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THESIS SUMMARY

Food allergy is one of the frequent disordersigsthcidence in paediatric as well
as adult population is continuously rising, havidgubled in the last two decades.
Although wheat belongs to major food allergens isral staple food in most diets, we have
only little knowledge of wheat proteins causing Igtediated hypersensitivity reaction.
Diagnostic approaches of food allergy to wheat hategh sensitivity, but low specificity.
Poor predictability and specificity may be assaamiatvith the insufficient purity of wheat
extracts used in sIgE assays or with the lack gbnadlergens in these extracts.

In the first step, we characterized 19 potentiargens recognised by IgE Abs of
allergic patients, using proteomic techniques (1-REDE, MALDI-TOF, QTOF and
LCQPE®” nLC-MS/MS ion trap technique). We identified thes&-binding molecules
such as:a-amylase inhibitorsp-amylase, profilin, serpin3-D-glucan exohydrolase and
27K protein. To quantify sIgE in patient’s sera developed ELISA using the whole
wheat extract and two commercially availablamylase inhibitors.

Second, we developed a procedure that allowstignlaf wheat allergens from
natural sources using Rotofor cell and HPLC. Twesgyen potential wheat allergens have
been successfully identified; of these, the follogviseven are newly reported in food
allergy: endogenous a-amylase/subtilisin  inhibitor, trypsiafamylase inhibitor
CMX1/CMXS3, TLP, XIP,B-glucosidase, class Il chitinase and 26 kDa endioelsie. The
biological activity of purified allergens was tegtasing the basophil activation test. We
have shown for the first time that purified allengesuch as-amylase inhibitor 0.19, lipid
transfer protein, TLP and wheatwin, can activateepés’ basophils, confirming that our
purified proteins maintain their biological activit

Third, we investigated how thermal processinguiafices the ability of OVA to
induce allergic symptoms and immune responses usmmodel of food allergy.

The aim of our studies is to identify the most artpnt wheat allergens in IgE
mediated hypersensitivity reaction. We developed peocedures of identification and
isolation of allergens in their native form in amdai sufficient both for biological testing
(in vivo andin vitro) and for physicochemical characterization. Sucidiss will lead to a
more detailed knowledge of allergenicity of whesdtpins and to improved specificity of

diagnostic tests.



SOUHRN V CESTINE

Potravinova alergie je jednim z d&§€jSich onemocEni a postihuje jak &skou,
tak dospglou populaci. Jeji vyskyt neustale roste, v posielndvaceti letech se
zdvojnasobil. Akoliv pSenice pat mezi hlavni potravinové alergeny a je zakladozlsbu
vétSiny jidel, naSe znalosti pSénych proteir zpiasobujicich IgE hypersensitivni reakci je
nedostaténa. Diagnostika potravinové alergie na pSenici sgn&uje vysokou
sensitivitou, ale nizkou specificitou. Taube byt spojena s nedost&tieu cistotou
pouzivanych extralitanebo absenci hlavnich alergentéchto extraktech.

V prvnim kroku jsme charakterizovali 19 potenciénalergefi rozpoznavanych
IgE protilatkami ze sér pacientDiky proteomickym metodam (1-DE, 2-DE, MALDI-
TOF, QTOFa LCQPE“* nLC-MS/MS iontova past) jsme identifikovali rfagyto IgE
vazajici molekuly: inhibitory a-amylazy, B-amylaza, profilin, serpin,-D-glukan
exohydrolaza a 27K protein. Pro kvantifikaci Igitiatek jsme vyvinuli metodu ELISA,
ve které byl pouzit jak pSefny extrakt, tak kome&n¢ dostupné inhibitorgi-amylazy.

V dalSim kroku jsme vyvinuli metodu postupné izalapSeninych alerget
z prirodnich zdra}, kterd vyuzivd zdzeni Rotofor a HPLC. Timto ifstupem bylo
identifikovano 27 potencialnich alergenz nichz 7 bylo no¥ popsano u potravinové
alergie: endogenni inhibitar-amylazy, inhibitora-amylazy CMX1/CMX3, TLP, XIPf3-
glucosidaza, chitinazaitly 1l a 26 kDa endochitinaza. Pro testovani bimkg aktivity
purifikovanych alergein byl pouZit test aktivace bazafil Jako prvni jsme ukazali, Ze
purifikované alergeny jako inhibiton-amylazy 0.19, lipid transfer protein, TLP a
wheatwin aktivuji pacientské bazofily. Timto sevydilo, Ze naSe purifikované proteiny si
zachovavaji svou biologickou aktivitu.

Na mysSim modelu jsme také zkoumali vliv tepelné&mracovani vagneho
ovalbuminu na jeho schopnost vyvolat odatvmunitniho systému.
alergeri schopnych vyvolat IgE hypersenzitivni reakci. \fyMi jsme nové metody pro
identifikaci a izolaci alergenv jejich @irodni forn€ a to v mnozstvi, které je dostene
jak pro biologickeé testyiff vivo, in vitro), tak pro fyzikalg-chemickou charakterizaci.
Tato studie povede ke igsreni znalosti o alergeni¢itpSenénych alergeti a ke zlepSeni
specificity diagnostickych teist
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HYPOTHESIS AND AIMS

The general aim of this thesis was to identify ahdracterise the most frequently
recognised wheat allergens and to analyse thergalhicity in an attempt to improve the
understanding of hypersensitivity reactions anddibgnosis of wheat allergy.

Specific aims:
- to identify wheat flour allergens most frequentbcognized by patients’ IgE
antibodies using proteomic techniques (1-DE, 2-DMALDI-TOF, QTOF
and LC@E* nLC-MS/MS ion trap technique)

- to developed a new procedure for isolation andfipation of identified IgE-
binding wheat allergens in their natural form in camts that allowed
subsequent structural and functional analyses #sag¢o find new potential
allergens using ultrafiltration, isoelectric foaogi (Rotofor), and liquid

chromatography.

- to investigate the clinical relevance of the newdentified and purified
allergens usingin vitro specific IgE detection (ELISA, Immunoblot) in

correlation with the results of skin prick test.

- to test the cellular response of patient's bassphijainst the extracted

proteins and identified allergens in the basopttilvation test.

- To analyse the effect of pepsin on the imunoggnioftthe extracted wheat

proteins to mimic the digestion of wheat containiogd.

- toinvestigate how thermal processing influencéitglmf ovalbumin to induce

allergic symptoms and immune responses in mouseihoddood allergy.
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1. INTRODUCTION

1.1. Food allergy

Food allergy is an important health problem affer6 to 8% of children and 2 to
3% of adults, and is increasing in prevalence [@aal al., 2006; Ostblom et al., 2008;
Zicari et al., 2012]. Under physiological conditspnimmune system develops oral
tolerance, a state of active inhibition of systemgisponse to the huge amount of antigens
regularly ingested and to the commensal organiseeldping an active immune
suppression of digestive pathogens. Oral toleramepends on an intact and
immunologically active gastrointestinal mucosalrtear This barrier includes immunity
components, which are innate (e.g. neutrophils,ropd@ages, toll-like receptors, natural
killer and epithelial cells) or adaptive (e.g. agpithelial and lamina propria lymphocytes,
Peyer's patches, secretory IgA and cytokines). dlsesnponents play central role in the
tolerance of foreign antigens that are not harnduhe body and cooperate with a number
of immune cells (e.g. antigen-presenting cellsestinal epithelial cells, dendritic cells and
regulatory T cells) [Strobel et al., 2006; Dupd11]. Despite high acidity in the stomach
and enzyme activity, around 2% of ingested foodgens still cross the gastrointestinal
barrier and are transported throughout the bodg farm that is immunologically intact
enough to produce a food allergy [Sampson,1999¢ diavelopment of oral tolerance
might also be influenced by several non-host facteuch as the physical properties of the
antigen, and amount and frequency of exposure [@hehet al., 2005]. Lastly, the
commensal gut flora is likely to play a role in lotalerance, as suggested by studies in
germ-free mice [Bashir et al., 2004]. However,am® genetically susceptible individuals,
food allergy can develop. An inappropriate immuegponse is thought to be consequence
of the failure to establish or maintain toleranowdrds harmless antigens [Perrier et al.,
2010].

Based on the pathophysiological mechanism of éaetion, there are differences
between food allergy and food intolerance. Foodlarance may be due to properties of
the food (i.e. toxic contaminant, pharmacologiavactomponent) or to characteristics of
the host (i.e. metabolic disorders, idiosyncraéisponses, psychological disorder). Food

allergies may be further classified in a) IgE-méatia which are mediated by IgE
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antibodies and are the best-characterized foodygli@actions; b) cell mediated when the
cell component of the immune system is responsibthe food allergy and mostly involve

the gastrointestinal tract; c¢) mixed IgE mediatetl-mediated when both IgE and immune
cells are involved in the reaction [Sampson, 2@ianferoni et al., 2009; Sicherer at al.,
2009] (Fig. 1).

Adverse food
reaction

Food

Intolerance Food Allergy
] 1 r | 1
Food Host : ; Non-IgE
characteristics characteristics IgE-mediated Mixed iy
) ) ) ) )

Pharmacologic
(caffeine,

Contact

tyramine) {Il\gg!(gts)glg Anaphylaxis dermatitis
fructase Urticaria Atopic Dermatitis
deficiency) Angioedema dermatis Herpetiformis
Eosinophilic Proctocolitis
Oral allergy Esophagitis EPIES
Toxin BUS Eosinophilic o
{baclgriald Acute rhinitis enteritis Celiac disease
sgombroi g Heiners
fish ; PSV?Q;’{'}?CQ'CN Actia Astire Syndrome
poisoning L
4 disorder) y )

Figure 1. Classification of adverse food reaction as foodlerance and food allergy. Patients with
food allergy have IgE-mediated, non-IgE mediatech@pms or mix of both. Adapted from
Cianferoni et al, 2009.

In general, the immunological mechanism in foddrgles is IgE-mediated Type-
| response characterized by high serum total Igkceotration and by the presence of IgE
Abs specific to ordinarily harmless environmentatigens. However, following studies
reveal that food allergies may also involve Typeuid Type-IV responses [Johansson et

al., 2004]. The IgE mediated response is divided iwo phases: a) allergic sensitization
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and b) elicitation. The sensitization to an allergethe induction phase during which Th2
cells express IL-4, IL-5, IL-6 and IL-13 and thishZ response leads to B-cell
differentiation into IgE producing cells. IgE Ab&d to its high-affinity receptor on the
surface of mast cells in the skin, gut, respirgtaamd cardiovascular systems. The
elicitation is the effector phase during which slasallergic symptoms occur within
minutes after allergen exposure, when IgE-boundt ro@ks recognize the allergen and
become activated. On the other hand, mechanismatieadt by Thl cells express IL-2, IL-
12, IL-18, IFNa andy, as well as TNFx andf3 (Fig. 2) [Angelis et al., 2010, Vickery at
al., 2011].

‘ Induction site gut O\A o ‘ Effector site gut Symptom site
Allergic
@ symptoms

4
IL=5
s O
\ ‘Allerqen

re- EHCGUHIEF

anger signal

@

IgE
® IgE
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Allergic

sensitisation

I-10  TGRB TNFa IL=4 | Circulation |
merpy 4 TNeg IL-5 '
L i WE IL-6 | Thoracic duct |
Active ™. Y IL-10 |

Mesenteric lymph nodes|

-
-
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supression  IL-2 "-\‘h = A3
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I
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tolerance : . : ::) L
immunity immunity 113

Figure 2. Schematic depiction of the mechanism of food ajlery allergen, M: M cell, ML:

mucous layer, BM: basement membrane, APCs: anfigesenting cells, IDC: immature dendritic
cell, MDC: mature dendritic cell, IL: interleukif,GF: transforming growth factor, Th: T-helper,
Tr: T-regulatory cell, Mo: macrophage, TNF: tumaoicrosis factor, B: B cell, P: plasma cell, MC:

mast cell, E: eosinophil, N: neutrophil, m: memoe}i. Adapted from Angelis et al, 2010.
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Food allergens can enter from the luminal side le# epithelium through
damaged epithelial cell layer or via active uptaleenterocytes or so-called M cells that
are specialized to actively sample the gut contegt$ransporting macromolecules and
particles from the lumen into organized lymphoidli¢tes known as Peyer’'s patches.
Tissue dendritic cells, the most important antigeesenting cells, ingest and present
allergens at sites of exposure and activate naiwellE. Activation of dendritic cells
induces their migration to local lymphoid tissualdheir maturation into highly effective
antigen-presenting cells. Allergens that enteritaature dendritic cell via phagocytosis
are processed in the endocytic compartment foreptason by MHC class Il molecules
and they activate TLRs. TLR signalling causes taedditic cells to become licensed and
begin to undergo maturation. Mature conventionalddigic cells have become powerful
activators of naive T cells but are no longer plegtio [Murphy, 2012].

In food allergic individuals the majority of acuddlergic reactions to foods are
due to the engagement of allergen sigE Abs wittigg-affinity receptor (FeRl) that is
expressed on mast cells and basophils, and lowitgffieceptor (FeRII), which is present
on macrophages, monocyte, lymphocytes and platéMten a specific antigen binds the
IgE linked to the FeRI it determines a receptor cross-linking and cqnset release of
mediators [Ebo et al., 2001; Lee et al., 2006; &iehet al., 2009]. The major factors for
mast-cell growth and development include stemfeelior, IL-3, IL-4 and IL-9. Mast cells
are activated and degranulated when antigens trdstgE to FeRI receptor. Mast-cell
degranulation releases inflammatory mediators sashistamine, serine esterases and
proteases (chymase and tryptase). Histamine atd;\rieceptors on local blood vessels to
cause an immediate increase in local blood flow weskel permeability. Histamine can
increase antigen-presenting capacity of dendrgiéscand Thl priming (through the;H
receptor). On T cells, it can enhance Thl proltferaand IFNy production (also through
the H receptor). The proteases released by the masts catitivate matrix
metalloproteinases, which break down extracellutaatrix proteins, causing tissue
disintegration and damage [Murphy, 2012]. The ation of T cell subset, which secretes
inflammatory factors, including IL-4, IL-5 and IL31is a key event in the pathogenesis of
allergy. At the initiation of allergic response&;4 and IL-13 are essential for allergen-
specific IgE production and IL-5 is required fornaual of eosinophilic granulocytes.
Together with histamine these cytokines initiatemiadiate hypersensitivity against
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allergens (symptom phase), activate inflammatosguge and effector cells, and induce
various allergic symptoms including skin, respirgtor digestive system.

The activity of immune system in healthy indivitkiappears to be controlled by
regulatory T (Tr) cells, which secrete suppressi@kines such as IL-10 and TGF-AN
imbalance between Th2 and Tr cells in allergicgrds leads to insufficient tolerance to
the allergen. This was recently shown for healtimg allergic responses to various
allergens by using isolated peripheral CD4cells secreting IL-10 (Trl), IL-4 (Th2) or
IFN-y (Th1) [Akdis et al., 2004; Schmidt-Weber et a002].

1.2. Wheat allergy

Wheat is the most widely consumed food grain i world and belongs to six
major food allergens (milk, egg, wheat, peanutasayd fish) that account for over 80% of
the reaction in food allergies [Ramesh, 2008]. althh cereals are essential in daily
nutrition for the majority of people, only littlefiormation is available on wheat allergens
causing hypersensitivity reactions. Hypersensitivieactions to wheat proteins are
clinically distinct, depending on the route of ajjen exposure, target organs, and
immunological mechanisms involved. One of the mstiuctural protein complexes of
wheat is gluten. Human diseases related to glutposeire can be classified into wheat
allergy and celiac disease. Wheat allergy is @effias an adverse immunologic reaction to
wheat and may manifest as a classical food allevgypgested wheat proteins including
cutaneous, gastrointestinal, and respiratory symgtocontact urticaria; and wheat-
dependent exercise induced anaphylaxis (WDEIA)ddshkon et al., 2004]. Occupational
asthma (so-called baker’'s asthma) and rhinitisraeetions to inhaled flour, therefore,
many workers in the milling, baking and food praseg industries are exposed to wheat
flour in the atmosphere, raising the risk of resfary allergy. IgE antibodies and chemical
mediators such as histamine from basophils and el play a central role in the
pathogenesis of these diseases. In contrast, iogaedtwheat gluten may cause dermatitis
herpetiformis, a blistering skin eruption; glutelxaa; and celiac disease, T cell-mediated
intestinal inflammation demonstrated by specificokmgic autoantibodies, most notably
serum anti-tissue transglutaminase (tTG) and amomysial antibodies (EMA). In

addition, there are cases of gluten reactions irchvineither allergic nor autoimmune
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mechanisms are involved. These are generally defee gluten sensitivity (Fig. 3)
[Palosuo, 2003; Sapone et al., 2012].

Gluten
Related
Disorders

/—Iﬁ

Not
Autoimmune Allergic Autoimmune
& Not allergic
(Innate
~ immunity?)
| 2 l
Celiac Gluten Dermatitis ( Wheat Gluten
Disease Ataxia herpetiformis allergy HERHAVE Y
b S L
| | | | | |
' r ]
Symptomatic Silent Potential Respiratory F(m.d WDEIA Contact
Allergy Allergy Utticaria
@ y 8 4

Figure 3. Proposed new nomenclature and classification degheelated disorders. Adapted from

Sapone et al., 2012.

1.3. Diagnosis

Diagnosis of food allergy to wheat is, however, simple. The main available
vivo methods for the assessment of food allergensareletblind placebo-controlled food
challenge and skin prick tests. Although oral fabéllenge tests are considered to be the
gold standard for the diagnosis, they are time womsg and can induce severe clinical
symptoms. Skin prick tests are diagnostic for bakasthma but not for atopic dermatitis
[van Kampen et al., 2009]. In contrast, basopHilvation tests are considered a reliaivle
vitro diagnostic technique [Tokuda et al., 2009]. The=sts are based on quantitative
determination on a flow cytometric measurement B2G3c up-regulation and assessment
of CD63 membrane expression by basophils, in resptm FceRI-bound IgE cross-linking
by specific allergens. Blood samples are obtaimech fpatients with clinical symptoms
and exposed to selected allergens. The optimabftutalues of basophil activation are
determined by the ROC analysis. The clinical bénafisuch functional techniques was
already demonstrated in different types of IgE-rateti food allergy [Moneret-Vautrin et
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al., 1999; Eberlein-Konig et al., 2006; Shreffl@Q06; Ocmant et al., 2007In vitro
detection of food-specific IgE Abs by radioimmuneags (RIAS) or enzymatic
immunoassays (ELISA) were designed to detect ard guantify sIgE, either free in the
serum or bounded to peripheral blood cell surféa&een though these immunological
methods are highly sensitive they have low spetifiand a certain degree of cross-
reactivity cannot be excluded [Sampson 2001; Tdlids<t al., 2009].

At the beginning, crude natural and non-standarlizxtracts were used,
although, the use of standardized extracts with aenprecise content of allergenic
components can improve the diagnostic value oftélcniques. The poor predictability
and specificity of all currently known diagnostippgioaches may be associated with the
purity of the wheat extracts used in the specié hssays or to their lack of inclusion of
all major allergens. Furthermore, the expressiolybfreactive proteins depends on wheat
seed maturation and varies in different wheat ssurConstantin et al., 2009]. The
absence of potentially allergenic impurities is ajon quality criterion, as even minor
contamination with a highly IgE reactive protein ynproduce false positive results.
Moreover, allergens can be present in natural gsuas a mixture of isoforms differing
only in a few amino acid residues and showing dkffié IgE-binding activity as has been
shown for the 36 different isoforms of the birchilgo allergen Bet v 1 [Zaborsky et al.,
2010]. Other allergens, such as profilins or noosjeelipid transfer proteins have been
identified as either single protein sequences @& lasited number of isoforms [Gao et al.,
2005]. Whereas for immunotherapy the hypoallergevdciant might be the ideal
candidate, for diagnostic approaches the variaoivsty the highest IgE-binding activity
would be the isoform of choice [Sancho et al., 3010

Advances in the field of molecular allergology ledthe development of a new
concept in allergy diagnosis, component-resolvedgabsis, allowing the identification of
the potential disease-eliciting molecules. Recormfirallergens have also been used in a
mixture with natural extracts to increase test gty [Lidholm et al., 2006; Ferrer et al.,
2009]. The extract gives the overall answer to Wwhethe patient is sensitized to the
particular allergen source and the individual congras adds vital information on risk,
specificity and cross-reactivity. With the ability prepare recombinant or native proteins,
it is possible to investigate the contribution rdividual components to the allergenicity of

the food. This capability of component-resolvedgdiastics allows for more focused
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diagnostic and prognostic abilities than do theentrmethods of assaying for the presence

of serum food-specific IgE [Lieberman, 2011].

1.4. Important aspects of allergen components

In order to properly interpret test results in dhaic, it is important to understand
some properties of allergen components and theircal implications. Each allergen
source contains many different allergenic protéatiergen components). On each allergen
component, there are commonly several differentopps that can be divided into
sequential or conformational. A sequential ordinepitopes are recognized by antibodies
by its linear sequence of amino acids, or primarycsure. In contrast, a conformational
epitopes have a specific three-dimensional shapepastein structure. Allergenicity and
biological activity of proteins relate to their smce and structure and some
conformational epitopes are only present when tiogejn is correctly folded. Antibodies
that recognize these epitopes can be used to manmdtein folding. An example of this is
the Durotest” antibody, which only binds to the folded (i.e.ujzhide-bonded) forms of
the puroindoline proteins of wheat [Wiley et alQ0Z]. However, when epitopes are
present as short sequences then antibodies to thidsescognize unfolded proteins.
Therefore, these antibodies can be used to corhiaridentities of purified proteins but
not to monitor their authenticity [Sancho et a010].

