx.doi.org/10.1042/BJ20051728
http://dx.doi.org/10.1067/mai.2003.1622
http://dx.doi.org/10.1067/mai.2003.1622
http://dx.doi.org/10.1016/j.chroma.2009.07.052
http://dx.doi.org/10.1021/jf505461x
http://dx.doi.org/10.1021/jf505461x
http://dx.doi.org/10.1016/j.yrtph.2009.08.010
http://dx.doi.org/10.1016/j.yrtph.2009.08.010
http://dx.doi.org/10.1039/c3fo60702j
http://dx.doi.org/10.1039/c3fo60702j
http://dx.doi.org/10.1016/j.jaci.2004.09.014
http://dx.doi.org/10.1021/jf0515227
http://dx.doi.org/10.1111/j.1365-2222.2004.02022.x
http://dx.doi.org/10.1111/j.1365-2222.2004.02022.x
http://dx.doi.org/10.1111/j.1398-9995.2010.02532.x
http://dx.doi.org/10.1007/s11882-014-0429-5
http://dx.doi.org/10.1007/s11882-014-0429-5
http://dx.doi.org/10.1097/ACI.0b013e32834656c2
http://dx.doi.org/10.1097/ACI.0b013e32834656c2
http://dx.doi.org/10.1016/j.chroma.2011.06.033
http://dx.doi.org/10.1016/j.trac.2013.08.001
http://dx.doi.org/10.1016/j.trac.2013.08.001
http://dx.doi.org/10.1002/mnfr.201400856
http://dx.doi.org/10.1002/mnfr.201400856
http://dx.doi.org/10.1016/j.foodres.2015.11.002
http://dx.doi.org/10.1016/j.foodres.2015.11.002
http://dx.doi.org/10.1002/mnfr.200500020
http://dx.doi.org/10.1002/mnfr.200500020
http://dx.doi.org/10.1111/j.1365-2222.2007.02703.x
http://refhub.elsevier.com/S0278-6915(17)30337-X/sref51
http://refhub.elsevier.com/S0278-6915(17)30337-X/sref51
http://refhub.elsevier.com/S0278-6915(17)30337-X/sref51
http://refhub.elsevier.com/S0278-6915(17)30337-X/sref51
http://dx.doi.org/10.1016/j.molimm.2008.09.030
http://dx.doi.org/10.1016/j.molimm.2008.09.030
http://dx.doi.org/10.3233/HAB-2010-0233
http://dx.doi.org/10.3233/HAB-2010-0233
http://dx.doi.org/10.1016/j.jaip.2012.10.004
http://dx.doi.org/10.1002/mnfr.200400028
http://refhub.elsevier.com/S0278-6915(17)30337-X/sref57
http://refhub.elsevier.com/S0278-6915(17)30337-X/sref57
http://dx.doi.org/10.1021/jf061433
http://dx.doi.org/10.1021/jf061433
http://dx.doi.org/10.1016/j.jaci.2010.09.010
http://dx.doi.org/10.1002/mnfr.200800193
http://dx.doi.org/10.1007/s12026-012-8355-x

Table SI: Patient characteristics.

Subject Sex/Age (yr) Other food allerg SPT (cm)? |gEtotali (kU/L)"
0.1x0.1
Hazel nut 0.1x0.2
1 M/6 0.2%0 1 322
0.1x0.1
0.4x0.4
wallnut 0.4x0.4
2 F/8 amond 0.4x0.4 1096
0.4x0.4
3 M/4 hazel nut 0.3x0.3 734
4 M/5 hazel nut 0.2x0.2 33
5 M/3 - 0.3x0.3 490
0.3x0.3
6 M/3 hazel nut 0.4%0.3 564
0.7x1
7 M/3 hazel nut 0.4%0.4 523
8 M/6 - 1x0.7 1836

& Skin prick test; diameter of wheal in centimetres.

P PN ICAP: Specific IgE to peanut (ImmunoCAP value for serum IgE) expressed in kUalL.
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