Currently, there is no known structure that is own to all allergen components
or epitopesi(e. no common feature that makes a substance anailengnot). On the one
hand, every species contain species-specific alleapitopes, and antibodies formed to
these structures bind only to the allergen epitopeshis particular species. Species-
specific allergen components are unique markersitfoallergen source. The value of
identifying species-specific allergen component®isingle out the primary sensitizer that
induces restricted reactions only to one spectireee.g. wheat [Sastre J, 2010]. On the
other hand, proteins with similar structures ateropresent in biologically related species.
Antibodies formed against such protein structues) of course bind to the same or
similar structure on a protein from several différepecies and these allergen components
are classified as markers for cross-reactivity. yTlean be present in many different
allergen sources, sometimes not even closely ckldtentifying markers for cross-
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reactivity, on the contrary, gives valuable infotioa on possible sensitizations to several
different source®.g. profilin from wheat, apple, timothy grass or cgleDne of the most
important clinical utility in allergy is its abiltto reveal the allergens to which patients are
sensitized, including primary or species-specifiergens and markers of cross-reactivity
or panallergens. The panallergens families encosndsrelated proteins, which are
involved in general vital functions and can be Wwdeund throughout nature. The Greek
prefix “pan” means “all’, emphasizing the ubiquisoulistribution of these allergenic
molecules. Plan panallergens share highly consesegpience regions, structure, and
function. They are responsible for many IgE crassctions even between unrelated pollen
and plant food allergen sources. Sensitizationamapergens might be problematic as it
bears the risk of developing multiple sensitizatidilauser et al., 2010]. Identifying
whether the sensitization is genuine in naturenfary, species-specific) or if it is due to
cross-reactivity to proteins with similar proteimustures may help to evaluate the risk of
reaction on exposure to different allergen sourees.example, profilins are proteins with
a highly conserved structure and highly similathair primary sequence not only present
in virtually all pollens and plants contributing woss-reactions between botanically
unrelated species but also present in all eukarygetis [Hed, 2009].

Protein stability in the gastrointestinal tractaisother important aspect for the
clinical expression in food allergy. Consequenttyjs important to know the protein
structure and to which protein family the allergeglongs, because these features may
affect the tolerance of different foods and therdegf severity of clinical reactions. There
IS a great variability between allergen componemts respect to stability to heat and
protease digestion mimicking the gastric environiné&table allergens such as lipid
transfer proteins and storage proteins are stilttional in the gastrointestinal tract and
may result in systemic reactions (urticaria, dysprad anaphylaxis) in contrast to
pathogenesis-related proteins and profilins, whieheasily destroyed and mainly give rise
to the oral allergy syndrome [Salcedo, 2004, MRIB04].

Post-translational modifications such as glycdsyl proteolysis and
phosphorylation of allergens and their impact om thllergenicity should not be
underestimated. In general, sIgE binding to cardodtg moieties is associated with low
clinical significance for clinical allergy as shovior grass pollen allergens. However, in

some cases carbohydrates appear to contributes tetalbility of the protein, as observed
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for Api g 5, thus enabling IgE binding to epitod&ublin et al., 2003]. In the case of
recombinant allergen production, a suitable hebgalis expression system has to be

selected to obtain a pattern equivalent to thath@hatural protein.

1.5. Classification of wheat flour proteins

The wheat grain comprises three major componstdech, protein and fibre with
proteins accounting for about 10—-15% of the dryghei The analysis of the proteins of
wheat and other cereals has a long and distingiiiststory, dating back over 250 years.
This early work established a classification basedextraction in a series of solvents
(formalized by the American protein chemist T. BsbOrne). He defined four wheat
protein fractions (often called ‘Osborne fractignsvater-soluble albumins (about 15% of
the total proteins), sale.g. 0.5 M NacCl-soluble globulins (5% of the total prios,
water/salt insoluble monomeric gliadins (about 40 dfothe total proteins) and the
polymeric glutenins. The terms ‘albumin’ and ‘gldibu are also more widely used for
proteins with similar solubility properties from har organisms while the prolamins
(characterised by a high glutamine and proline exat)tare given specific hames in
different cereals: gliadins in wheat, hordeins amnldéy, secalins in rye and zeins in maize.
According to amino acid sequence and electroplonetibility gliadins are classified into
a-, B-, y-, andw-gliadins, all rich in non-polar amino acids andtgimine. Theaw-gliadins,
consisting to about 80 % of the amino acids: glin@nproline and phenylalanine, are
almost completely repetitive in sequence. Tthgliadins are further classified as slowly-
migratingw-1 andw-2, w-3 and fast-migrating-4 andw-5. Thew-5 gliadin, a component
of the fastw—gliadin fraction, is a major allergen among watt/ésoluble proteins. The
glutenins are polymers of individual proteins lidikey interchain disulphide (S-S) bonds.
On reduction, the component subunits are classifiea high molecular weight (HMW)
and low molecular weight (LMW) groups after separatoy SDS-PAGE [Tatham et al.,
2008].
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1.6. Allergens in wheat

Since cereals are essential in daily nutrition, albof the wheat allergens have
been identified. However, in recent years proteoamalysis of wheat flour proteins
revealed a number of IgE reactive components i badter/salt-soluble and insoluble
fractions. Proteins from wheat flour were extractgparated by 1-DE and 2-DE, analysed
by immunoblotting using patients IgE Abs, purifieg HPLC and identified by mass
spectrometric analysis (Fig. 4) [Gorg et al., 20Bkagawa et al., 2007]. Many of these
proteins are presumed to be protective in functicomtributing to a broad spectrum
resistance to fungal pathogens and invertebrats.pes

Among the major allergens identified in the watalt‘:soluble fraction of wheat
flour and capable of sensitization after both inigesand inhalation are the cerea
amylase inhibitors and-amylase/trypsin inhibitors. A variety of-amylase inhibitors of
endogenous and exogenous origins that inlikaimylases from plants, microorganisms,
mammalian and insect have been found in wheat @edos[Buonocore et al., 1977]. The
physiological role of th&r-amylase enzymes family is the hydrolysisoeD-(1,4)-glucan
linkages in amylose, amylopectin, glycogen, and t@ylycogen, important in the
carbohydrate metabolism of many autotrophic andrb&bphic organisms. Heterotrophic
organisms use-amylases mainly to digest starch in their foodrses. Interestingly, by
inhibiting activities of digestive hydrolaseg;amylases, or proteinases, tbeamylase
inhibitors may be involved in plant defense againsect pests and pathogens [Hejgaard,
2005; Wang et al., 2006]. Thee-amylase/trypsin inhibitor family could be divideoto
groups based on sequence homology obtained fronN@I database (compared by
Clustal W program) and displayed as Phylogram (Big.These inhibitors consists of
tetrameric proteins often called chloroform metHapwteins based on their selective
extraction in chloroform/methanol mixtures (CM1, €MCM3, CM16 and CML17),
whereas the three-amylase inhibitors are dimeric (0.19 and 0.53jymamomeric (0.28).
Endogenous and CMX1/CMX8-amylase inhibitors differ from the previous groupbe
a-amylase/trypsin inhibitors (approximately 12-19&ih size) are implicated as a major
allergen associated with baker's asthma [Armentid993] and also with food allergy
[James JM, 1997]. In particular, the subunits ef thtramericx-amylase inhibitor, CM2,

CM3 and CM16, are known to be major allergens fakdr's asthma, but also play an
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important role in food allergy. Wheat amylase/digiti inhibitor is a bifunctional protein
capable of simultaneously inhibiting endogenous atlteamylase and the proteinase
subtilisin [Kusaba-Nakayama et al., 2000 and 200%ing IgE from allergic individuals to
probe a cDNA expression library identified tbheamylase inhibitors 0.19 and CM7, as
well as new molecules with high cross-reactive piéd including thioredoxins and beta
expansins [Weichel et al., 2006]. Protein inhitstof a-amylase such as CM proteins have
received considerable attention concerning thessiide role in plant protection, human
nutrition and quality improvement of cooked whesatducts.

The another most important plant panallergens name-specific lipid transfer
proteins, which also act as food allergens, semsifiindividuals by the oral route or
inhalation [Lauer et al., 2007; Palacin et al., 200ordesillas et al., 2009]. Plant lipid
transfer proteins are ubiquitous lipid binding pios of the plant kingdom. They are of
great technological importance because they amvad in beer foam formation [Jones et
al., 1997; Jégou et al.,, 2000]. They can exhibistjpanslational modification such as
phosphorylation and that different isoforms coexrsta given plant [Neumann et al.,
1997].

Peroxidase is a 36 kDa seed-specific protein fowsmekcifically in T.
monococcum, but also present in flour from diploietraploid (pasta) and hexaploid
(bread) wheats. Sensitization occurs via inhalatiSera from 6 out of 10 patients
hypersensitive to wheat flour were shown to hagk slirected to this allergen [Sanchez-
Monge R, 1997]. This allergen is one of the mosictiee with majority patients' sera
[Varjonen E,, 1994].

Although proteomic analysis has identified othetesgalt soluble wheat proteins
binding to IgE, including3-amylase, thioredoxin and serpins, a proper painall purified
wheat allergens has not yet been developed andlitieal relevance of these proteins

remains to be determined [Pastorello et al., 20@tham et al., 2008].
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Figure 5. Phylogenetic tree showing the relationships ofeleeena-amylase inhibitors compared

according to their sequences.

In water/salt-insoluble gluten, gliadins are inked in WDEIA o-5 gliadin was
identified as a major allergen), in some casedapia dermatitis and also in anaphylaxis
in adults and children [Palosuo et al., 1999; Moet al., 2003]. Four of seven B-cell
epitopes ofw-5 gliadin identified in WDEIA were found to be dorant [Matsuo et al.,
2004]. Some authors reported that IgE Abs of ptdievith WDEIA and classic wheat
allergy recognized sequential epitopes of repetidemains ofo-5 gliadin [Battais et al.,
2005]. Furthermore, a study reports thab gliadin-derived peptides are cross-linked by
tTG, which causes a marked increase in IgE antidmdgling bothin vitro andin vivo.
Activation of tTG in the intestinal mucosa duringeecise in patients with WDEIA may
lead to the formation of large allergen complexepable of eliciting anaphylactic
reactions [Palosuo K et al., 2003]. The B-cell @pés of gliadin were found to be different
from those involved in not only celiac disease blsib contact urticaria. These results
indicated that the protein state and the routexpbsure to very similar gluten structures
probably orient the pattern of epitope reactivitydavheat food allergy manifestations
[Matsuo et al., 2005].
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1.7. Allergen databases

It is important to know the allergen names inahggiheir scientific acronyme(g.
Tri a 1 means allergen 1 frofiriticum aestivum or expansin). There are several allergen
databases that contain exhaustive information lengagns and protein families, such as the
official International Union of Immunological Sotes allergen nomenclature database —
http://www.allergen.org, or the allergen literaturedatabase allergome —
http://www.allergome.org or the allergen databaseuging the allergens into protein
families, allfam — http://www.meduniwien.ac.at/afjens/allfam/. Identified and described

wheat allergens at allergome database are list€dtdé 1.

Table 1.Identified wheat allergens (souraavw.allergome.ory

Name Common Names Allergome
Code
Trial expansin 769
Tri a 10kD 5a2 protein 5862
Trial2 profilin 767
Tria13 polygalacturonase 2529
Tria 14 lipid-transfer protein 1059
Trialb a-amylase inhibitor 0.28 8725
Tria18 aglutinin 650
Tria19 w-5 gliadin/ gluten 3677
Tria21 gliadin 3994
Tria 25 thioredoxin 2683
Tria 26 glutenin subunit 2898
Tria 28 a-amylase inhibitor 0.53 8186
Tria 28.0101 a-amylase inhibitor 0.19 8187
Tria 29 a-amylase inhibitor CM2 8188
Tria 30 a-amylase inhibitor CM3 1051
Tria 32 peroxiredoxine 6327
Tria 33 serpin 5724
Tri a 34 glyceraldehyde-3-phosphate 9501
dehydrogenases

Tria 35 dehydrin 9503
Tria 36 LMW glutenin 9534
Tria 37 a-purothionin 9834
Tria7 polcalcin 1396
TriaaA_SI a-amylase/subtilisin inhibitor 9593
Tri a alpha_Gliadin  a-gliadin 3682
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Table 1. con’t

Name Common Names Allergome
Code

Tria bA B-amylase 9594
Tri a Bd36K peroxidases 985
Tri a beta_Gliadin B-gliadin 3683
Tri a Chitinase class 1 chitinase 1274
Tri a CM16 a-amylase/trypsin inhibitors CM16 8777
Tria DH dehydrin 6328
Tri a Endochitinase endochitinase 9595
Tria gamma_Gliadin  y-gliadin 3678
Tri a Germin germin 778
Tri a Gliadin gliadin 651
Tria GST glutathione-S-transferases 6326
Tria LMW Glu glutenin subunit 2674
Tria LTP2 lipid transfer protein 2 8724
Tri a omega2_Gliadin  w2-gliadin 3681
Tri a Peroxidase 1 peroxidases 9597
Tri a SPI serine protease inhibitor 4075
Tria TLP thaumatin-like protein 8726
Tri a Tritin tritin 9598
Tri a Trx thioredoxin 9967
Tria XI xylanase inhibitor 9596
Tri td 14 lipid transfer protein 3675
Tritd aA_TI a-amylase/trypsin inhibitors 3676

1.8. Effects of processing on allergenicity

Wheat and related cereals are consumed by humans aaw food (in
bioproducts), but mainly after processing. Thermacessing may be accomplished by
dry heat (e.g., oven roasting, baking, oil roastinrared heating, and ohmic heating) or
may use wet heating conditions such as the onesiatered in cooking in aqueous media,
microwave cooking, pressure cooking (autoclaviregtrusion, blanching, boiling, and
steaming. Non-thermal processing methods includekisg, germination, milling,
fermentation (beer, spirits), high-pressure praogssdehulling and dehusking, and
grinding. These processes clearly have impacthieriadod components, resulting in both
chemical and physical modifications, which may ecifféhe allergenicity of protein

components. Processing can result in a reductierchange or an increase in the number
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of protein epitopes as mentioned earlier. Confolonat epitopes are typically expected to
be more susceptible to processing induced destrutitian the linear epitopes on the same
allergen. Linear epitopes are more likely to beralll if the linear epitopes are hydrolyzed.
Alternatively, linear epitopes may be chemicallydified during food processing or be
intentionally changed by introducing mutations tigh genetic engineering. Thermal
treatment of proteins in processed foods may resust few of modifications including
denaturation, hydrolysis of peptide bonds, aggregaby non-covalent and disulphide
bonding, and reaction with other food moleculeghsas sugars in Maillard reactions,
lipids and carbohydrates. Biochemical processes atao occur including a range of
enzyme-mediated reactions including proteolysis,idation or reactions with
transglutaminases. The potential degree of comiyl@fithe reactions in a food material
is, therefore, enormous.

Additionally, gastrointestinal digestion could mglyze potential flour allergens.
As described by Mittag et al., gastrointestinalegitpn of wheat flour protein extracts
shows that most of the salt-soluble and gluteniergéns were rapidly digested and not
detected in immunodetection with a serum pool freheat food allergic patients [Mittag
et al., 2004]. Gliadins were stable to gastric emey but digested by simulated duodenal
fluid. However, heat treatment (for instance duribaing) can modify the digestibility of
wheat proteins due to aggregation or Maillard reastwith sugars [Gerrad, 2002]. In this
context, a simulated gastrointestinal digestiorayadsas shown a persistent IgE-binding
capacity of bread crumb and crust proteins, congpar¢h those of bread dough, which
were readily digested [Simonato et al., 2001].imilsr study using boiled pasta, most of
the wheat proteins were hydrolyzed, but the resylgeptides still bound IgE from wheat
food allergic patients [De Zorzi et al., 2007].

However, because of its complex nature the impdcfood processing on
allergenicity of proteins has only recently becomae subject of research. Such
investigations are difficult, not least the facttthfood processing often renders food
proteins insoluble in the simple salt solutiongjfrently employed in serological or clinical
studies. As a consequence, our understanding ofinipact of food processing on
allergenicity is limited to the more soluble andiregtable residues in foods and the
allergenic potential of insoluble protein complexas virtually not studied. They could

represent the vast bulk of food proteins consuniskipi et al.,, 2001; Simonato et al.,
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2001; Tatham et al., 2008; Mills et al., 2009]. Watresearch should aim at giving a better
description of how food allergens are digestedodiei and further processed by the
immune system, and in particular how this is inflced by factors such as age, health,
eating habits, digestive system, nonallergenic aomepts of the food, medication, and
disease itselfi.e. whether s (subclinical) allergic reaction will cigg the absorption of
undigested proteins.

1.9. Models of allergic diseases

The prevalence of food allergy has increased fogmtly in recent decades,
including reports of life-threatening anaphylactieactions. As studies in allergic
individuals are necessarily limited, animal mod&iood allergy have helped understand
the underlying mechanisms of the disease, the patdéor new therapeutic targets. In the
light of these considerations there has been a iggvinterest in the design and
development of appropriate animal models and tpetential integration into safety
assessment paradigms [Kimber |, 2003]. Investigat@ve explored the use of various
species for the assessment of allergenic potema@lding rats, dogs and swine [Knippels
et al., 2003; Helm RM et al., 2002]. An alternataygproach is the development of mouse
models of sensitization to food proteins [DearmaheR al., 2003; Li XM et al., 2000].
Mouse models have been developed for almost alefallergic diseases. In addition to
the many important advances gained from investigatif these models, there are several
limitations that preclude simple translation of flmelings in mice to human disease. There
are many important differences between humans aid m terms of the anatomical,
physiological, and immunological contributors [Fehkan FD, 2008, Wenzel S, 2006].
Caution in interpretation of the results of thedsts in mice is necessary and knowledge
and limitations of the various approaches usedsemtial [Takeda K, 2009]. The mouse,
especially the BALB/c strain, has a number of atlwges compared with other animal
models, particularly with respect to the availdpilof inbred high IgE responder strains
and of various immunological and molecular reageftperience to date suggests that the
measurement of antibody (IgE) responses in BALBiterserves to identify food allergens
accurately, and to distinguish them from those nmedtethat apparently lack significant
allergenic potential.
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Depending on the route of exposure, dose of aleend the presence of suitable
adjuvant, the immune response can result in eg@esitization or oral (mucosal) tolerance
induction [Repa A et al., 2008; Perrier C, ThieA€ et al., 2010]. In mouse models of
food allergy, oral administration of allergen usyaésults in oral tolerance induction, but
its co-administration with strong mucosal adjuvanth as cholera toxin or with anti-acid
drugs (increasing gastric pH) could be used fargit sensitization [Brunner et al., 2009;
Pali-Scholl | et al., 2010]. Another reliable anifleetive approach to overcome the oral
tolerance induction is pretreatment of mice byeyst intraperitoneal (i.p.) administration
of allergen with aluminium hydroxide (alum) as agjat followed by repeated intra-
gastric treatments. This experimental model mingasild form of human allergy with
Ige—mediated mast cell degranulation causing irsg@asmall intestine permeability
[Dearman et al., 2007; Brandt EB et al., 2009] wdthrrhea as one of the symptoms of
anaphylaxis. Histological examination of small stiee revealed changes of epithelium,
e.g. alteration in number of goblet cells and mymiaduction and the damage of tips of
villi, as well as changes of lamina propria, ergreased cell infiltration and/or activation
[van der Ventel ML et al., 2011].

The mucosa of small intestine is an actively metiaing, rapidly proliferating,
absorptive epithelium with nutritional and hometstdunctions. The activity of brush
border enzymes is sensitive marker of intestindl dédferentiation and postnatal
development, reflecting both dietary changes ancrtahial colonization [Hudcovic T et
al., 2009]. Partial and subtotal atrophy of théoui$ apparatus was shown to correlate with
the activity and expression of alkaline phosphatdéereover, this enzyme may be also
involved in host’'s defence against pathologicaéstrinduced damage, such as during

inflammation and infection [Lalle’s JP, 2010].
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2. RESULTS

2.1. Identification of wheat flour proteins recognized by IgE Abs of allergic
patients

In routine settings, natural allergen extractsumed forin vivo (skin-prick) andin
vitro (slgE Abs) testing. However, most patients do nacge IgE Abs in response to all
extracted wheat components, but only to some. Qudyshas contributed to the
identification of frequently recognized wheat ajlens and to the analysis of factors
affecting immunogenicity of these molecules. Tkisiistarting point in the development of

diagnostic tests with higher sensitivity and speitif.

Publication:

Proteomic analysis of wheat proteins recognized bigE antibodies of allergic

patients

Petr Sotkovsky, Martin Hubalek, Lenka Hernychovétr Movak, Marie Havranova,

lvana Setinova, Andrea Kitan@ava, Martin Fuchs, @i Stulik and Ludmila Teékova

Proteomics 2008; 8: 1677-91

The salt-soluble proteins from the flour of sibeduently used wheat cultivars
(Sulamit, Nela, Alana, Ebi, Banquet and Mladka) amé ancient cultivar (Spalda) were
extracted, separated by 1-DE and detected by IgRumoblotting using sera of patients
with allergy to ingested wheat. Using this approaehhave demonstrated a large spectrum
of wheat IgE-binding proteins of molecular massgrag from 10 to 100 kDa. Initially, we
documented the impact of various wheat cultivardraetion procedure, and of the
technique of separation on the detectable numbégEbinding wheat components. The
cultivar Sulamit was selected for further experitselmecause of its most frequent use in

food industry (due to the high quality for bakeand its large spectrum of IgE-binding
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proteins. Separation by 1-DE and immunoblot teammigdicated the existence of three
groups of reactive sera from allergic patients. WBs of the first group recognized
predominantly proteins of molecular mass above B8, khose of the second group low-
molecular mass components below 30 kDa, and IgEhefthird group recognized the
whole spectrum of wheat molecules. When the whesh& was separated under reducing
conditions, IgE-binding proteins ranging from 107 kDa were detected in the sera of all
patients tested.

The complexity of the proteins extracted from wheas documented after
resolving the samples by 2-DE. IgE binding molesuleere detected after a transfer of
separated proteins onto nitrocellulose membrane sansequent incubation with the
patient’s sera. Most frequently recognized prospots of Sulamit extract were identified
by MALDI-TOF and QTOF analysis. The technique comibgy 1-DE separation,
immunoblotting, and ion-trap mass spectrometer @maployed to complete the spectrum
of the wheat components recognized by IgE Abs. &heethodological approaches
revealed 19 IgE binding proteins including previguseported a-amylase inhibitors
(CM16, CM17 and 0.19 dimeric), profilin, and TriBd 27K protein [Kitta et al., 2006;
Weichel et al.,, 2006]. Moreover, we succeeded enidying new IgE-binding wheat
proteins such aB-amylase 3-D-glucan exohydrolase, serpim;amylase/trypsin inhibitor
CM 3, a-amylase inhibitor Clll and three protein specie2 K protein.

To mimic the digestion of wheat containing foock Wwave tested the effect of
pepsin on the imunogenicity of the extracted whaatteins. After this treatment the
number of IgE binding wheat components was sigaifily reduced and four proteins were
identified as pepsin resistant: 0.19 dimem@mylase inhibitor, peroxidase 1, cytosolic
cyclophilin and glyceraldehyde-3-phosphate dehyenage.

All techniques used in our study detected membkesamylase inhibitor family
and confirmed this enzyme as one of the major whkatgens. Therefore, we developed
an ELISA assay for the detection and quantificatbrsIgE Abs using our wheat extract
and/or commercially available-amylase inhibitors type 1 and 3 as the couplinggans.
The difference between sIgE mean values in healttiyors and allergic patients was
statistically significant for all wheat allergerested. Moreover, in pilot experiments blood
cells, obtained from six patients with clinical gytoms of wheat allergy and positive

basophil activation test to a commercial wheata®etirwere exposed to the salt extract
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from wheat cultivar Sulamit and tm-amylase inhibitors type 1 and 3, for comparison.
Basophil activation induced by the Sulamit extra@s similar to that induced by the
commercial wheat extract, ranging from 31 to 97%adfivated cells. Cell activation in
response tax-amylase inhibitor type 1 was detected in three afusix patients tested
(leading to 23, 30, and 97% of activated cells)e &ltivation bya-amylase inhibitor type
3 was not detected using any of the patient’s bloglts. These results suggest that not
only the a-amylase inhibitor type 1, but also other extracteldeat components are
involved in basophil activation

In conclusion, our findings contribute to the itcation of wheat allergens

aimed to increase the specificity of serum IgE egltlactivation diagnostic assays.

33



Proteomics 2008, 8, 1677-1691 DOI 10.1002/pmic.200700347

REseARCH ARTICLE

Proteomic analysis of wheat proteins recognized by
IgE antibodies of allergic patients

Petr Sotkovsky', Martin Hubdlek?, Lenka Hernychovéd, Petr Novék®, Marie Havranova®,
Iva Setinova*, Andrea Kitanovicova', Martin Fuchs®, Jifi Stulik? and Ludmila Tuékova’

" Department of Immunology and Gnotobiology, Institute of Microbiology v.v.i, Czech Academy
of Sciences, Prague, Czech Republic

2 Institute of Molecular Pathology, Faculty of Military Health Sciences, University of Defence,
Hradec Kralové, Czech Republic

3 Department of Biogenesis and Biotechnology of Natural Compounds, Institute of Microbiology v.v.i,
Czech Academy of Sciences, Prague, Czech Republic

*Imumed, Prague, Czech Republic

5 Department of Pediatrics, Hospital Bulovka, Prague, Czech Republic

Wheat belongs to six major food allergens inducing IgE-mediated hypersensitivity reaction
manifesting as cutaneous, gastrointestinal, and respiratory symptoms. Although cereals are a
staple food item in most diets, only a few wheat proteins causing hypersensitivity have been
identified. To characterize wheat allergens, salt-soluble wheat extracts were separated by 1-DE
and 2-DE and IgE-binding proteins were detected by immunoblotting using sera of patients with
allergy to ingested wheat. Proteins, frequently recognized by IgE on 2-DE were analyzed by
MALDI-TOF and QTOF and their spectrum was completed by 1-DE and LCQP®“A nLC-MS/MS
IT technique. Using all three techniques we identified 19 potential wheat allergens such as
o-amylase inhibitors, B-amylase, profilin, serpin, p-p-glucan exohydrolase, and 27K protein.
Employing newly developed ELISA, levels of IgE Abs against Sulamit wheat extract and o-amy-
lase inhibitors type 1 and 3 were quantified and shown to be significantly elevated in sera of
allergic patients compared to those of healthy controls. The level of IgE Abs against a-amylase
inhibitor type 3 was lower, slightly above the cut-off value in the majority of patients’ sera. Our
findings contribute to the identification of wheat allergens aimed to increase the specificity of
serum IgE and cell activation diagnostic assays.
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an underlying immunological mechanism. It appears

Food allergy, one of the frequent disorders, is characterized
by an adverse reaction to food components or additives, with
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mainly in early childhood and affects 6-8% of the pediatric
population and 1-3% of adult population. The incidence
appears to be continuously rising and has doubled in the last
two decades. Six major foods, milk, egg, wheat, peanut, soya,
and fish account for approximately 90% of food hypersensi-
tivity. Although cereals are essential in daily nutrition for the
majority of people, only little information is available on
wheat allergens causing hypersensitivity reactions.
Hypersensitivity reactions to wheat proteins are clinically
distinct, depending on the route of allergen exposure, target
organs, and immunological mechanisms involved. They may
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manifest as a classical food allergy to ingested wheat proteins
including cutaneous, gastrointestinal, and respiratory symp-
toms or as a rare form of allergy wheat-dependent exercise-
induced anaphylaxis. Occupational (baker’s) asthma and rhi-
nitis are reactions to inhaled flour. The most recognized food
hypersensitivity reactions are IgE antibody mediated [1-7]. In
general, the diagnosis of food allergy is difficult. Detection of
food-specific IgE antibodies (Abs), history compatible with
IgE-mediated symptoms as well as skin tests have a high sen-
sitivity, but low specificity. In RIAs or enzymatic immuno-
assays, a certain extent of cross-reactivity cannot be excluded
(depending on the purity of the allergens and/or their struc-
tural homologies). The diagnosis is more reliable when con-
firmed by double-blind, placebo controlled challenge. How-
ever, oral food challenges are time consuming and can induce
severe clinical symptoms. A useful in vitro technique to con-
firm the diagnosis seems to be blood basophil activation test
[8, 9]. Since the specificity of all diagnostic approaches
depends on the purity of the allergens applied, the attention of
investigators has focused on the identification and employ-
ment of defined allergens in diagnosis [10].

Based on differential solubility, wheat proteins can be
classified into water/salt-soluble albumins and globulins and
water/salt-insoluble gliadins and glutenins. IgE Abs specific
to wheat albumins and globulins were found in the sera of
patients with wheat allergy and with baker’s asthma. Several
groups of investigators reported some members of wheat o-
amylase inhibitor family (Ttia Bd 17K, CM16) as sensitizing
allergens after both ingestion and inhalation [4, 11-16].
Nonspecific lipid-transfer proteins (nsLTPS) have also been
recognized as allergens in several plant species among which
maize, barley, and fruits (peach and olives) are important in
human nutrition [17, 18]. Various modifications of 1-DE and
2-DE were used for analysis; among them acetic acid/urea-
PAGE (AU-PAGE) revealed low-molecular weight allergens
that bind to IgE Abs of patients with food allergy [19-21].

In recent studies, the repertoire of IgE-binding compo-
nents of wheat and maize was investigated employing cDNA
libraries for allergens displayed on phage surfaces. Wheat
components detected by this approach included newly iden-
tified molecules with high cross-reactive potential, including
thioredoxins and beta expansins and proteins with se-
quences as yet not related to cereal allergy, such as 14 kDa
high mobility protein, serine carboxypeptidase II, and
47 kDa leucine-rich repeat protein [22].

As recently demonstrated, low pH and treatment with
enzymes such as pepsin may have a significant impact on
solubility, imunogenicity, IgE binding, and in vivo activities
of various ingested allergens. Allergens resistant to these
enzymes may be responsible for clinical symptoms [23-27].
A comparative study evaluating the use of defined allergens
in serological and biological assays and their standardization
is therefore required.

Our study was aimed at characterizing salt-soluble wheat
allergens. Extracted wheat proteins were separated using
1-DE and high efficacy 2-DE gel resolution techniques and
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IgE Abs-binding components were detected by immuno-
blotting. The effect of the digestive enzyme pepsin on the
immunogenicity of wheat allergens was also analyzed. Pro-
teins, most frequently recognized by IgE Abs of allergic
patients, were identified using MS (MALDI-TOF, QTOF, and
LCQPECA nLC-MS/MS IT, ESI). To evaluate the diagnostic
value of specific IgEs new ELISA using wheat extract and
selected allergens was developed and the results of the two
methods were compared. The serological data were com-
plemented by results of an in vitro blood basophil activation
assay using the same wheat allergens.

2 Materials and methods
2.1 Wheat sample preparation

Wheat flour from six most frequently used cultivars (Triticum
aestivum): Sulamit, Nela, Alana, Ebi, Banquet, Mladka, and
cultivar Spalda (Triticum spelta) were kindly provided by Pro-
fessor J. Petr from the Czech University of Agriculture, Pra-
gue. Proteins were extracted with PBS overnight at 4°C,
ultrasonicated (U50, Kika Laborator Technik, Germany)
15 min on ice and centrifuged at 20 000 x g for 15 min at 4°C.
Extracted proteins from cultivar Sulamit were also treated
with pepsin bound to agarose gel (ICN, Biomedicals, OH).
One mililiter of protein extract (3 mg/mL) was incubated
with 1 mL pepsin-agarose in 0.1 M HCI, pH 1.8 (30 min,
37°C). Removing the gel by centrifugation (1500 x g, 10 min)
stopped enzymatic cleavage.

Protein concentration was determined using Bicincho-
ninic Acid Protein Assay Kit (BCA) (Pierce, IL, USA). Sam-
ples were divided into aliquots and stored at —20°C.

2.2 Patients

Sera were obtained from 50 patients (19 children and 31
adults) with allergy to wheat, suffering from various symp-
toms (atopic dermatitis, asthma, urticaria eczema, and/or
digestive symptoms). Food allergy was established by means
of a positive skin prick test and specific IgE and/or positive
basophil activation test. Sera from 42 healthy blood donors
were used as controls. Skin prick tests were performed with
commercial allergen extracts (Alyostal, Stallergenes, France).
A positive response was defined as a wheal measuring 3 mm
and more in diameter compared with a negative control. Sera
from 18 patients allergic to pollen allergens were used as
“disease controls.”

2.3 Measurement of total and specific serum IgE

The concentrations of total and wheat-specific IgE were
determined by fluorescence enzyme immunoassay (Uni-
CAP, Pharmacia, Sweden or Immulite 2000, DPC, USA)
according to manufacturer’s instructions. Values of allergen-
specific IgE above 0.35 kU/L, were considered as positive.
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2.4 SDS-PAGE and immunoblotting

Isolated wheat proteins (in concentration 3 mg/mlL) were
separated by SDS-PAGE as described by Laemmli [28] using
a 5-20% gradient gel under nonreducing or reducing condi-
tions (with 5% mercaptoethanol). Separated proteins were
stained with Coomassie® Brilliant Blue R-250 or electro-
transferred on NC membranes (NC2, SERVA) for 1h at
room temperature. The membranes were blocked with PBS
containing 0.5% Tween 20 and NC strips were incubated
with sera from all patients with wheat allergy, healthy and
disease controls diluted 1:10 or 1:50 in blocking buffer over-
night at 4°C. After washing with PBS-0.1% Tween 20 the
strips were incubated with peroxidase-labeled sheep anti-
human IgE antibodies (1:1000; The Binding Site, UK) for 1 h
at room temperature. Development was carried out using
SuperSignal West Pico Trial kit (Pierce).

25 2-DE

Wheat proteins were precipitated overnight in 20% TCA in
acetone (—18°C) containing 0.2% DTT and then solubilized
in IEF buffer containing 9 M urea, 4% w/v CHAPS, 70 mM
DTT, 40 mM Tris-base, and 5% v/v carrier ampholytes pH 9-
11 (Sigma, St. Louis, MO, USA). Protein concentration in
[EF buffer was determined by modified BCA assay. Immo-
biline DryStrips, 18 cm, with nonlinear pH 3-10 gradient
(Amersham Biosciences, Uppsala, Sweden) were used. Pro-
tein samples (100 pg) were applied to analytical gel, or
300 pg protein samples were loaded on IPG strip for micro-
preparative gel. The strips were swollen in samples diluted to
total volume 350 pL with rehydration buffer containing 2 M
thiourea, 6 M urea, 4% w/v CHAPS, 40 mM Tris-base,
12 uL/mL DeStreak (Amersham Biosciences), 0.003% w/v
bromophenol blue, 1% v/v pharmalyte pH 3-10 (Amersham
Pharmacia Biotech), and 0.5% v/v pharmalytes pH 8-10.5
(Sigma) overnight.

Separation was performed with Multiphor II (Amers-
ham Biosciences). The following running conditions were
used: 300V for 30 min, 600V for 30 min, 1000V for
30 min, 2000 V for 30 min, 2500 V for 30 min, 3000 V for
30 min, 3500 V for 3 h, and 5000 V for 12 h. In the second
dimension, 9-16% SDS-PAGE gradient was used [29, 30].
Electrophoresis was done on Protean II xi Multi Cell
(BioRad, Hercules, CA, USA), at a constant current of
5 mA/gel for 1.5 h, and then at 40 mA/gel for 5 h. Proteins
on analytical gels were visualized by silver staining [31].
The micropreparative gels were stained either with Colloi-
dal Blue stain kit (Invitrogen, San Diego, CA, USA) or sil-
ver according to Schevchenko et al. [32] (compatible with
MS analysis). The analytical and micropreparative gels
were digitalized by laser densitometer Personal Densitom-
eter (Molecular Dynamics, Sunnyvale, CA, USA). Image
analysis was carried out using PDQuest (BioRad). Sepa-
rated proteins were also electrotransferred onto NC mem-
branes and their reactivity with two samples (mixture of
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five patients’ sera), five individual patients’ sera, and sera of
two healthy controls was tested as described above (Section
2.4).

2.6 In-gel digestion

For the micropreparative 2-DE gels, selected spots stained
with Colloidal Blue Staining Kit were excised and covered
with 500 pL of 100 mM Tris-HCI, pH 8.5 in 50% ACN for
20 min at 30°C. Then, 500 pL of equilibration buffer (50 mM
ammonium bicarbonate, pH 7.8 in 5% ACN) was added to
the gel pieces. After that, the gel pieces were vacuum dried,
covered with 0.1 pg of sequencing grade trypsin (Promega,
Madison, WI, USA) in 30 pL of 50 mM ammonium bicarbo-
nate, pH 7.8 and 5% ACN, and mildly shaken overnight at
37°C [33]. Protein digests were removed from gel pieces by
sequential extraction with 2% TFA and 60% ACN mixed 3:2,
2:3 to give 50 pL, and finally with 60% ACN alone. The vol-
ume of the extract was reduced to approximately 10 uL and
frozen at —20°C.

The more sensitive silver staining was applied for colloi-
dal blue staining undetected spots. The micropreparative
gels were stained according to Schevchenko et al. [32] except
the concentration of formaldehyde in the developer which
was reduced to 0.02%. Formaldehyde was found to be the
major compound in the silver staining protocol that nega-
tively affects MALDI-TOF analysis [34]. Excised protein spots
were destained with a mixture of 15 mM potassium ferri-
cyanide and 50 mM sodium thiosulfate for 30 min at 20°C.
The gel pieces were then washed four times in 50% metha-
nol/40% water/10% acetic acid for 10 min and the protocol
for CBB stained gels or immunoblotting, as described above
followed.

2.7 MALDI-TOF analysis and database searching

The samples were mixed in an Eppendorf tube with the same
volume of the matrix solution — 2,5-dihydroxybenzoic acid
(10 mg/mL in 20% ACN in water with 0.5% TFA) or CHCA
(10 mg/mL in 50% ACN in water with 0.5% TFA). One
microliter of each mixture was applied to the MALDI sample
plate, allowed to air-dry and introduced into the mass spec-
trometer. PMF spectra were recorded on MALDI-TOF mass
spectrometer Voyager DE STR (Perseptive Biosystems,
Farmingham, MA, USA) equipped with delayed extraction.
The spectra were obtained in reflectron mode with 20 kV
acceleration voltage, 75% grid voltage, 0.02 wire voltage,
100 ns delay time, and low mass gate at 500 m/z. An external
calibration with five individual peptides (angiotensin II,
angiotensin I, neurotensin, ACTH clip (1-17), and ACTH
clip (18-39)) covering the 1000-2500 Da mass range was
used during measurement. Each mass spectrum was
obtained by averaging 100 laser shots. Proteins were identi-
fied by PMF using ProteinProspector and MASCOT pro-
grams.
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2.8 Hybrid quadrupole (Q)/TOF analysis

Proteins not identified by MALDI-TOF MS were analyzed by
nLC ESI-MS/MS. The peptide extracts were concentrated in
a vacuum centrifuge and diluted in buffer containing 2%
ACN and 0.1% v/v formic acid in water. The samples were
separated on Atlantis” C18 column, 75 pm x 150 mm
(Waters), mounted on the CapLC system (Waters, UK) inter-
faced through nanospray with QTOF Ultima™ API (Waters).
Data were subtracted, smoothed, and centroided using the
ProteinLynx script in MassLynx software (Waters), and saved
as a.pkl file. Searching was performed in Phenyx 2.1 (Gene-
Bio, Switzerland) against all green plant proteins in NCBInr.
A minimum peptide z-score 6 and maximum peptide p-value
1E —7 was required for correct sequence assignment. A
minimum of two peptides per protein were required for the
successful identification.

2.9 Proteolytic digestion and sample preparation for
LCQPECA nLC-MS/MS on IT mass spectrometer

CBB-R 250 stained protein bands were cut from the gel and
decolorized in sonic bath at 60°C several times with 0.05 M
4-ethylmorpholine acetate (pH 8.1) in 50% ACN. After com-
plete destaining, the gel was shrunk by dehydration with
ACN and reswollen in 0.05 mM 4-ethylmorpholine acetate
(pH 8.1) and 40 mM TCEP (Tris(2-carboxyethyl)phosphine),
and reduced at 60°C for 10 min. After the reduction step, the
gel was shrunk by dehydration with ACN and reswollen in
0.05 mM 4-ethylmorpholine acetate (pH 8.1) and 100 mM
iodoacedamide, and alkylated at 60°C for 30 min. When the
alkylation was completed, the gel was washed with water,
shrunk by dehydration with ACN and reswollen in water.
The rehydration and dehydration of the gel was repeated one
more time. Next, the gel was reswollen in 0.05 M 4-ethyl-
morpholine acetate (pH 8.1) in 50% ACN and then it was
partly dried using a SpeedVac concentrator (Savant, Hol-
brook, NY, USA). Finally, the gel was reconstituted with
cleavage buffer containing 0.01% 2-mercaptoethanol, 0.05 M
4-ethylmorpholine acetate, 10% ACN, and sequencing grade
trypsin (Promega, 10 ng/pL). Digestion was carried out
overnight at 37°C, the resulting peptides were extracted with
30% ACN/1% HAc and subjected to mass spectrometric
analysis.

Tryptic peptide mixture was applied on the Magic-C18
column, 0.180 x 150 mm?, 200A, 5m (Michrom Bio-
resources, Auburn, CA) and separated using gradient elu-
tion. The column was connected to a LCQPE®A IT mass
spectrometer (ThermoQuest, San Jose, CA) equipped with a
nanoelectrospray ion source. Spray voltage was held at
1.8 kV, tube lens voltage was 10 V. The heated capillary was
kept at 150°C with a voltage of 30 V. The LCQP“A was set to
acquire a full MS scan between 350 and 1600 m/z followed
by full MS/MS scans of the top two ions from the preceding
full MS scan. Activation time for CID was 30 ms and the
relative collision energy was set to 42%. Dynamic exclusion
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was enabled with two repeat counts, repeat duration of 30 s
and 3 min exclusion duration window. Spectra were search-
ed with the SEQUEST™ software against the Swiss-Prot
database. For spectra from a multiply charged peptide, an
independent search was performed on both the 2+ and 3+
mass of the parent ion. The search parameters were as fol-
lows: trypsin specificity; mass errors 2 Da for precursor and
1.0 Da for fragment ions; possible modifications: +16 Da for
Met and Trp and +57 Da for Cys. SEQUEST results were
automatically processed with the DTA Select and Contrast
software [35] using the following criteria: Xc,,, values were
1.8 for singly charged, 2.2 and 2.8 for doubly and triply
charged peptides, respectively.

2.10 Basophil activation test

Flow cytometric basophil activation tests [8, 9, 36] were per-
formed after stimulation of blood cells with wheat allergen
for prick test (Stallergenes, Paris, France), with Sulamit
wheat extract or with a-amylase inhibitor type 1 and type 3
(Sigma). In brief, 100 uL of whole blood and 10 uL of stimu-
lation buffer containing IL-3 were incubated with 10 pL of
wheat allergens and 100 pL PBS for 30 min at 37°C. The
samples were then transferred on ice and stained with mAb
anti-(cluster differentiation) CD203/PE (Beckman Coulter,
Miami, USA) and anti-CD63/FITC (Exbio, Prague, Czech
Republic) for 15 min. Erythrocytes were lysed using ammo-
nium chloride. After cell washing the percentage of activated
bashophils expressing CD63 and CD203c was measured by
flow cytometer FC500 (Beckman Coulter). Samples contain-
ing>15% basophils expressing CD63 (CD203c+, CD63+)
were considered as positive.

2.11 ELISA

For allergen-specific IgE assay Nunc-Immuno Plates (Max-
isorp Surface; Nunc, Roskilde, Denmark) were coated over-
night at 4°C with 50 pL of various antigens (20 pg/mlL) in
PBS and blocked with 1% BSA in PBS containing 0.1%
Tween 20. After washing with PBS and PBS containing
0.05% Tween 20, patient’s IgE was titrated in serum diluted
serially two-fold throughout the plate (in blocking buffer),
and incubated overnight at 4°C. The plates were washed as
described above and IgE binding was detected after incuba-
tion with peroxidase-labeled sheep antihuman IgE Abs
(1:500) for 1 h at room temperature. The reaction was visu-
alized after washing by adding 50 uL of TMB (Sigma) with
H,0, substrate per well for 15 min. The reaction was stopped
by 50 pL of 2 M sulfuric acid, the resulting yellow color was
measured at 450 nm and the results were expressed as cor-
responding OD.

2.12 Statistical analysis of the data

The statistical significance was determined by the non-
parametric Mann—Whitney t-test and correlation coefficient
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(") was calculated using Prism"™ program version 2.01.
Program MedCalc (version 8.1.1.0) was used to perform
ROC analysis.

3 Results
3.1 Salt-soluble allergens in various wheat cultivars

The salt-soluble proteins were extracted from the flour of six
frequently used wheat cultivars (T. aestivum): Sulamit, Nela,
Alana, Ebi, Banquet, Mladka, and cultivar Spalda (T. spelta).
The extracted proteins were analyzed by 1-DE and their
reactivity with IgE Abs was compared by immunoblotting
using the same patient’s sera (Fig. 1). The spectrum of IgE-
binding wheat proteins was similar in all cultivars and the
molecular mass of corresponding proteins ranged from 10 to
110 kDa. The strongest IgE binding was detected in the
extract from the wheat cultivar Mladka and the lowest in that
from the Ebi cultivar. However, the number of IgE recog-
nized proteins and the intensity of binding differed to some
extent for various patients’ sera used. The cultivar Sulamit
was selected for further experiments because of its most fre-
quent use in food industry (due to the high quality for
bakery) and its large spectrum of IgE-binding proteins.
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Figure 1. An example of IgE reactivity of one allergic patient’s
serum with proteins in salt extracts from wheat cultivars: A,
Sulamit; B, Nela; C, Alana; D, Ebi; E, Banquet; F, Mladka; and G,
Spalda. 1-DE separated wheat extracts were transferred onto NC
membranes, incubated with the sera of patients with wheat
allergy, followed by the secondary sheep antihuman IgE anti-
bodies. The binding was visualized by ECL reagents and auto-
radiography.

3.2 Heterogeneity of wheat components recognized
by patient’s IgE

IgE-binding proteins in the Sulamit extract were analyzed in
the sera of 50 patients with food allergy using 1-DE separa-
tion and immunoblot technique. This analysis indicated the
existence of three groups of reactive sera from allergic
patients, according to the spectrum of recognized wheat
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components separated under nonreducing conditions. IgE
Abs of the first group (26% of sera) recognized predomi-
nantly proteins of molecular mass above 30 kDa, those of the
second group (8%) low-molecular mass components below
30 kDa, and IgE of the third group (50%) recognized the
whole spectrum of wheat molecules. The remaining 16% of
sera have shown only a weak reactivity, however, out of these
16% of samples 10% exhibited clear IgE reactivity, when the
film was exposed for longer time (Table S1 of Supporting
Information). When the wheat extract was separated by SDS-
PAGE under reducing conditions, IgE-binding proteins
ranging from 10 to 70 kDa were detected in the sera of all
(100%) patients tested (Fig. 2b). The IgE immunoblotting
with the sera from healthy donors revealed only one non-
specific Ab binding to a 32 kDa wheat component (visible in
all samples including secondary antihuman IgE Ab control —
in Fig. 2). Similar reactivity of IgE Abs was seen in the
majority of sera from patients with pollen allergy (78%). In
the remaining sera, however, the IgE binding up to three
wheat components was detected (Fig. 2b). Birch allergens,
separated by 1-DE, were used in the immunoblot analysis for
comparison. The reactivity to birch allergens of sera from
60% of patients with wheat allergy was not detectable, 35%
recognized a 20 kDa protein and 5% an additional 40 kDa
protein (data not shown).
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Figure 2. IgE binding to wheat components in the Sulamit extract
separated by 1-DE under nonreducing (a) and reducing (b) con-
ditions; an example of immunoblot using the same set of sera
from patients with wheat allergy (numbered 1-10), healthy con-
trol (no. 0) and disease control (no. D1 and D2) and the secondary
antihuman IgE antibody (no. 00). The bands selected for MS
analysis are marked by arrows and numbered. The numbering
refers to Fig. 4 and Table 2.
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(c) 150

pH

3.3 Identification of major allergens in wheat

The complexity of the proteins extracted from wheat was
documented after resolving the samples by 2-DE and silver
staining. About 800 spots with pI from 3 to 10 and molecular
mass from 10 to 120 kDa were visualized (Fig. 3a). IgE-
binding molecules were detected after a transfer of separated
proteins onto NC membrane and subsequent treatment with
the patient’s sera. IgE Abs in serum samples reacted with
sets of about 80 wheat components; 60 of them were recog-
nized by 80-100% of patient’s sera tested (example is shown
in Fig. 3b: here 88 components were reactive). To mimic the
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digestion of wheat containing food, we have tested the effect
of pepsin on the imunogenicity of the extracted wheat pro-
teins. The spectrum of proteins in the pepsin digest is docu-
mented in Fig. 3d. After this treatment the number of IgE-
binding wheat components was significantly reduced to ap-
proximately 20 spots visualized by staining (Fig. 3e).

Most frequently recognized protein spots, both before
and after pepsin treatment of Sulamit extract, were analyzed
by MS. The spots reacting with sera of healthy donors and
secondary antihuman IgE Abs were not included in this
analysis. MALDI-TOF analysis was used in an attempt to
characterize 21 spots before and eight spots after pepsin
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Figure 3. Spectrum of proteins in the wheat Sulamit extract separated by 2-DE: (a) visualized by silver staining, and (b) recognized by IgE
antibodies of patients with wheat allergy, and (c) reactivity of secondary antihuman IgE antibody. Extracted proteins were digested by
pepsin, separated by 2-DE and: (d) visualized by silver staining, (e) recognized by IgE antibodies of patients with wheat allergy, and
(f) reactivity of secondary antibody. The spots selected for MS analysis are indicated by numbers. The numbering refers to Table 1.

digestion. Four nondigested and two spots after pepsin
digestion were identified using this approach. The spots not
identified by MALDI-TOF MS were further analyzed by
QTOF. This technique enlarged the number of identified
IgE-binding spots by further ten before and another four
after pepsin treatment of the wheat extract. Nine spots bind-
ing IgE remained nonidentified. The list of all identified IgE-
binding wheat components from 2-DE is shown in Table 1.

The technique combining 1-DE separation, immuno-
blotting, and LCQPE* (IT, EST) was employed to complete
the spectrum of the wheat components recognized by IgE
Abs. Ten IgE-binding protein bands were analyzed and eight
proteins were identified. Three of them corresponded to the
formerly identified spots from 2-DE and five were newly
described (Table 2). Using these three methodological
approaches and the data from various protein databases, we
succeeded in identifying 19 potential wheat allergens
including 15 of wheat, two of barley, one of maize, and one of
Arabidopsis thaliana origin (Tables 1 and 2 and Fig. 4).

We confirmed the reactivity of the IgE Abs in the sera of
allergic patients with the wheat protein o-amylase inhibitors
by Western blot analysis. IgE Abs recognized molecules of
about 10, 15, 35, and 55 kDa in the commercially available o-
amylase inhibitor type 1 separated by 1-DE under nonredu-
cing conditions. Reactivity with protein band corresponding
to molecular mass of about 10kDa was observed after
separation under reducing conditions, in all patients’ sera. In
some of these sera, the IgE reactivity with higher molecular
weight components was also documented (Figs. 5a and b).
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Figure 4. Proteins from the Sulamit extract separated by 1-DE
under nonreducing conditions and stained by CBB. The bands
selected for MS analysis are marked by arrows and numbered.

3.4 The level of IgE Abs against a-amylase inhibitors
in sera of allergic patients

All techniques used in our study detected members of o-

amylase inhibitor family and confirmed this enzyme as one
of the major wheat allergens [4, 11-13].
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Table 1. A list of wheat proteins identified by MS analysis (MALDI-TOF and QTOF) of spots from 2-DE, selected by IgE Abs in immuno-

blotting
MS Spot Protein name, Accession M, (kDa)/p/ Sequence Peptides Peptide sequence Charge Expec-  p-value
no.  organism no. coverage matched tation

Theor  Measured

(%)

(a) IgE recognized wheat proteins
Q 7107 0.19 Dimeric a-amylase ~ AAV39515 13.3/7.5 17.1/6.8 4 SGPWMCYPGQAFQVPALPACR 3 1.24E — 24
inhibitor, T. aestivum

EHGAQEGQAGTGAFPR 3 3.83E - 18
QEGQAGTGAFPR 2 359E - 15
DCCQQLAHISEWCR 3 4.97E - 10
Q 7109 20.8/6.9 2 LPIVVDASGDGAYVCK 2 213E-18
DCCQQLAHISEWCR 3 26 —-15
Q 7107 o-Amylase/trypsin inhib-  P17314 18.2/8.0 17.1/6.8 6 PGQCNLATIHNVR 2 542E — 21
itor CM3 precursor,
T. aestivum
LPEWMTSASIYSPGKPYLAK 3 4.98E — 20
LATIHNVR 2 271E - 18
LLVAPGQCNLATIHNVR 3 9.42E — 08
YFIALPVPSQPVD 2 5.49E — 08
YFIALPVPSQPVDPR 2 4.05E — 07
Q 7109 20.8/6.9 3 SGNVGESGLIDLPGCPR 2 1.18E — 21
SGSCVPGVAFR 2 121E-10
YFIALPVPSQPVDPR 2 6.31E — 10
M 0107 o-Amylase/trypsin inhibitor P16159 15.8/5.3 19.2/4.6 45 9 28x10°°
CM16 precursor, wheat
Q 0108 18.7/4.1 6 SRPDQSGLMELPGCPR 2 6.74E — 24
MSTLITPLPSCR 2 1.66E — 19
SRPDQSGLM*ELPGCPR 2,3 7.23E - 18
KQQCCGELANIPQQCR 3 7.83E — 14
QQCCGELANIPQQCR 2,3 2.29E - 09
EDCTPWMSTLITPLPSCR 2 1.18E — 07
M 0107 CM 17 protein pre- CAA42453 15.9/5.1 19.2/4.6 40 1 53x107*
cursor, T. aestivum
Q 0005 o-Amylase inhibitor 0810252A  13.3/7.4 15.4/45 2 LQCVGSQVPEAVLR 2 3.08E — 17
Clll, T. aestivum
LTAASVPEVCK 2 2.83E — 10
Q 0005 Profilin, T. aestivum CAAB1945 15.2/59 15.4/45 3 YMVIQGEPGVVIR 2 41E - 16
YM*VIQGEPGVVIR 2 7.65E — 15
DFEEPGHLAPTGLFLGGTK 3 4.05E — 11
Q 0010 15.4/4.6 3 YMVIQGEPGVVIR 2 3.09E — 14
YM*VIQGEPGVVIR 2 1.07E — 12
DFEEPGHLAPTGLFLGGTK 3 31E-10
M 6309 27K protein, T. aestivum  BAC76688 23.3/6.1 28.8/6.2 48 8 41x10°°
M 7305 21.6/6.6 33 1 59x107°
Q 5309 28.6/5.8 8 VHVAIYYESLCPYSVR 3 6.96E — 19
GHNLSLEYGR 2 441E - 17
PLYNDYGNFK 2 4.89E — 16
HREWESCFQK 3 4.32E — 13
PVTECYKGER 3 2.33E — 12
QGLDPKPVTECYK 2 382 - 11
EWESCFQK 2 8.46E — 10
IYCVSDLVLK 2 321E - 08
Q 1720 B-Amylase, T. aestivum  AAP80614 30.9/8.6 54.3/5.1 11 FFVDNGTYLTEQGR 2 2.18E — 18
ASLNFTCAEMR 2 6.92E — 18
YDPTAYNTILR 2 1.76E — 13
EGLNM*ACENALPR 2 2.07E — 12
SAPEELVQQVLSAGWR 3 9.26E — 12
ASLNFTCAEM*R 2 7.95E — 12
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Table 1. Continued
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MS Spot Protein name, Accession M, (kDa)/p/ Sequence Peptides Peptide sequence Charge Expec-  p-value
no.  organism no. m cDoverage matched tation
(%)
FFLAWYSNNLIK 2 3.86E — 11
DAGQYNDAPQR 2 1.89E — 11
SFPGIGEFICYDK 2 3.88E — 10
AAAAMVGHPEWEFPR 3 3.65E — 10
AAAAM*VGHPEWEFPR 3 1.67E — 08
a 7 54.0/5.1 7 ASLNFTCAEMR 2 1.76E — 15
YDPTAYNTILR 2 1.25 — 13
EGLNMACENALPR 2 9.26E — 14
ISGIHWWYK 2 1.58E — 11
AAAAMVGHPEWEFPR 3 6.37E — 09
ASLNFTCAEMR 2 1.94E — 07
AAAAM*VGHPEWEFPR 3 178 - 07
M 2611 Serpin, T. aestivum CAA72273 43.1/5.4 40.5/5.2 a4 12 24x1078
Q 7808 P-p-Glucan exohydrolase, AAM13694 67.3/7.2 61.0/6.9 TAGTTILSAIK 2 7.86E — 18
T. aestivum
SVDALPM*NVGDK 2 2.02E — 13
GFVISDWQGIDR 2 2.68E — 13
SASAPLLPLPK 2 2.03E — 09
a 7812 61.0/7.2 4 TAGTTILSAIK 2 8.37E — 13
GFVISDWQGIDR 2 9.39E - 13
SVDALPM*NVGDK 2 1.47E — 10
SASAPLLPLPK 2 2.99E - 08
(b) Wheat proteins identified after pepsin digestion
M 2110 0.19 Dimeric o-amylase ~ AAV39519 13.2/6.5 16.1/5.4 70 7 34x107
inhibitor, T. aestivum
M 3101 16155 719 8 8.6x107°
Q 6107 Cytosolic cyclophilin, A.  AAB96833 18.9/7.7 19.1/7.6 2 IIPGFMCQGGDFTR 2 3.98E — 15
thaliana
|IPGFM*CQGGDFTR 2 9.87E — 14
Q 7305 Glyceraldehyde-3- CAA33620 36.5/6.7 38.0/7.0 2 VIHDNFGIVEGLM*TTVH 3 3.56E — 19
phosphate dehydro-
genase, cytosolic 1,
Zea mays
VIHDNFGIVEGLM* 2 1.16E — 15
a 31 38.0/7.2 4 VIHDNFGIVEGLMTTVHAITATQK 3 1.05E — 23
VIHDNFGIVEGLM*TTVH 3 8.44E — 19
VIHDNFGIVEGLMTTVH 3 2.55E — 15
VIHDNFGIVEGLM*TTVHAITATQK 4 6.93E — 10
Q 8301 Peroxidase 1, T. aestivum AAMB88383 38.8/8.5 38.2/8.2 2 GAVVSCADILALAAR 2 237E - 16
DSVVVSGGPDYR 2 3.56E — 12

*, Oxidized methionine; M, proteins analyzed by MALDI-TOF; Q, proteins analyzed by QTOF.

Despite the fact that this allergen was already known, a
clinical study of quantitative estimation of IgE antibodies
against o-amylase inhibitors in the sera of allergic patients is
missing. We have now developed an ELISA assay for the
detection of specific IgE Abs using Sulamit wheat extract
and/or a-amylase inhibitors type 1 and 3 as the coupling
antigens. Individual levels of specific serum IgE Abs against
wheat allergens in the sera of healthy donors (42) and
patients with wheat allergy (50) or pollen allergy (18) are

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

shown in Fig. 6. Using either Sulamit extract or o-amylase
inhibitors type 1 and 3, ELISA has shown that the median of
IgE Abs (0.266, 0.261, and 0.177, respectively) in the sera of
allergic patients was significantly higher (p<0.0001) than
that in the sera of healthy donors (0.068, 0.051, and 0.020,
respectively). The highest level of IgE Abs was detected with
the Sulamit extract, a slightly lower level with the a-amylase
inhibitor type 1. When the a-amylase inhibitor type 3 was
used in ELISA, the OD corresponding to the median value of

www.proteomics-journal.com
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Table 2. A list of identified proteins from 1-DE, selected by immunoblotting and analyzed by LCQPEA nLC-MS/MS (IT, ESI)

Band Protein name, Accession M,(kDa)/p/ Peptides Peptide sequence Charge XC
no. organism no. T matched Score
eor
3 a-Amylase inhibitor 0.53, P01084 13.2/5.2 7 DVAAYPDA 1 1.80
T. aestivum
LTAASITAVCR 2 2.90
CGALYSMLDSMYK 2 3.40
CGALYSM*LDSMYK 2 2.39
LQCNGSQVPEAVLR 2 2.96
CGALYSM*LDSM*YK 2 3.20
LPIVVDASGDGAYVCK 3 3.20
1 3 LQCNGSQVPEAVLR 2 2.98
CGALYSM*LDSM*YK 2 2.41
LPIVVDASGDGAYVCK 2 3.64
4 1 LPIVVDASGDGAYVCK 2 2.54
3 a-Amylase inhibitor 0.19, P01085 13.3/6.6 4 EHGAQEGQAGTGAFPR 2 3.33
T. aestivum
DCCQQLAHISEWCR 3 3.66
SGPWMCYPGQAFQVPALPACR 2 2.78
SGPWM*CYPGQAFQVPALPACR 2 3.53
3 a-Amylase/trypsin inhibitor P17314 18.2/7.4 2 SGNVGESGLIDLPGCPR 2 3.69
CMB3 precursor, T. aestivum
DYVLQQTCGTFTPGSK 2 3.88
4 3 EMQWDFVR 2 2.15
SGNVGESGLIDLPGCPR 2 3.96
DYVLQQTCGTFTPGSK 2 3.29
3 Wheatwin-2 precursor (patho- 064393 15.9/8.2 1 VTNPATGAQITAR 2 2.48
genesis-related protein 4b),
T. aestivum
2 1 VTNPATGAQITAR 2 2.35
4 a-Amylase/trypsin inhibitor CMd P11643 18.5/6.1 1 LLVAPGQCNLATIHNVR 2 2.67
precursor, Hordeum vulgare
7 B-Amylase, T. aestivum P93594 56.6/5.2 4 ILDEANK 1 1.75
SAPEELVQQVLSAGWR 3 3.79
NIEYLTLGVDDQPLFHGR 2 4.51
LTEAGVDGVMIDVWWGLVEGK 2 2.69
6 1 NIEYLTLGVDDQPLFHGR 3 3.33
8 3 SAPEELVQQVLSAGWR 2,3 3.35
NIEYLTLGVDDQPLFHGR 2,3 3.50
LTEAGVDGVMIDVWWGLVEGK 2 3.28
7 B-Amylase, H. vulgare P16098 59.6/5.6 9 ASINFTCAEMR 2 2.64
ASINFTCAEM*R 2 2.11
EGLNVACENALPR 2 2.29
FFLAWYSNNLIK 2 3.28
LSNQLVEGQNYVNFK 2,3 4.33
VPSHAAELTAGYYNLHDR 3 4.45
NIEYLTLGVDNQPLFHGR 2 5.06
LVEAGVDGVMVDVWWGLVEGK 2,3 4.46
LVEAGVDGVM*VDVWWGLVEGK 2 2.72
9 1 LVEAGVDGVMVDVWWGLVEGK 2 2.02
8 7 EGLNVACENALPR 2 3.22
FFLAWYSNNLIK 2 4.56
LSNQLVEGQNYVNFK 2,3 4.21
NIEYLTLGVDNQPLFHGR 2,3 4.16
LVEAGVDGVMVDVWWGLVEGK 2,3 5.01
LVEAGVDGVM*VDVWWGLVEGK 2 3.05
YPSYPQSHGWSFPGIGEFICYDK 3 4.41
5 Phosphoglycerate kinase, P12783 42.1/5.6 1 LASVADLYVNDAFGTAHR 3 3.68

cytosolic, T. aestivum

*, Oxidized methionine.
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Figure 5. An example of immunoblot analysis confirming the
binding of patients’ IgE Abs (numbered 1-7), to the components
in a-amylase inhibitor type | separated (a) under nonreducing
and (b) reducing conditions; reactivity with healthy control (8)
and secondary antihuman IgE antibody (9).

specific IgE reached only half of the value obtained with the
former two allergens. The sensitivity, specificity, and ROC
analysis of ELISA data were calculated for all three allergens
and were found to be above 90%; the highest value was esti-
mated for o-amylase inhibitor type 1 (Table 3). When sera of
patients with pollen allergy were tested as a disease control,
the median of OD reached 0.178 using Sulamit extract, 0.166
for o-amylase inhibitor type 1 and 0.113 for a-amylase inhib-
itor type 3. The differences in reactivity of serum IgE in
patients with wheat or pollen allergy and healthy donors
were statistically significant (Fig. 6).

Table 3. Statistical evaluation of IgE Abs against wheat allergens
measured by ELISA

Alergens Sensitivity Specificity AuROC 2
(%) (%) (%)

Sulamit 90 95 99 0.71

a-Amylase inhibitor, type 1 96 95 99.6 0.75

a-Amylase inhibitor, type 3 90 93 97.7 0.5

a) Correlation between specific IgE measured by CAP system
and ELISA.

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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3.5 Activation of basophils from allergic patients
with wheat allergens

In pilot experiments blood cells, obtained from six patients
with clinical symptoms of wheat allergy and positive baso-
phil activation test to a commercial wheat extract, were
exposed to the salt extract from wheat cultivar Sulamit and to
a-amylase inhibitors type 1 and 3, for comparison. An
example of FACS analysis evaluating the activation marker
(CD203c) expression on blood basophils (bearing CD63
marker) after in vitro exposure to wheat allergens is docu-
mented in Fig. 7. Basophil activation induced by the Sulamit
extract was similar to that induced by the commercial wheat
extract, ranging from 31 to 97% of activated cells. Cell acti-
vation in response to a-amylase inhibitor type 1 was detected
in three out of six patients tested (leading to 23, 30, and 97%
of activated cells). The activation by a-amylase inhibitor type
3 was not detected using any of the patient’s blood cells.
These results suggest that not only the a-amylase inhibitor
type 1, but also other extracted wheat components are
involved in basophil activation and further analysis of
the stimulatory (biological) activity of wheat allergens is
necessary.

4 Discussion

Proteomic analysis has proved to be a useful tool for the
identification of the causative food allergens and for increas-
ing the specificity of diagnostic tests. Using this approach we
have demonstrated a large spectrum of wheat proteins
recognized by IgE Abs in the sera of allergic patients. Initi-
ally, we documented the impact of various wheat cultivars,
extraction procedure, and of the technique of separation on
the detectable number of IgE-binding wheat components. In
accordance with previously published data [5, 20], separation
of salt-soluble wheat extracts by 1-DE under nonreducing
conditions and immunoblotting revealed IgE-binding pro-
teins of molecular mass ranging from 10 to 100 kDa. How-
ever, separation under reducing conditions revealed pre-
dominantly low-molecular mass components (ranging from
10 to 30 kDa) recognized by the majority of patient’s sera,
irrespective of how they reacted under the nonreducing con-
ditions. These changes in the IgE-binding pattern could be a
consequence of conformational changes, reduction of inter-
chain disulfide bridges and uncovering or generation of new
antigenic structures (epitopes).

To identify IgE reactive wheat components we employed
MALDI-TOF and QTOF analysis. Using both methodological
approaches we have identified 14 IgE-binding proteins
(including those digested by pepsin). Discrepancy between
the number of identified spots and the number of identified
proteins can be caused by the fact that two proteins were
found in some spots (for example, spot number 0005 con-
tained both a-amylase inhibitor CIII and profilin). In some
cases one gene product was matched up with three spots

www.proteomics-journal.com
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Figure 6. Scattergram of IgE
Abs to the wheat Sulamit extract
(a), the a-amylase inhibitor type
1 (b), and the a-amylase inhibi-
tor type 3 (c) in the sera from 42
healthy controls, 50 patients
with diagnosed allergy to wheat
components, and from 18
patients allergic to pollen (dis-
ease control). The mean level
was significantly increased
(p<<0.001) in the patient group
for all three coupled antigens
(a—c). The solid line represents
the median level; values above
cut-off (0.145 for a, 0.099 for b,
and 0.082 for c are considered as
positive.

Tk

Figure 7. Basophil activation test of blood samples from allergic patients measured by flow cytometry as expression of CD63 and CD203c
using (a) Sulamit extract, (b) a-amylase inhibitor type 1, and (c) a-amylase inhibitor type 3. Samples containing >15% basophils were
considered as positive.
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with the same molecular mass and different pI (for example
spots number 5309, 6309, and 7305) that refer to different
protein species. The spectrum of identified proteins was
supplemented with further five molecules using 1-DE
separation and LCQPE“* (IT, ESI) detection technique.

These three methodological approaches revealed IgE-
binding proteins including previously reported o-amylase
inhibitors (CM16, CM17 precursors, and 0.19 dimeric
form) [21, 22], profilin (of high sequence identity with
birch pollen allergen) [37], and Tri a Bd 27K protein [16].
Moreover, we succeeded in identifying new IgE-binding
wheat proteins such as B-amylase, -p-glucan exohydrolase,
three protein species of 27K protein, serpin, a-amylase/
trypsin inhibitor CM 3 precursor, and a-amylase inhibitor
CIII. The following IgE-binding proteins were identified
after pepsin digestion: 0.19 dimeric a-amylase inhibitor,
peroxidase 1, cytosolic cyclophilin (matching sequence
from A. thaliana), and glyceraldehyde-3-phosphate dehy-
drogenase (matching corn sequence). The fact that these
proteins do not match wheat components could be
explained by the lack of knowledge of the complete ge-
nome and the corresponding protein/peptide sequences of
wheat may be missing in the current databases. Further-
more, we are aware of the fact that two or more proteins
identified in one band (1-DE separation, band number 3)
or one spot (2-DE separation, spot number 7107) may
include not only IgE Ab-binding proteins but also other
molecules. Their reactivity with patients’ IgE Abs is to be
confirmed in further studies.

Using newly developed ELISA we have quantified IgE
Abs against Sulamit extract and some frequently recog-
nized allergens, e.g., a-amylase inhibitors type 1 and 3.
The difference between specific IgE mean values in heal-
thy donors and allergic patients was statistically significant
for all wheat allergens tested. The highest levels of IgE
and the highest number of positive patient’s sera were
detected using the whole Sulamit extract. Using the o-
amylase inhibitor type 1 as an antigen, the mean level of
IgE Abs was similar to that obtained with the whole
extract. The level of IgE Abs against the a-amylase inhibi-
tor type 3 was low in the majority of patients’ sera tested.
However, the difference between the mean value of IgE
Abs in healthy donors and patients with wheat allergy was
statistically significant even for this allergen, probably due
to the few highly positive sera in the patients’ group. Data
obtained by testing disease controls, i.e., patients with
pollen allergy using wheat extract, reflect the presence of
the so-called “pan-allergens” such as nsITPS or profilins
recognized also by IgE of these patients. Interestingly,
cross-reactive epitopes in pollen and food allergens have
been recently demonstrated and similar epitopes may exist
also in pollen and wheat allergens (including o-amylase
inhibitors) [38-41].

The physiological role of the a-amylase enzymes family
is the hydrolysis of o-p-(1,4)-glucan linkages in amylose,
amylopectin, glycogen, and phytoglycogen, important in

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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the carbohydrate metabolism of many autotrophic and
heterotrophic organisms. Heterophilic organisms use o-
amylases mainly to digest starch in their food sources.
Interestingly, by inhibiting activities of digestive hydro-
lases, a-amylases, or proteinases, the o-amylase inhibitors
may be involved in plant defense against insect pests and
pathogens [42, 43].

In routine settings, natural allergen extracts are used
for in vivo (skin-prick) and in vitro (specific IgE Abs) test-
ing. As was demonstrated by us and other authors, most
patients do not raise IgE Abs in response to all extracted
wheat components, but only to some. Our study has con-
tributed to the identification of frequently recognized
wheat allergens and to the analysis of factors affecting
immunogenicity of these molecules. This is a starting
point and a necessary step in the development of diagnos-
tic tests with higher sensitivity and specificity [44, 45]. The
potential application of these defined wheat allergens will
be their use in specific IgE Ab testing, cell activation assays
as well as in complex allergen-microarrays (biochip tech-
nology).
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2.2. Isolation and purification of wheat flour allergens

The aim of this study was to isolate and purifgyiously identified wheat
allergens in their natural form as well as to findw potential allergens. The poor
predictability and specificity of all currently kmm diagnostic approaches may be
associated with the purity of the wheat extracedus the specific IgE assays or to their
lack of inclusion of all major allergens. Thereformee developed a new procedure for
isolating and purifying relevant IgE-binding proteifrom a water/salt-soluble extract of

wheat flour in amounts that allowed subsequentgiral and functional analyses.

Publication:

A new approach to the isolation and characterizatio of wheat flour allergens

Sotkovsky P, SklerdJ, Halada P, Cinova J, Setinova |, KainarovaGhlias J
Havlaskova K, Honzova S and dkova L.

Clin Exp Allergy 2011; 41(7): 1031-43

Isolation protocol consists of a three steps:afiltration, isoelectric focusing
(Rotofor), and liquid chromatography. Extractedt sabluble wheat proteins were
sequentially separated on an Amicon ultrafiltrat@devices (providing gross separation
according to molecular weight of proteins) and foedi on the Rotofor cell (based on pl
gradient in liquid phase) into 20 fractions. Su#fit quantities of proteins were obtained to
enable their further fractionation by HPLC. Prepiaeareverse-phase HPLC was the main
step in the purification of relatively large qudiets of several water/salt soluble wheat
proteins. Purified proteins were analyzed by imniloting using sera from 22 patients
with atopic dermatitis and food allergy to wheatdacomponents binding to IgE were
identified by MALDI-TOF mass spectrometry. This ifigation scheme yielded 27 IgE
binding proteins, including several previously désed a-amylase inhibitors, non-specific
lipid-transfer proteins, peroxidase, serpins @iaamylase identified by two-dimensional

electrophoresis [Pastorello et al., 2007; Sotkovskwl., 2008], as well as several new
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wheat proteins, such as endogenatagmylase/subtilisin inhibitor, wheatwin, TLP, trfi
XIP, B-glucosidase, class Il chitinase and 26 kDa endiocisie.

TLP and wheatwin are wheat flour allergens assediwith food allergy. TLP is
an important allergen in several fruits, such agleg) cherries, kiwis and grapes
[Gavrovic-Jankulovic et al., 2002; Pastorello et, &003; Breiteneder et al., 2004].
Moreover, this protein isolated from wheat has bgleown to be an allergen in patients
with baker’s respiratory allergy [Lehto et al., B)1We previously showed that wheatwin-
2 is an IgE immunoreactive protein, and the requiésented here showed that wheatwin-1
and wheatwin-2 have sequence homology of 97%. W \able to isolate them as a
mixture of both isoforms with high purity. Furthesre, we have shown for the first time
that both thaumatin-like protein and wheatwin biodIgE from patient’s sera and can
activate patients’ basophils to an extent compardbl that of the well characterized
allergens,a-amylase inhibitor 0.19 and lipid-transfer proteMoreover, our yield of
purified naturala-amylase inhibitor 0.19 was higher than that ofeotpurified proteins
and we confirmed its reactivity with patients’ Igbs. This protein has been described as
one of the major allergens of patients with bakesshma those with allergy to wheat
[Amano et al., 1998; Weichel et al., 2006; Sotkgvsk al., 2008], but it had not been
isolated in its natural form in sufficient amoumidapurity.

To characterize the intensity and frequency withicw IgE Abs bind the
individual wheat components, 17 purified allergerese immunoblotted with sera from all
22 patients, 10 disease controls and nine heatihyrals. All patients sera tested (100%)
showed positive IgE reactions withamylase inhibitors (0.28, CM16 and CM2), TLP and
tritin. Of the 22 sera, 20 or 21 (91% or 95%) redcwith CM17, 0.53, 26 kDa
endochitinase, XIP and class Il chitinase. The deegqy of recognition of other wheat
proteins was also high ranging from 54% to 86%. déesitometric evaluation of intensity
of IgE binding on immunoblots documented the déferes of binding of individual wheat
proteins. The IgE of patients reacted with the égihintensity (median 6.0-8.0) with the
following already known allergens-amylase inhibitors 0.53, CM16 and CM2, CM17 and
tritin, as well as with the newly identified IgEAaiing wheat components TLP, 26 kDa
endochitinase and class Il chitinase. In contréise lowest binding intensity was
determined forx-amylase inhibitors CM3 and wheatwin (median 1 @ndespectively).

Moreover, seven sera of disease controls (70%)grezed endogenousi-amylase
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inhibitor and tritin. Other proteins were recogmizby < 50% sera or did not react.
Nevertheless, the intensity of IgE binding calcedbtor disease controls was low (median
0-2). None of the sera from the nine healthy domeexted with any of the isolated
proteins.

In conclusion, we have identified and purified @V IgE reactive components of
wheat flour using liquid-phase IEF and HPLC in miéht quantities. This evaluation
allows us to study the function of native allergahg effects of their tertiary structure and
post translational modificationse.§. glycosylation) on allergenicity, as well as the
supplementation in to diagnostic assays. Moreoperified allergens are suitable for a
selection of an appropriate vector for recombinaligrgen preparation, improving both

diagnostic tests and therapy.
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Summary

Background The incidence of food allergy to wheat is increasing,. Its diagnosis depends on the
purity of major allergens and their inclusion in tests. Isolation and characterization of wheat
allergens are therefore of utmost importance.

Objective To purify and identify wheat flour allergens most frequently recognized by patients’
IgE antibodies and to study their allergenicity.

Methods Water/salt-soluble extracts from wheat flour were prepared and separated using a
combination of ultrafiltration, isoelectric focusing and liquid chromatography. Purified
proteins were analysed by immunoblotting using pooled sera from patients with atopic
dermatitis who possessed IgE specific to wheat. Wheat proteins found to bind IgE were
subsequently identified by matrix-assisted laser desorption/ionisation-time of flight mass
spectrometry. The frequency and intensity of IgE binding of isolated proteins were tested
using individual sera from patients and controls.

Results We developed a procedure that allows isolation of wheat allergens from natural
sources. Twenty-seven potential wheat allergens have been successfully identified; of these,
the following seven are newly reported in food allergy: endogenous o-amylase/subtilisin
inhibitor, trypsin/a-amylase inhibitor (AAI) CMX1/CMX3, thaumatin-like protein (TLP),
xylanase inhibitor protein-1, B-glucosidase, class II chitinase and 26 kDa endochitinase. TLP
and wheatwin were shown to activate patients’ basophils to a similar extent as two well-
known allergens, lipid transfer protein (Tri a 14) and AAI 0.19 (Tri a 28.0101).

Conclusion and Clinical Relevance Our new approach enables the isolation of water/salt-
soluble wheat allergens in their native form in amounts sufficient both for biological testing
(in vivo and in vitro) and for physicochemical characterization. Such studies will lead to a
more detailed knowledge of allergenicity of wheat proteins and to improved accuracy of
diagnostic tests.

Keywords basophil activation, IgE antibodies, isolation, purification, wheat allergens
Submitted 28 July 2010; revised 5 February 2011; accepted 21 March 2011

Introduction

Diagnosis of food allergy to wheat is not simple.
Although oral food challenge tests are considered to be

Wheat is an important part of human diet, but its inges-
tion can trigger IgE-mediated food allergies. The inci-
dence of food allergies is increasing and these allergies are
thought to affect 6-8% of children and 1-3% of adults [1,
2]. Depending on the route of allergen exposure, hyper-
sensitivity reactions to wheat may cause a variety of
symptoms. For example, ingestion may cause atopic
dermatitis, gastrointestinal symptoms or wheat-depen-
dent exercise-induced anaphylaxis; inhalation may cause
baker’s asthma; and skin contact may occasionally trigger
IgE-mediated contact urticaria [3-5].

good standard for diagnosis, they are time consuming and
can induce severe clinical symptoms. Detection of food-
specific IgE antibodies (Abs) by radioimmunoassays or by
enzymatic immunoassays, along with a history compati-
ble with IgE-mediated symptoms, are highly sensitive
but have low specificity. Moreover, a certain degree of
cross-reactivity cannot be excluded [6, 7]. Skin prick
tests (SPTs) are diagnostic for baker’s asthma, but not for
atopic dermatitis [8]. In contrast, basophil activation
tests are considered to be a reliable in vitro diagnostic
technique [9].
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Poor predictability and specificity of all currently
known diagnostic approaches may be associated with the
insufficient purity of wheat extracts used in specific IgE
assays or with the lack of inclusion of all major allergens
in these extracts. Furthermore, expression of IgE-reactive
proteins depends on wheat seed maturation and varies in
different wheat sources [10].

On the basis of their differential solubility, wheat
proteins can be classified into water/salt-soluble albumins
and globulins and water/salt-insoluble gliadins and glu-
tenins. Proteins from all these different groups are
responsible for baker’s asthma as well as food allergies
in adults and children. Wheat food allergy in children
and adult patients with multiplicity and diversity of
skin symptoms, such as wheat-induced atopic dermatitis,
has been investigated by several laboratories [11-13].
Proteomic analysis of wheat flour proteins revealed a
number of IgE reactive components in both water/salt-
soluble and insoluble fractions [shown by immunoblot-
ting, high-performance liquid chromatography (HPLC)
and mass spectrometric analysis] [14-16]. Among the
major allergens identified in the water/salt-soluble frac-
tion of wheat flour and shown to be capable of sensitiza-
tion after both ingestion and inhalation are the cereal a-
amylase inhibitors (AAI) and a-amylase/trypsin inhibitors
(AATI). This AATI family of inhibitors consists of tetra-
meric proteins, often called chloroform methanol (CM)
proteins on the basis of their selective extraction in
chloroform/methanol mixtures (CM1, CM2, CM3, CM16
and CM17). On the other hand, the three AAIls are dimeric
(0.19 and 0.53) or monomeric (0.28). Wheat amylase/
subtilisin inhibitor is a bifunctional protein capable of
simultaneously inhibiting endogenous wheat o-amylase
and the proteinase subtilisin [17, 18]. Using IgE from
allergic individuals to probe cDNA expression library, AAI
0.19 and CM7, as well as new molecules with high cross-
reactive potential, including thioredoxins and f-expansins,
have been identified [19].

Cross-reactivity among wheat flour allergens, other
cereal allergens (barley, rye, rice and maize) and grass
pollen allergens is thought to be because of common
IgE-reactive epitopes. However, patients with baker’s
asthma and those with IgE-mediated food allergy to wheat
may be sensitive to different molecules [20-22]. The most
important plant panallergens are the non-specific lipid
transfer proteins (LTPs), which also act as food allergens,
sensitizing individuals by the oral route or by inhalation
[6, 23, 24]. Although proteomic analysis has identified
other wheat proteins as IgE binding (e.g. B-amylase,
peroxidase, thioredoxin and serpins), a proper panel of
purified wheat allergens has not yet been developed. The
list of these allergens is not complete yet and new
allergens are still being discovered. Moreover, the clinical
relevance of these proteins remains to be determined [14,
16, 25].

Recombinant allergens may be useful in diagnosing
and/or treating allergies [26, 27], but so far only a small
number of wheat allergens have been cloned and pro-
duced in recombinant form [28, 29]. Many recombinant
allergens do not have the same immunological character-
istics as their natural counterparts. Alterations of the
amino acid sequence of allergens may influence protein
folding, resulting in the reduction or total prevention of
IgE binding. Several recombinant allergens have been
produced in bacterial expression systems as non-glycosy-
lated proteins, although some natural AAls are glycosy-
lated [30]. Thus, highly purified natural allergens are
still indispensable in determining the allergenicity of
recombinant and natural forms of allergens. Purified
allergens are needed not only for the analysis of their
structure and function but also in experimental model
studies [31-34].

The aim of our study was to isolate, characterize and
identify the most important water/salt-soluble wheat
allergens from natural sources. Therefore, we developed a
three-step isolation protocol, consisting of ultrafiltration,
native (liquid-phase) isoelectric focusing (IEF, Rotofor®,
Bio-Rad, Hercules, CA, USA) and affinity chromatography
(HPLC). Wheat proteins recognized by IgE of allergic
patients were identified by matrix-assisted laser deso-
rption/ionisation-time of flight (MALDI-TOF) mass spec-
trometry. The intensity and frequency of IgE binding of
both previously and newly identified potential allergens
were determined, as well as - in some cases - their
potential to activate basophils.

Materials and methods

Patients and controls

Sera were obtained from 22 patients (13 females, nine
males; mean age 23 years; range: 3-63 years) with atopic
dermatitis (P1-22). All 22 patients had a suspect history of
wheat allergy and elevated specific IgE Abs (mean, 10.24 U/
mL; range, 0.4-72U/mL). An open challenge test was
performed with cooked wheat pasta in 14 out of 22 patients
and all 14 were positive. In the remaining eight patients, a
significant clinical improvement was observed after elim-
ination diet (avoidance of wheat-containing food for 1
month). Total serum IgE and IgE specific for wheat flour,
gluten, wheat pollen, timothy grass pollen and birch tree
pollen were analysed using an Immulite 2000 (DPC,
Siemens Medial Solution Diagnosis, Flanders, NJ, USA).
Sera from 10 patients allergic to pollen allergens (D1-10)
were used as ‘disease controls’. Clinical, demographic and
serological characteristics of the 22 patients (P1-22) and 10
disease controls (D1-10) are reported in Table 1. Sera from
nine healthy individuals with normal total and wheat-
specific IgE Abs were used as negative controls (C1-9).

© 2011 Blackwell Publishing Ltd, Clinical & Experimental Allergy, 41 : 1031-1043
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Table 1. Demographic, clinical and serological characteristics of patients and disease controls

sIgE Total sIgE Total

wheat IgE Open Disease wheat IgE
Patient Sex  Age (U/ml) (U/mL)  Symptoms challenge  Other allergies control  Sex  Age (U/ml) (U/mL)
P1 F 5 72.00 355 EA Pos. e, m D1 M 32 <0.10 350
P2 F 6 56.10 1545 EA,RC Pos. e, m D2 M 43 <0.10 345
P3 F 39 4.13 5568 A, EA ND bu, f, mo, nu, ri D3 F 34 0.20 106
P4 F 43 2.60 563 A, EA Pos. ¢, m, po, sh D4 F 22 <0.10 364
P5 F 10 12.60 1083 A, EA, RC Pos. hdm, mo, po D5 F 32 <0.10 12
P6 M 28 13.30 3590 D, EA, RC Pos. ap, nu, po D6 F 49 <0.10 33
P7 F 29 15.00 21452 A, EA, RC ND ¢, d, hdm D7 M 36 0.20 634
P8 M 25 1.86 14953 A, EA, RC ND hdm D8 M 24 <0.10 1021
P9 F 63 1.86 45 EA, RC Pos. po D9 F 44 <0.10 54
P10 F 21 3.40 2686 AB, EA, OAS, RC Pos. ca, ce, po D10 F 46 <0.10 49
P11 F 33 3.97 2501 A, EA, OAS, RC ND ap, ca, co, nu
P12 M 2.93 2404 EA, RC Pos. po
P13 M 3 1.29 854 EA Pos. e, m
P14 F 20 0.40 272 EA, RC ND po
P15 M 5 3.55 1524 EA Pos. e, m
P16 F 44 1.35 222 EA, IU ND co, €, po, Sp
P17 M 6 13.10 482 EA Pos. ¢, e, fT, ho, hon, m,

mo, nu, po, se, ve
P18 F 32 10.80 4331 A, D, EA, OAS, RC Pos. fr, hdm, mo, nu, po,
se, ve

P19 M 24 1.14 1757 EA, RC ND co, hdm, nu, po
P20 M 6 0.70 546 A, EA,RC Pos. ¢, hdm, po
P21 F 4 0.78 147 EA, RC Pos. €, m, nu, po
P22 M 43 2.47 423  OAS,RC ND ap, po

F, female; M, male; ND, not done; pos., positive; sIgE, specific IgE; U/mL, unit antigen per millilitre; A, asthma bronchiale; D dyspepsia; EA, eczema
atopicum; IU, idiopathic urticaria; OAS, oral allergic syndrome; RC, rhinoconjunctivitis; a, animals; ap, apple; bu, buckwheat; c, cat; ca, carrot; ce,
celery; co, codfish; d, dog; e, egg white; f, fish; fr, fruit; hdm, house dust mite; hon, honey; ho, horse; m, milk; mo, mould; nu, nuts; po, pollen; se, seeds;

sh, shrimp; sp, spices; ri, rice; ve, vegetables.

Measurements of total and specific serum immunoglobulin E

The concentrations of total and wheat-specific IgE
were determined by fluorescence enzyme immunoassay
(Immulite 2000, DPC, Siemens Medical Solution Diagno-
sis) according to the manufacturer’s instructions. Aller-
gen-specific IgE concentrations above 0.35kU/L were
considered positive.

Wheat sample preparation

Unless otherwise specified, all chemicals were from Sigma
(Steinheim, Germany). Wheat flour from cultivar Akteur
(Tritium aestivum) was kindly provided by Professor
J. Petr of the Czech University of Agriculture, Prague.
Proteins were extracted from wheat flour (4 g) with PBS
(40 mL) overnight at 4°C, ultrasonicated (U50, IKA
Laboratortechnik, Staufen, Germany) for 15min on ice
and centrifuged at 20000 g for 15 min at 4 °C. Extracted
proteins were sequentially separated using Amicon
Ultra 100k, 30k and 10k ultrafiltration devices (Millipore,
Billerica, MA, USA) in this order providing gross separa-
tion according to the molecular weight of the proteins.

© 2011 Blackwell Publishing Ltd, Clinical & Experimental Allergy, 41 : 1031-1043

A 10mL sample containing 0.35% CHAPS was loaded
onto the 100k filter device with a 100kDa molecular-
weight cut-off for 30min at 2500g and 20°C. The
concentrated higher molecular-weight fraction was dis-
carded and the filtrate was ultrafiltered using a 30k
filter device with a 30 kDa molecular-weight cut-off. The
concentrate was stored (fraction I) and the filtrate was
purified using a 10k filter device with a 10 kDa molecular-
weight cut-off, yielding fraction II (60 min, 2500 g and
20°C). Protein concentration was determined using a
Bicinchoninic Acid Protein Assay Kit (BCA, Pierce, IL,
USA). Samples were divided into aliquots and stored at
—20°C.

Liquid-phase isoelectric focusing

Proteins in fractions I and II were separated according to
their pI using a Rotofor™ preparative cell (Bio-Rad).
Fraction I contained proteins of molecular mass above
30kDa and below 100 kDa, whereas fraction II contained
proteins of molecular mass above 10kDa and below
30kDa. Proteins from fraction I (15 mL, containing 45 mg
protein) were mixed with 0.5% CHAPS and diluted in
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55mL of distilled water containing 5% glycerol, 5%
premixed Bio-Lyte pH 5-8, pH 3-10 (Bio-Rad) and am-
pholyte pH 4-6 (Fluka, Buchs, Switzerland). Proteins in
fraction II were diluted similarly, except that premixed
ampholytes pH 4-6 and pH 6-9 were used. Both samples
were fractionated using a Rotofor™ device, equipped with
a standard focusing chamber (60 mL total volume) with 20
fractionation compartments. A constant power of 15W
was applied to the system, which was cooled to 4 °C with a
water circulator, with fractionation completed within 4 h.
A total of 20 fractions were collected, and the pH of each
was measured using a microelectrode.

High-performance liquid chromatography

All separations were carried out using an HPLC system Gold
125NM solvent Module (Beckman Coulter, Miami, FL, USA).
The sample was centrifuged for 10min at 12000g.
The supernatant was applied (containing 2mg protein)
to a polymeric reversed-phase PLRP-S 10004, 8 um, 250x
406 mm column (Varian, Palo Alto, CA, USA) and separated
at a flow rate of 1 mL/min using a linear gradient (solvent A,
0.19% TFA/H,0; solvent B, 0.1% TFA/acetonitrile). The gra-
dient program started with 95% of solvent A and 5% of
solvent B, and changed 5-25% B/5 min, 25-45% B/50 min,
45-70% B/5min and 70-95% B/0.5min. The column was
washed with 95% solvent B (10 min) and equilibrated at
initial conditions for 10 min. Protein samples were evapo-
rated using a vacuum centrifuge (SpeedVac, Jouan, Winche-
ster, VA, USA) and dissolved in PBS.

Sodium dodecyl sulfate polyacrylamide gel electrophoresis
and immunoblotting

Each of the Rotofor™ and HPLC fractions was analysed by
SDS-PAGE (in concentration 1 mg/mL) using 15% gradi-
ent gels under reducing conditions (with 0.5m DTT).
Separated proteins were stained with Coomassie® Brilli-
ant Blue R-250 (CBB). Selected fractions were electro-
transferred to nitrocellulose membranes (NC2, SERVA,
Heidelberg, Germany) for 1h at room temperature. The
membranes were blocked with PBS containing 0.5% Tween
20 and incubated with serum samples diluted 1:10 in
blocking buffer overnight at 4°C. After washing with
PBS-0.1% Tween 20, the strips were incubated with perox-
idase-labelled sheep anti-human IgE Abs (1:1000; The
Binding Site, Birmingham, UK) for 1 h at room temperature.
Blots were developed using SuperSignal West Pico Trial kits
(Pierce) and luminescence was detected on a Kodak Medical
X-ray film (Kodak, Rochester, NY, USA). Data were digitized
and subjected to image analysis (AIDA 3.28, Raytest,
Straubenhardt, Germany). Relative signal intensities derived
from the chemiluminescent signal of IgE reaction with
purified proteins were compared and corrected for local
background signal (set as value 1). The resultant intensity is

expressed as nine intervals (0-8; corresponding to intensity
1 — 801). Data are expressed as median values and 25%
and 75% percentile.

Tryptic digestion and matrix-assisted laser desorption/
ionization mass spectrometry

CBB-stained proteins were excised from gels, cut
into small pieces and washed several times with 50 mm
4-ethylmorpholine acetate (pH 8.1) in 50% acetonitrile
(MeCN). After complete destaining, the proteins were reduced
with 30 mm TCEP at 65 °C for 30 min and alkylated by 30 mwm
iodoacetamide for 60 min in the dark. The gel pieces were
further washed with de-ionized water, shrunk by dehydra-
tion in MeCN and reswollen in water. The supernatants were
removed and the gels were partly dried in a SpeedVac
concentrator. The gel pieces were then reconstituted in a
cleavage buffer containing 25mm 4-ethylmorpholine
acetate, 5% MeCN and sequencing-grade trypsin (100 ng;
Promega, Madison, WI, USA). After overnight digestion, the
resulting peptides were extracted with 40% MeCN/0.5% TFA.
A solution of a-cyano-4-hydroxycinnamic acid in aqueous
50% MeCN/0.1% TFA (5mg/mL) was used as an MALDI
matrix. A 0.5 pL aliquot of a sample was deposited onto the
MALDI target and allowed to air-dry at room temperature,
followed by the addition of 0.5 pL of the matrix solution.
MALDI mass spectra were measured using an Ultraflex
Il instrument (Bruker Daltonics, Bremen, Germany)
equipped with a Smartbeam™ solid-state laser and
LIFT™ technology for MS/MS analysis. The spectra were
acquired in the mass range of 700-4000 Da and calibrated
internally using monoisotopic [M+H]" ions of trypsin
autoproteolytic fragments (842.5 and 2211.1 Da).

Protein identification

Peak lists in XML data format were created using the
flexAnalysis 3.0 program with the SNAP peak detection
algorithm. No smoothing was used, and the maximum
number of assigned peaks was set at 50. After peak
labelling, all known contaminant signals were manually
removed. The peak lists were searched using the MASCOT
search engine against the SwissProt 57.13 or Trembl 40.13
database subset of green plant proteins with search
settings including a peptide tolerance of 30p.p.m., a
missed cleavage site value of 2, and variable carbamido-
methylation of cysteine and oxidation of methionine.
There were no restrictions on protein molecular weight or
pl. We identified proteins with a MOWSE score over a
threshold of 57 (SwissProt) or 71 (Trembl). If the score was
only slightly higher than the threshold value or the
sequence coverage was too low, we confirmed the identity
of the protein candidate by MS/MS analysis. In addition to
the above MASCOT settings, a fragment mass tolerance of
0.6 Da and instrument-type MALDI-TOF-TOF was applied

© 2011 Blackwell Publishing Ltd, Clinical & Experimental Allergy, 41 : 1031-1043
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to search MS/MS spectra. Amino acid sequences of
identified proteins were analysed using the multiple
sequence alignment software Clustal W (http://www.
ebi.ac.uk/clustalw).

Basophil activation test

Flow cytometric basophil activation tests were performed
after stimulation of blood cells with four isolated wheat
allergens [AAI 0.19, LTP, thaumatin-like protein (TLP) and
wheatwin] or control (PBS, anti-IgE), as described pre-
viously [14]. The same blood samples were obtained from
the patients, disease controls and healthy donors (Table 1).
Briefly, 100 uL of heparinized whole blood and 10 uL of
stimulation buffer were incubated (30 min at 37 °C) con-
taining commercially available wheat extract (1000 IC/mL
Stallergens, Antony Cedex, France) or selected allergens
(concentration 1 mg/mL) diluted 1 : 10.

After incubation, the samples were transferred on ice
and stained with mAb anti-(cluster differentiation)
CD203/PE (Beckman Coulter) and anti-CD63/FITC (Exbio,
Prague, Czech Republic) for 15min. Erythrocytes were
lysed using ammonium chloride. After washing the cells,
we measured the percentage of activated basophils ex-
pressing CD63 and CD203c by flow cytometry (FC500,
Beckman Coulter). Before this study, the basophil activa-
tion test had been performed in a pilot study in patients
(seven per allergen) with AAI 0.19, LTP, TLP and wheatwin
for four increasing dilutions (1:2, 1:10, 1:50 and
1:100). On the basis of these data, allergen dilution 1 : 10
was selected as optimal. No basophil activation could be
induced in the controls. The ROC analysis of basophil
activation was performed for all four proteins to deter-
mine the optimal cut-off values. Values above the cut-off,
90 of activated basophils for AAI 0.19 and LTP, 11.9% for
TLP and 16% for wheatwin, were considered as positive.

Results

Preparation of salt-soluble wheat proteins and
fractionation in Rotofor™ cells

Salt-soluble proteins of molecular mass ranging from 5 to
120kDa were extracted from the flour of the wheat
cultivar Akteur (T. aestivum) were separated using Ami-
con 100k, 30k and 10k filter devices and were character-
ized by SDS-PAGE (Fig. 1a; lane 0). Protein aggregates
were efficiently removed in the step with Amicon 100k
filter device. Fraction 1 consisted mainly of proteins with
molecular mass between 100 and 30 kDa, whereas fraction
II contained only low-molecular-mass components below
30 kDa.

Proteins in fraction I (Fig. 1a, lane I) were further
purified in the Rotofor™ cell. Liquid-phase IEF consider-
ably purified wheat proteins and yielded 20 fractions
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Fig. 1. SDS-PAGE analysis of wheat flour PBS extracts (a) and Rotofor™
fractions (b and c). (a) Spectrum of wheat flour proteins extracted with
PBS (0) and purified using Amicon 100k and 30k filter devices (fraction
I). Fraction I was concentrated using a 10k filter device (fraction II). (b
and c) Proteins from fractions (b) I and (c) Il were separated by liquid-
phase isoelectric focusing in Rotofor®™ cell into 20 fractions (R1-R20). All
gels were stained with Coomassie brilliant blue.

(R1-R20) with pH ranging from 3.0 to 9.4, as documented
by SDS-PAGE (Fig. 1b). Fractions R6-R13 contained
predominantly protein bands of 50kDa, fractions R19
and R20 contained proteins of 20-40kDa, fractions
R7-R18 contained proteins of molecular mass below
20kDa and fractions R11-R20 were enriched in low-
molecular-mass components below 10kDa. Because of
their high protein content and their reactivity with IgE
Abs from patients’ sera (data not shown), eight Rotofor™
fractions (R7, R11, R14-R18 and R20) were selected for
further purification by HPLC.

Similarly, proteins from fraction Il were separated in the
Rotofor™ cell into 20 fractions with pH ranging from 3.7
to 9.5. Proteins were detected in nine fractions (R8-R16)
and were enriched in fractions R13 and R14 (Fig. 1c). Four
Rotofor®™ fractions (R9, R10, R13 and R14) were selected
for purification by HPLC.

Purification and identification of major wheat allergens by
high-performance liquid chromatography and mass
spectrometry

Selected Rotofor™ fractions were further purified by HPLC
(PLRP-S column) and the resulting fractions were
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Fig. 2. (a) Examples of the chromatographic profiles of Rotofor® fractions R18, R15, R11, R7 and R20 (shown in Fig. 1b) and fraction R14 (shown in Fig.
1c) obtained from reversed-phase HPLC. The HPLC fraction numbers (H1-H20) and the peaks with arrows indicate purified and identified wheat proteins
corresponding to those listed in Table 2. (b) Coomassie blue staining of selected wheat proteins purified by HPLC and separated by SDS-PAGE. The HPLC
fraction numbers indicate the bands corresponding to the allergens identified in Table 2.
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analysed by SDS-PAGE. Figure 2a shows the chromato-
grams of six Rotofor™ fractions (five obtained from
Amicon fraction I - R7, R11, R15, R18 and R20, and one
from fraction II - R14). All HPLC fractions were analysed
by immunoblotting using patients’ pooled sera (data not
shown) and fractions containing separated IgE-binding
proteins were selected for identification by MALDI-TOF
mass spectrometry. Using these methodological ap-
proaches and protein database searches, we succeeded in
identifying 27 wheat proteins (Table 2). These IgE-binding
proteins were detected in 20 HPLC fractions, H1-H20.
SDS-PAGE analysis and Coomassie blue staining of these
fractions (Fig. 2b) revealed six well-resolved peaks (frac-
tions H1, H7, H8, H10, H12 and H17), each corresponding
to a single protein band of sufficient yield (Table 2). The
first peak (H1) corresponded to AAI, AAI 0.19, which had
been eluted uncontaminated after HPLC separation of
Rotofor™ fraction R18 (Figs 2a and b). Rotofor™ fractions
R14-R17 contained AAI 0.19 with decreasing amounts of
0.19 dimeric AAI (H2b) and AAI 0.28 (H3b) proteins (see
R15 Fig. 2a). Other identified proteins, such as wheatwin
(H17) and TLP (H12), were observed only in Rotofor®™
fraction R20. Protein AATI CM3 (H7) was identified in all
Rotofor™ fractions, except for R20, separated by HPLC,
whereas endogenous protein AATI (H8) was found in
Rotofor® fractions R14-R18. LTP (H10) was isolated
primarily from Rotofor® fraction R14, which had been
obtained especially from fraction II. The other HPLC
fractions (H13, H14, H15 and H16) contained mixtures of
proteins, including peroxidase, tritin, xylanase inhibitor
protein (XIP), endochitinase and class II chitinase. HPLC
fraction H4 contained proteins AATI CM2 and CM16 and
fraction H6 contained AAI 0.53 and CM17 protein. HPLC
fraction H11 contained a mixture of five members of the
serpin family. Fractions H5, H9, H18 and H19 contained
one major IgE-binding protein together with small
amounts of other proteins. Fraction H20 contained a low
amount of B-glucosidase. Out of the 27 identified proteins,
the following seven are new potential wheat allergens:
endogenous a-amylase/subtilisin inhibitor, trypsin/AAI
CMX1/CMX3, TLP, XIP-1, B-glucosidase, class II chitinase
and 26 kDa endochitinase.

Reactivity of patients’ immunoglobulin E antibodies with
isolated proteins

To characterize the intensity and frequency with which
IgE Abs bind the individual wheat components, 17 pur-
ified HPLC fractions (H1-H17) were immunoblotted with
sera from all 22 patients, 10 disease controls and
nine healthy controls. An example of the reactivity of IgE
from one patient (P1), one disease control (D1) and one
healthy control (C8) with isolated wheat proteins is shown
in Fig. 3. The data summarized in Table 3 document the
individual diversity of IgE response. However, all patients
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Fig. 3. An example of IgE immunoblotting of purified wheat proteins
with the sera of (a) one patient, (b) a disease control and (c) a healthy
control. The HPLC fraction numbers indicate the bands corresponding to
the allergens identified in Table 2.

sera tested (100%) showed positive IgE reactions with a-
amylase inhibitors AAI 0.28 (H3b), AATI CM16 and CM2
(H4), TLP (H12) and tritin (H16b). Of the 22 sera, 20 or 21
(91% or 959%) reacted with CM17 (H5), CM17 and AAI 0.53
(H6), 26 kDa endochitinase (H13b), XIP (H14a) and class II
chitinase (H14b). The frequency of recognition of other
wheat proteins was also high ranging from 54% to 86%.
The densitometric evaluation of intensity of IgE binding
on immunoblots documents the differences of binding of
individual wheat proteins (Table 3). The IgE of patients
reacted with the highest intensity (median 6.0-8.0) with
the following already known allergens: AATI CM16 and
CM2 (H4), CM17 and AAI 0.53 (H6), CM17 (H5) and tritin
(H1eb), as well as with the newly identified IgE-binding
wheat components TLP (H12), 26kDa endochitinase
(H13b) and class II chitinase (H14Db). In contrast, the lowest
binding intensity was determined for AATI CM3 (H7) and
wheatwin (H17) (median 1 and 2, respectively).

We also performed IgE immunoblotting of purified
proteins with sera from 10 disease controls. Endogenous
AAI (H8) and tritin (H16b) were recognized by seven sera
(70%); other proteins were recognized by <500 sera or
did not react. Nevertheless, the intensity of IgE binding

© 2011 Blackwell Publishing Ltd, Clinical & Experimental Allergy, 41 : 1031-1043
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calculated for disease controls was low (median 0-2).
None of the sera from the nine healthy donors reacted
with any of the isolated proteins, except for low non-
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Allergen dilution

—e— AAI 0.19 (H1)
—=—LTP (H10)
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CD203¢c+ICDE3+ expression (%)

Fig. 4. (D203c/CD63 expression of basophils from seven patients in a
dose-response curve after incubation with allergens: AAI 0.19 (H1), LTP
(H10), TLP (H12) and wheatwin (H17) (dilution: 1:2,1:10, 1:50 and 1 : 100).

specific reactions of secondary anti-human IgE Ab with
TLP (H12) and tritin (H16b) (Fig. 3c).

Comparison of the identified a-amylase inhibitors

Of the 27 identified wheat allergens, 11 belonged to the
AAI family. These inhibitors could be divided into three
groups based on sequence homology obtained from the
NCBI database (compared by Clustal W program). The first
group consisted of four inhibitors, AAI 0.19, 0.53, 0.28
and 0.19 dimeric; the second consisted of five proteins,
AATI CM1, CM2, CM3, CM16 and CM17; and the third one
consisted of two inhibitors, endogenous AAI and AATI
CMX1/CMX3. Homology among the proteins in the first
group ranged from 55% to 94%. Inhibitors from the third
group showed very low sequence homologies with other
proteins. Independently on the degree of structural
homology, each of these inhibitors was found to bind

Table 4. Basophil activaton test (%)

Protein name AAI0.19 LTP TLP Wheatwin
Wash buffer Stimulation with anti-IgE
H fraction 1 10 12 17 (negative control) (positive control)
Patients
P1 80 89 ND ND 6 91
P2 89 57 70 10 92
84
P3 ND ND 14 45 5 51
P4 32 27 22 22 13 53
P5 17 19 ND ND 2 85
P6 7.7 30 34 30 5 88
P7 ND ND 19 31 12 77
P8 ND ND 11 22 10 87
P9 ND ND 15 19 11 49
P10 9.1 9.2 3.3 7.2 3 71
P11 ND ND 15 24 5 96
P12 3.3 6.5 ND ND 2 93
P13 ND ND 12 19 10 79
P14 12 9.5 ND ND 7 76
P15 26 25 16 21 8 62
P16 ND ND 22 11 10 60
P17 ND ND 12 27 6 19
P18 ND ND 2.3 7.9 2 42
P19 ND ND 1.7 2.1 1.5 95
P20 5.2 4.6 ND ND 4 62
P21 ND ND 20 21 3 45
P22 ND ND 9.4 8.2 4 66
Healthy controls
C1 6.5 5.9 ND 14 4.5 61
C2 7.3 7.5 10 12 4.4 75
C3 14 6.5 6.7 10 4.1 49
C4 8.7 8.1 10 13 8 41
C5 1.7 12 7.1 9.5 1.5 45
Cé 2.4 2.7 1.5 1.7 1 55
Cc7 ND ND 11 6.1 6 45
C8 ND ND 8.2 4.3 3 57
C9 ND ND 11 14 9 58
cut-off 9 9 11.9 16

AAI a-amylase inhibitor; LTP, non-specific lipid-transfer protein; TLP, thaumatin-like protein; ND, not done.

© 2011 Blackwell Publishing Ltd, Clinical & Experimental Allergy, 41 : 1031-1043
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patients’ IgE Abs, but the intensities of their binding
varied (Table 3).

Activation of basophils from allergic patients with purified
allergens

The biological activity of purified allergens was tested
using the basophil activation test. Blood samples were
obtained from 22 patients with clinical symptoms of
wheat allergy and with positive basophil activation tests
to a commercial wheat extract, from 10 disease controls
and from nine healthy donors. These blood samples were
exposed to four isolated wheat proteins, AAI 0.19 (H1),
LTP (H10), TLP (H12) and wheatwin (H17). A bell-shaped
dose-response curve for all four allergens was obtained
(Fig. 4) and the optimal dilution was selected (1 :10).
Positive cell activation was detected in response to LTP in
eight out of 10 patients (80%), to AAI 0.19 in seven out of
10 patients (70%) and to TLP and wheatwin in 12 out of 17
patients (71%) (Table 4).

We compared the number of patients positive for
allergens AAI 0.19, LTP, TLP and wheatwin in either IgE
immunoblot or in the basophil activation test (analysing
both IgE binding and cell activation). We have shown that
for all allergens tested in IgE immunoblot, the proportion
of positive cases ranged from 60% to 100%. This propor-
tion was somewhat lower in the basophil activation test
and the range was more narrow (70-809%).

Discussion

Extensive analysis of allergenic molecules is necessary for
allergy diagnosis and treatment. We developed a new,
rapid procedure for isolation of wheat flour allergens in
amounts allowing subsequent structural and functional
analysis. We succeeded in purifying relevant IgE binding
proteins from a water/salt-soluble extract of wheat flour
using Amicon devices, Rotofor®™ and HPLC techniques.
The advantage of Rotofor™ (protein separation based
on pl value - preparative IEF) is its capacity to optimally
fractionate milligrams to grams of total protein. However,
the apparent pl of Rotofor™ fractions may not exactly
match the predicted pl of separated proteins; these pro-
teins may be rather spread over two or more fractions [35].
With isolation of natural non-denatured allergen epitopes
in mind, we used native (liquid-phase) preparative IEF
that resulted in substantial protein enrichment and pro-
vided the basis for a successful isolation of native aller-
gens. The purification of individual water/salt-soluble
wheat proteins from their mixtures included the prepara-
tive reversed-phase HPLC. The purified proteins were
subsequently analysed by SDS-PAGE, and IgE-binding
proteins (selected by immunoblot) were identified by
MALDI-TOF mass spectrometry. This isolation scheme
yielded 27IgE-binding wheat proteins, including the

© 2011 Blackwell Publishing Ltd, Clinical & Experimental Allergy, 41 : 1031-1043

following previously described proteins: AAls (Tri a 28;
Tria 28.0101; Tri a 29; Tri a 30; Tri a CM16 and Tri a aAl),
non-specific LTP (Tri a 14), peroxidase, serpins and B-
amylase (identified on 1D or 2D electrophoresis - 14, 16,
30). Some of them were purified here for the first time. In
addition, we newly identified the following potential
allergens: endogenous o-amylase/subtilisin inhibitor,
trypsin/AAl CMX1/CMX3, TLP, XIP-1, B-glucosidase,
class II chitinase and 26 kDa endochitinase as associated
with food allergy. The fact that some of these proteins do
not match wheat components identified so far (such as
26 kDa endochitinase, B-glucosidase) could be explained
by the lack of knowledge of the complete genome. The
corresponding protein/peptide sequences of wheat may be
missing in the current databases.

The findings of the reactivity of patients’ IgE with AAls
are not unambiguous. For instance, although the endo-
genous o-amylase/subtilisin inhibitor has not been re-
ported as an allergen [25], we observed a reactivity of this
purified protein with IgE Abs from 19 out of the 22
patients, albeit with only medium intensity (median 4). In
previous studies, purified AATI CM3 but not CM2 or CM16
reacted with IgE from patients [17], and SPTs were
positive with CM3 and CM16 but not CM2 in a patient
with anaphylactic reaction to wheat flour [36]. We found
that the most frequently recognized AAIs were 0.28 AAI
and a mixture of CM 16 and CM2, all of them reacting with
IgE Abs of our patients. However, the frequency of IgE
biding with other inhibitors, such as 0.19 AAI, 0.19
dimeric and CM17 was also high.

We succeeded in identifying and purifying wheat LTP, a
food panallergen that is also a major allergen associated
with baker’s asthma [23]. We found that IgE Abs of 64%
patients in our cohort reacted with our purified wheat LTP,
which is a higher percentage then previously reported
(41% and 28%) [16, 37]. We also purified tritin (a 29.6 kDa
ribosome-inactivating protein from T. aestivum) pre-
viously identified from the water/salt-insoluble fraction
of raw wheat [16]; its clinical relevance has not yet been
clarified. This wheat component was recognized by all our
patients (22/22) with high binding intensity (median 8),
and also by some of our disease controls (7/10, median 2).

TLP is one of the successfully isolated new IgE-binding
wheat proteins associated with food allergy. In our cohort,
TLP was recognized by IgE Abs of all 22 patients and the
intensity of IgE binding (median 8) was significantly
higher when compared with disease controls (median 1).
TLP, as well as wheatwin, are members of the family of
pathogenesis-related proteins, which play a role in plant
defence. TLP is an important allergen in several fruits,
such as apples, cherries, kiwis and grapes [38-40], and
wheat TLP has recently been reported as the allergen in
baker’s respiratory allergy [41]. We showed previously
that wheatwin-2 is an IgE immunoreactive protein [14],
and the results presented here showed that wheatwin-1
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and wheatwin-2 have sequence homology of 97%. Using
MALDI-TOF mass spectrometry, we observed at least two
unique peptides for each wheatwin sequence (data not
shown). Furthermore, we have shown for the first time
that newly identified wheat components, such as TLP and
wheatwin bind to IgE from patients and can activate
patients’ basophils to an extent comparable with that of
the well-characterized allergens, AAI 0.19 (Tri a 28.0101)
and LTP (Tri a 14).

In addition, we purified other new IgE-binding wheat
components, such as XIP, class II chitinase and 26 kDa
endochitinase, which were not previously identified as
allergens in individuals with food allergy (XIP was identi-
fied in patients with baker’s asthma [41]) These components
reacted strongly (median 5.5-7.0) with the vast majority of
patients’ IgE Abs (20/22, 21/22 and 21/22, respectively) and
with a lower intensity (median 0-1.5) and frequency (2/10,
5/8 and 5/9) with IgE of disease controls.

In conclusion, using preparative liquid-phase IEF and
HPLC, we have developed a new procedure enabling us to
purify native forms of wheat allergens in amounts suffi-
cient for further structural and functional studies. The
advantage of this approach is that it can be easily
modified for isolation of various allergens (by changing
pl range in Rotofor™ or HPLC elution profile). We purified
27 IgE-binding wheat components, including seven new
ones. We have shown for the first time that purified
allergens, such as AAI 0.19, LTP, TLP and wheatwin, can

activate patients’ basophils, confirming that our purified
proteins maintain their biological activity.

Interestingly, wheat proteins, CM17 (H5), CM17 and
AAI 0.53 (H6) as well as newly identified TLP (H12), 26
kDa endochitinase (H13b), XIP (H14a) and class II chit-
inase (H14b), were shown to belong to those reacting with
the highest frequency and intensity with IgE of patients
(median 5.5-8) and with low intensity with IgE of disease
controls (median 0-1). These proteins may be candidates
for clinically relevant wheat allergens.

Our isolation procedure will allow preparation of native
allergens for studies of their structural features (linear and
conformational epitopes), including the impact of post-
translational modifications (e.g. glycosylation) on aller-
genicity. Better knowledge of the allergenicity of native
proteins could lead to a selection of an appropriate vector
for recombinant allergen preparation, improving both
diagnostic tests and therapy.
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2.3. Mouse model of food allergy

In this study we showed that irreversible chanigesecondary structure of egg
allergen ovalbumin (OVA) caused by thermal progegsignificantly affect its digestion
by gut enzymes and decrease its allergenicityemtbuse model of food allergy. Effect of
increased temperature (70°C and 95°C) on OVA segnstructure was characterized by
circular dichroism and by the kinetics of pepsigedition with subsequent HPLC.

Publication:

Heat-induced structural changes affect OVA-antigenprocessing and reduce
allergic response in mouse model of food allergy.
Golias J, Schwarzer M, Wallner M, Kverka M, Kozakod, Stitkova D, KlimeSova
K, Sotkovsky P, Palova-Jelinkova L, Ferreira F intkova L.

PL0S One. 2012; 7(5): e37156.

Egg white contains several allergens such as owalh ovomucoid,
ovotransferin and lysozyme. Forming approximated9o6of the total egg white protein,
OVA is by far the most abundant of them [Huntingginal., 2001]. Like the majority of
food allergens OVA is consumed after thermal prsicgsand these conditions can have a
major impact on the molecular structure, suscdptibio enzymatic digestion in the
gastrointestinal tract and allergenicity. Howevtdre impact of different temperature
treatment on the changes in the secondary struofu@VvA and on its ability to induce
clinical symptoms of food allergy hasn’t been stublin detail.

BALB/c mice were sensitized intraperitoneally addallenged with repeated
gavages of OVA or OVA heated to 70°C (h-OVA). Lewvaf allergen-specific serum
antibodies were determined by ELISA (IgA and Ig@shy 3-hexosaminidase release test
(IgE). Specific activities of digestive enzymes weetermined in brush border membrane
vesicles of jejunal enterocytes. Cytokine productimd changes in regulatory T cells in
mesenteric lymph nodes and spleen were assesdedi®p and flow cytometry. Heating
of OVA to 70°C caused mild irreversible changessatondary structure compared to

37



boiling to 95°C (b-OVA), but both OVA treatmentsdléo markedly different digestion
kinetics and Tregs induction ability in vitro, coarpd to native OVA.

Although both heated and native OVA induced altedjarrhea in BALB/c mice,
the disease symptoms appeared much earlier ancavitsher frequency in OVA fed mice
than in those fed with h-OVA. Allergic diarrhea &aped in about 70% of mice already
after the 5th i.g. dose of OVA, but only in 20% tbbse fed with h-OVA. After 7 i.g.
doses, the disease symptoms were found in moredth&n of OVA fed animals, but only
in 35 % of those fed with h-OVA. At the end of tixeperiment (10 i.g. doses), the diarrhea
was found in all mice fed with OVA, but only in 708bmice fed with h-OVA.

To determine the effect of thermal processinghaf allergen on the level and
specificity of anti-OVA antibodies, the serum levelf IgE, 19G1, IgG2a and IgA against
either OVA or h-OVA were determined in the cour$ehe experiment. The level of IgE
anti-OVA Abs was higher in response to native OWart to h-OVA. In contrast, OVA-
specific IlgG2a was significantly higher after h-OVéeding. The levels of the other two
isotypes (IgG1l and IgA) were increased comparedcdatrols but the differences
corresponding to the two OVA forms were diminishedards the end of experiment. At
the end of the experiment, we characterized theifspgy and the degree of cross-
reactivity of anti-OVA antibodies using ELISA withVA, h-OVA or b-OVA bound as an
antigen.

Increase of allergen-specific IgE is essential foast cell activation and
development of allergic diarrhea symptoms. We deitezd the level of MMCP-1 enzyme
as the marker of mast cell activation and degraiamaln this case, the reducing effect of
thermal processing was clearly demonstrated; tk8/A-induced only half the level of
serum MMCP-1 compared to the native OVA.

Local and systemic cell responses to OVA and h-Q¥éke evaluated in all three
groups of animals as in vitro cytokine productionNdLN and splenocytes after exposure
to corresponding allergens. The levels of TWHL-4, IL-5, IL-10 and IL-13 were higher
in culture media obtained from MLN exposed to mat®@VA. The differences in cytokine
secretion were less pronounced in the experimeiits splenocytes cultures. Only the
production of IFNy was higher after exposure to h-OVA as compared\a.

Further, we analysed the changes in Tregs in spé@el MLNs of OVA-, h-

OVA- and PBS-treated mice at the end of the expamimIn spleen we observed a
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decrease in Tregs in h-OVA treated mice, as conapréOVA- and PBS-treated mice.
Only a non-significant increase was found in MLN§ loOVA treated mice. To
characterize the effect of heating and enzymatgestion on T cell subpopulations,
especially on regulatory T cell differentiation more detail, splenocytes from naive
(untreated) BALB/c mice were cultured in vitro @thwith OVA, h-OVA or b-OVA as
well as with their peptic digests. The vitro stimulation of splenocytes with undigested
heated proteins led to a slight increase in progomf CD4+Foxp3+ Treg cells compared
to native form of OVA. Interestingly, 20 min pepttigests of heated forms of OVA
induced increased proportion of Tregs, but thiditgbdlecreased again after 40 min of
digestion. In contrast the pepsin digestion did clednge the ability of native OVA to
slightly increase the proportion of Tregs.

In conclusion, we showed that even a mild changié secondary structure of
OVA after thermal processing has far-reaching cgueeces concerning its antigenic
properties. After digestion of h-OVA, fragments lwdifferent immunogenic properties are
formed leading to the shift from Th2 to Thl-typspense as compared to native OVA.
Nevertheless, the h-OVA fragments still have thifitglio induce allergic symptoms, but

these are less pronounced and need longer timevedap.

39



OPEN a ACCESS Freely available online PLOS one

Heat-Induced Structural Changes Affect OVA-Antigen

Processing and Reduce Allergic Response in Mouse
Model of Food Allergy

Jaroslav Golias'®, Martin Schwarzer®*®, Michael Wallner3, Miloslav Kverka', Hana Kozakova?,
Dagmar Srutkova?, Klara Klimesova', Petr Sotkovsky', Lenka Palova-Jelinkova’, Fatima Ferreira3,
Ludmila Tuckova'

1 Department of Immunology and Gnotobiology, Institute of Microbiology, v.v.i., Academy of Sciences of the Czech Republic, Prague, Czech Republic, 2 Department of
Immunology and Gnotobiology, Institute of Microbiology, v.v.i,, Academy of Sciences of the Czech Republic, Novy Hradek, Czech Republic, 3 Christian Doppler Laboratory
for Allergy Diagnosis and Therapy, Department of Molecular Biology, University of Salzburg, Salzburg, Austria

Abstract

Background and Aims: The egg protein ovalbumin (OVA) belongs to six most frequent food allergens. We investigated how
thermal processing influences its ability to induce allergic symptoms and immune responses in mouse model of food
allergy.

Methodology/Principal Findings: Effect of increased temperature (70°C and 95°C) on OVA secondary structure was
characterized by circular dichroism and by the kinetics of pepsin digestion with subsequent HPLC. BALB/c mice were
sensitized intraperitoneally and challenged with repeated gavages of OVA or OVA heated to 70°C (h-OVA). Levels of
allergen-specific serum antibodies were determined by ELISA (IgA and IgGs) or by B-hexosaminidase release test (IgE).
Specific activities of digestive enzymes were determined in brush border membrane vesicles of jejunal enterocytes.
Cytokine production and changes in regulatory T cells in mesenteric lymph nodes and spleen were assessed by ELISA and
FACS. Heating of OVA to 70°C caused mild irreversible changes in secondary structure compared to boiling to 95°C (b-OVA),
but both OVA treatments led to markedly different digestion kinetics and Tregs induction ability in vitro, compared to
native OVA. Heating of OVA significantly decreased clinical symptoms (allergic diarrhea) and immune allergic response on
the level of IgE, IL-4, IL-5, IL-13. Furthermore, h-OVA induced lower activities of serum mast cell protease-1 and enterocyte
brush border membrane alkaline phosphatase as compared to native OVA. On the other hand h-OVA stimulated higher
IgG2a in sera and IFN-y secretion by splenocytes.

Conclusions: Minor irreversible changes in OVA secondary structure caused by thermal processing changes both its
digestion and antigenic epitopes formation, which leads to activation of different T cell subpopulations, induces shift
towards Th1 response and ultimately reduces its allergenicity.
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Introduction Depending on the route of exposure, dose of allergen and the
presence of suitable adjuvant, the immune response can result in

3 1 3 Q0 . .. . . .
Food allergy is a serious health concern affecting 6-8% of young either sensitization or oral (mucosal) tolerance induction [4-6]. In

children and about 2-4% of adults. Allergies to eggs, milk and
peanut are currently the most frequent food allergies and their
prevalence, severity and persistence has been increasing during the
last decades. Food allergy is considered mainly as an IgE-mediated
type I hypersensitivity, characterized by an increased production
of IgE antibodies and Th2 cytokines, common markers found both
in human disease and in experimental models [1-4].

mouse models of food allergy, oral administration of allergen
usually results in oral tolerance induction, but its co-administration
with strong mucosal adjuvant such as cholera toxin or with anti
acid drugs (increasing gastric pH) could be used for allergic
sensitization [7-10]. Another reliable and effective approach to
overcome the oral tolerance induction is pretreatment of mice by
systemic intraperitoneal (z.p.) administration of allergen with
aluminum hydroxide (alum) as adjuvant followed by repeated

@ PLoS ONE | www.plosone.org 1 May 2012 | Volume 7 | Issue 5 | 37156



intra-gastric treatments. This experimental model mimics a mild
form of human allergy with IgE-mediated mast cell degranulation
causing increased small intestine permeability [2,11,12] with
diarrhea as one of the symptoms of anaphylaxis. Histological
examination of small intestine reveals changes of epithelium, e.g.
alteration in number of goblet cells and mucin production and the
damage of tips of villi, as well as changes of lamina propria, e.g.
increased cell infiltration and/or activation [13-15].

The mucosa of small intestine is an actively metabolizing,
rapidly proliferating, absorptive epithelium with nutritional and
homeostatic functions. The activity of brush border enzymes is
sensitive marker of intestinal cell differentiation and postnatal
development, reflecting both dietary changes and microbial
colonization [16—-18]. Partial and subtotal atrophy of the villous
apparatus was shown to correlate with the activity and expression
of alkaline phosphatase [19]. Moreover, this enzyme may be also
mvolved in host’s defense against pathological stress-induced
damage, such as during inflammation and infection [20].

Egg white contains several allergens such as ovalbumin (OVA),
ovomucoid, ovotransferin and lysozyme. Forming approximately
60% of the total egg white protein, OVA is by far the most
abundant of them [21]. Like the majority of food allergens OVA is
consumed after thermal processing and it has been shown that
after heating its molecular structure as well as allergenicity is
altered [22,23]. However, it should be considered that egg
allergens are processed at different temperatures (baked, scram-
bled or soft/hard boiled eggs or even native as whipped egg white)
and these processing conditions can have a major impact on the
secondary structure, susceptibility to enzymatic digestion in the
gastrointestinal tract and allergenicity. Partial decrease of IgE
binding after OVA thermal processing suggested that both linear
and conformational epitopes participate in the OVA-IgE specific
interactions [22-24]. Moreover, heating of allergens can lead to
their aggregation, which reduces their absorption and transport
through epithelial layer and thus decreases their allergenicity [25].
However, the impact of different temperature treatment on the
changes in the secondary structure of OVA and on its ability to
induce clinical symptoms of food allergy hasn’t been studied in
detail.

In the present study we show that heating of hen egg allergen
OVA to 70°C has only minor effect on its secondary structure.
However, these minor changes lead to different kinetics and
occurrence of fragments after digestion. This result in activation of
different T cell subpopulations and changes in both cytokine
production and specific antibody formation, which leads to
significant reduction of egg allergy symptoms.

Materials and Methods

Ethics Statement

All animal experiments were approved by the Laboratory
Animal Care and Use Committee of the Institute of Microbiology
v.v.i., Academy of Sciences of the Czech Republic, approval ID:
94/2006 and 244/20009.

Animals

Two month-old female BALB/c mice (/-2b) (Animal facility of
the Institute of Physiology ASCR, Czech Republic) were kept
under standard conditions, fed by OVA-free diet and water ad
libitum.

Ovalbumin Preparation

For u.p. sensitization, OVA (Worthington, Lakewood, NJ, USA)
and heated OVA (h-OVA; prepared by exposure of OVA to 70°C

@ PLoS ONE | www.plosone.org
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for 10 minutes, enabling accurate and reproducible dosing) were
dissolved in phosphate-buffer saline (PBS) to a final concentration
of 300 pug/ml containing 5 mg/ml of alum adjuvant (Sigma,
Steinheim, Germany). For oral administration, OVA and h-OVA
were dissolved in PBS to a final concentration of 100 mg/ml. For
wn vitro studies boiled OVA (b-OVA) was prepared by exposure of
OVA to 95°C for 10 minutes. EndoGrade® Ovalbumin (Hyglos
GmbH, Germany) with endotoxin content <1 EU/mg was used
for enzymatic digestion and u vitro stimulation.

Circular Dichroism

Protein secondary structure elements were determined by CD
spectroscopy. Spectra were recorded in 5 mM sodium phosphate
buffer (pH 7.4) with a JASCO J-815 spectropolarimeter fitted with
a PTC-423S Peltier single position cell holder (Jasco, Tokyo,
Japan). All spectra are baseline-corrected and presented as mean
residue molar ellipticity [@]yrw at a given wavelength. Thermal
denaturation of proteins was monitored from 20°C to 70°C or
from 20°C to 95°C at the fixed wavelength of 222 nm with
a temperature slope of 1°C/min. The melting point (T'm) was
calculated from the inflection point of the resulting sigmoid curve

[26].

Enzymatic Digestion and HPLC Separation of Ovalbumin
Fragments

Peptides of OVA, h-OVA or b-OVA were prepared using
pepsin-agarose gel similarly as described previously [27]. Briefly,
digestion of proteins was stopped after 20, 40, or 60 minutes by
removing the pepsin-agarose gel by centrifugation (10 min;
1500 g) and by neutralization with 1 M NaOH to final pH 7.
Digested or undigested proteins were separated using SP 250/10
NUCLEOSIL 300-7 C18 column (Macherey-Nagel, Diiren,
Germany) on the HPLC system Gold 125NM Solvent Module
(Beckman Coulter, Miami, L, USA). Samples were applied on
columns and separated as described previously [27]. For i vitro
stimulations, digests were dissolved in complete RPMI-1640
(Sigma-Aldrich, St. Louis, MO, USA) to a final concentration of
500 pug/ml.

Experimental Protocol

Mice were divided into the three groups according to the
treatment — OVA, h-OVA and PBS (controls). Mice were
sensitized 7.p., with a two week interval, with 60 pg of either
OVA or h-OVA together with 1 mg of alum in a final volume of
200 pul PBS on day 1 and 14. Control mice received only 200 pl
PBS containing 1 mg of alum. Two weeks later, the mice were
challenged 10 times at 2-3 days intervals by z.g. gavages of 15 mg
of OVA in a final volume of 150 pl PBS. Diarrhea was assessed
visually by monitoring mice for 30 minutes after each ¢.g. exposure.
Body weight was recorded before gavage and rectal temperature
both before and 30 minutes after each z.g. exposure.

Quantification of OVA-specific Antibodies and Mast Cell
Protease-1

Blood samples were collected before the first 7.p. injection,
during the experiment and at sacrifice. Allergen-specific serum
IgG1, IgG2a and IgA levels were determined by ELISA [28].
Briefly, 96-well microtiter plates were coated either with OVA, h-
OVA or b-OVA (5 pug/ml). Serum samples were diluted 1/10000
for IgG1, 17100 for IgG2a and 1/10 for IgA. Rat anti-mouse
IgG1, IgG2a and IgA antibodies (Abs) (1 ng/ml Pharmingen, San
Diego, CA, USA) were applied, followed by peroxidase-conjugat-
ed mouse anti-rat IgG Abs (1/1000; Jackson, Immuno Labs., West
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Grove, PA, USA) for detection. Antibody levels were reported as
optical density (OD). As it was shown that allergen-specific IgG
interferes with allergen-specific IgE detection [29], allergen-
specific IgE levels in sera were quantified by degranulation of
rat basophil leukemia (RBL-2H3) cells (originally described by
[30], kindly provided by prof. Ursula Wiedermann). RBL-2H3
cells were plated in 96-well tissue culture plates (4x10* cells/per
well) and passively sensitized by incubation with mouse sera in
a final dilution of 1/90 for 2 hours. After washing, OVA, h-OVA
or b-OVA (0.6 pg/ml) were added for 30 min at 37°C to induce
degranulation. Supernatants were incubated with 4-methylum-
belliferyl-N-acetyl-B-D-glucosaminide (Sigma-Aldrich, St. Louis,
MO, USA) for analysis of B-hexosaminidase using a fluorescence
microplate reader (Ae:360 nm/A.,,:465 nm) Infinite M200 (Te-
can Group Ltd., Grodig, Austria). Results are reported as
percentage of total P-hexosaminidase release from cells after
disruption with 1% Triton X-100.

Levels of serum mouse mast cell protease-1 (MMCP-1) enzyme
were determined by commercial kit (eBioscience, San Diego, USA)
according to manufacturer’s instructions. Sacrifice sera were
diluted 1/250 and the MMCP-1 levels are reported as ng/ml.

Cell Culture and Cytokine Evaluation

Mesenteric lymph nodes (MLN) and spleens were removed at
sacrifice. Single-cell suspensions were prepared in RPMI-1640
containing 10% fetal bovine serum (BioClot GmbH, Aidenbach,
Germany) and 1% Antibiotic-Antimycotic solution (Sigma-Al-
drich). Cells (6x10°/well) were cultured in a flat-bottom 96-well
plate (TPP, Trasadingen, Switzerland) without any stimuli or in
the presence of either OVA or h-OVA (100 pg/well) for 72 hours
(37°C, 5% COy). Supernatants were collected and stored at —40°C
until analyses. IL-4, IL-5, IL-6, IL-10, IL-13, IL-17, INF-y and
TNF-oo were determined by the MILLIPLEX MAP Mouse
Cytokine/Chemokine Magnetic Panel (Millipore, Billerica, USA)
according to manufacturer’s instructions and analyzed with the
Bio-Plex System (Bio-Rad Laboratories, Hercules, USA) with
sensitivities <0.3 pg/ml for IL-4, <0.8 pg/ml for IL-5, <2.1 pg/
ml for IL-6, <2.6 pg/ml for IL-10, <12.4 pg/ml for IL-13,
<0.7 pg/ml for IL-17, <1.1 pg/ml for IFN-y and <3.1 pg/ml
for TNF-o. Values are reported in pg/ml after subtraction of
baseline levels of non-stimulated cultures. Values below assay
sensitivity were considered non-detectable (n.d.). In order to
measure the capacities of OVA, h-OVA and b-OVA and their
peptic digests (100 pg/well) to induce Tregs, we cultivated them
with naive mouse splenocytes for 48 hours.

Flow Cytometry Analysis

Single-cell suspensions of spleens or MLN were stained for
regulatory T cells using Foxp3 Staining Buffer Set (eBioscience,
San Diego, CA, USA) with fluorochrome labeled anti-mouse
monoclonal Abs: CD3e-Fluorescein isothiocyanate (eBioscience;
clone 145-2C11), CD4-Qdot® 605 (Invitrogen, clone RM4-5),
CD25-Alexa Fluor® 700 (eBioscience; clone PC61.5) and Foxp3-
phycoerythrin (eBioscience; clone FJK-16s) according to the
manufacturer’s recommendation. Flow cytometric analysis was
performed on LSRII (BD Biosciences, San Jose, CA, USA) and
data were analyzed using Flow]Jo software (Tree Star, Ashland,

OR, USA).

Determination of Enterocyte Brush-border Enzyme
Activities

Jejunum was removed, washed with cold saline and brush
border membrane vesicles (BBMV) were prepared from jejunal
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scrapings as described by Kessler et al. [31]. Protein concentration
in BBMV was determined by the method of Lowry et al. [32] using
bovine serum albumin, fraction V (Serva, Heidelberg, Germany)
as standard. The activity of alkaline phosphatase (EC 3.1.3.1), -
glutamyltranspeptidase (EC 2.3.2.2), dipeptidyl peptidase IV (EC
3.4.14.5), lactase (EC 3.2.1.23/62/108) and sucrase (EC 3.2.1.48/
10) were determined as described previously [33]. Enzyme
activities were expressed in nkat/mg protein, 1 nkat being the
amount of the enzyme that converts 1 nmol of substrate per
second under the given conditions.

Histology and Morphometry

Intestinal tissue sections were fixed immediately in 4% formalin.
The fixed tissues were cut and processed using routine methods.
Paraffin sections (5 um) were deparaffinized in xylene, rehydrated
through an ethanol gradient to water and stained by hematoxylin-
cosin. Villus height was evaluated under the Olympus BX 40
microscope equipped with Photo camera DP 70 using program
QuickPhoto Micro 23 program (Olympus, Japan). The mean
height of 20-30 villi £ SEM was calculated.

Statistical Analysis

Differences between multiple experimental groups were evalu-
ated by one-way analysis of variance (ANOVA) with Tukey’s
multiple comparison test, and differences between two groups
were evaluated using unpaired two-tailed Student’s f-test. Data
were expressed as the mean * SEM unless otherwise stated.
GraphPad Prism statistical software (version 5.03 GraphPad
Software, La Jolla, CA, USA) was used for analyses.

Results

The Effect of Thermal Processing on OVA Secondary
Structure and Enzymatic Digestion

Since eggs could be consumed after various kinds of processing,
we analyzed the effect of different temperatures on the secondary
structure of OVA allergen. Employing the circular dichroism
technique, we found that heating to 70°C or 95°C causes
irreversible changes in secondary structure of OVA allergen
(Fig. 1). The structural changes induced by heating were
accompanied by different susceptibility to pepsin digestion. HPLC
elution profiles of pepsin-digested OVA, h-OVA or b-OVA were
documented after 20 and 40 minutes (Fig. 2). The majority of
native OVA was split to fragments after 20 min, while the majority
of both forms of heated OVA remained undigested. However,
while both h-OVA and b-OVA had similar peptide profiles after
20 or 40 min of digestion, these were both quite different from
those of untreated OVA (Fig. 2). The profiles after 40 min of
digestion remained almost unchanged after 60 min of digestion
(data not shown).

Experimental Allergic Diarrhea Induced by OVA and
Heated-OVA

Allergic diarrhea appeared in about 70% of mice already after
the 5" 1.g. dose of OVA, but only in 20% of those fed with h-
OVA. After 7 ig. doses, the disease symptoms were found in
more than 90% of OVA fed animals, but only in 35% of those
fed with h-OVA. At the end of the experiment (10 z.g. doses), the
diarrhea was found in all mice fed with OVA, but only in 70%
of mice fed with h-OVA (Fig. 3a, b). There were small, non-
significant differences in body weight and in rectal temperature
after each ug. dose of either OVA or h-OVA and PBS control
group (data not shown). Morphometry analysis of histological
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Figure 1. Circular dichroism spectra of native and heated-OVA.
Circular dichroism spectra showed only minor irreversible structural
changes of hen egg ovalbumin-OVA heated for 10 minutes at 70°C (h-
OVA, dotted line) as compared to OVA heated at 95°C (b-OVA, dashed
line). Spectra were taken after renaturation at 20°C, native conformation
of OVA at 20°C is shown as control (solid line).
doi:10.1371/journal.pone.0037156.g001
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pictures documented shortening of villi in mice treated with
cither form of OVA, as compared to PBS-treated controls (PBS
190.2%5.1 um, OVA 157.7+14.0¥ um, h-OVA 161.4%=6.0%*

wm).

OVA and h-OVA Treatment Changes Activity of Brush-
border Hydrolases

The brush-border membrane hydrolases are enzymes involved
in the final steps of digestion processes. We tested if these enzymes
are involved in small intestine homeostasis and could be therefore
considered as new markers in food allergy. We determined their
activities in the jejunum of OVA-, h-OVA- and PBS-treated mice
(Table 1). We found that the specific activity of alkaline
phosphatase was significantly higher in mice treated with native
OVA but only slightly increased in those exposed to h-OVA, as
compared with PBS-treated mice. On the other hand, as
compared to PBS-treated controls, both OVA and h-OVA
treatments significantly decreased the specific activity of dipeptidyl
peptidase IV. We did not observe any significant changes among
the three experimental groups in the levels of glutamyl
transpeptidase, lactase or sucrase (Table 1).

Thermal Processing of OVA Changes the Kinetics of OVA-
specific Antibody Responses and the Levels of Serum
MMCP-1

To determine the effect of thermal processing of the allergen on
the level and specificity of anti-OVA antibodies, the serum levels
of IgE, IgG1, IgG2a and IgA against either OVA or h-OVA were
determined in the course of the experiment. As shown in Fig. 3c
the level of IgE anti-OVA Abs was higher in response to native
OVA than to h-OVA. In contrast, OVA-specific IgG2a was
significantly higher after h-OVA feeding. The levels of the other
two isotypes (IgG1 and IgA) were increased compared to controls
but the differences corresponding to the two OVA forms were
diminished towards the end of experiment. At the end of the
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Figure 2. RP-HPLC separation profile of native-OVA and heated-OVA peptic digests. RP-HPLC separation profile monitored at 280 nm
corresponds to OVA and OVA heated at 70°C (h)-OVA or boiled at 95°C (b)-OVA undigested (0’) and after 20 (20') and 40 minutes (40’) of digestion

by pepsin. RT - retention time.
doi:10.1371/journal.pone.0037156.g002
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Figure 3. Impact of heating on OVA-induced allergic response. Experimental design (a). Mice were sensitized twice intraperitoneally (i.p.)
with OVA/AI(OH);, heated OVA (h-OVA)/AI(OH); or PBS/AI(OH); alone and subsequently challenged with ten doses of OVA, h-OVA or PBS by
intragastric tubing (i.g.). Blood samples were taken at indicated time points for antibody analysis. At the end of the experiment, spleens and
mesenteric lymph nodes were taken for FACS and cytokine assays, small intestine for histology and enterocyte brush border for enzyme activity
analysis. Occurrence of allergic diarrhea (b). Occurrence of allergic diarrhea in OVA (solid line) or h-OVA (dotted line) challenged mice, data
pooled from three independent experiments. PBS controls are shown as dashed line. The kinetics of specific Abs formation (c). Levels of specific
antibodies in sera from mice exposed to OVA (solid line), h-OVA (dotted line) or PBS (dashed line) were detected by ELISA (IgA, IgG1and IgG2a) or by
B-hexosaminidase release assay (IgE). Data are represented as mean * SEM (n=10 mice/group), representative data from one out of three

independent experiments. *P=0.05, **P=0.01, ***P=0.001.
doi:10.1371/journal.pone.0037156.9003

experiment, we characterized the specificity and the degree of
cross-reactivity of anti-OVA antibodies using ELISA with OVA,
h-OVA or b-OVA bound as an antigen (Fig. S1). The levels of
OVA-specific antibodies remained unchanged, when we used h-
OVA or OVA as a coating antigen, except for IgG1, which levels
were significantly higher, when h-OVA instead of OVA was used.
When b-OVA was used as coating antigen, the response of both

Table 1. Specific activities of enterocyte brush-border
enzymes (nkat/mg protein) in jejunum of treated mice.

Enzyme (nkat/mg

protein) OVA h-OVA PBS
Alkaline phosphatase 14.26+1.09%** 10.08+0.847 8.27+0.29
GGT 10.79%3.33 8.64+1.59 9.74+2.02
DPP IV 4.61+0.50%* 5.39+0.45* 7.39%0.77
Lactase 9.19%+0.63 8.37%+0.59 9.99+1.61
Sucrase 32.16*8.04 36.004.10 27.30*4.24

GGT - gamma-glutamyltranspeptidase, DPP IV - Dipeptidyl peptidase IV. Values
are expressed as the mean *= SEM.

*P<0.05 ovalbumin-treated group (OVA) vs. PBS-treated group.

**P<0.01 ovalbumin-treated group (OVA) vs. PBS-treated group.

***p<0.001 ovalbumin-treated group (OVA) vs. PBS-treated group.

#P<0.05 heated-ovalbumin-treated group (h-OVA) vs. ovalbumin-treated
group (OVA).

doi:10.1371/journal.pone.0037156.t001
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OVA- and h-OVA treated mice decreased significantly in all
measured isotypes.

Increase of allergen specific IgE is essential for mast cell
activation and development of allergic diarrhea symptoms. We
determined the level of MMCP-1 enzyme as the marker of mast
cell activation and degranulation. In this case, the reducing effect
of thermal processing was clearly demonstrated; the h-OVA
induced only half the level of serum MMCP-1 compared to the
native OVA (Fig. 4).

Ex vivo Cytokine Production by MLN and Splenocytes

Induced by OVA Allergens

Local and systemic cell responses to OVA and h-OVA were
evaluated in all three groups of animals as wm witro cytokine
production by MLN and splenocytes after exposure to corre-
sponding allergens. Cytokine production from controls (PBS
group) was low or not detectable and did not change after
exposure to either form of OVA (data not shown). As shown in
Fig. 5a, the levels of TNF-a, IL-4, IL-5, IL-10 and IL-13 were
higher in culture media obtained from MLN exposed to native
OVA. The differences in cytokine secretion were less pronounced
in the experiments with splenocytes cultures (Fig. 5b). Only the
production of IFN-y was higher after exposure to h-OVA as
compared to OVA. Levels of IL-6 and IL-17 didn’t differ among
the groups neither in MLN nor in spleen (data not shown).
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Figure 4. Decreased mast cell protease induction by heated-
OVA. Heated OVA (h-OVA, black bar) induced significantly lower
amounts of mast cell protease (MMCP-1), the marker of mast cell
activation, compared to mice fed with native OVA (white bar). Data are
represented as mean = SEM (n=10 mice/group), representative data
from one out of three independent experiments. *P=0.05, **P=0.01,
***P=<(.001.

doi:10.1371/journal.pone.0037156.9g004

Differentiation of CD4+CD25+Foxp3+ T Cells in OVA and
h-OVA Fed BALB/c Mice

Since regulatory T cells (Tregs) are known to be crucial for
induction of oral tolerance to protein antigens [34], we analyzed
the changes in Tregs in spleen and MLNs of OVA-, h-OVA- and
PBS-treated mice at the end of the experiment. In spleen we
observed a decrease in Tregs in h-OVA treated mice, as compared
to OVA- and PBS-treated mice (Fig. 6). Only a non-significant
increase was found in MLNs of h-OVA treated mice.

Induction of CD4+Foxp3+ T Cells by h-OVA and b-OVA in
vitro is Increased After a 20-min Pepsin Digestion

To characterize the effect of heating and enzymatic digestion on
T cell subpopulations, especially on regulatory T cell differenti-
ation in more detail, splenocytes from naive (untreated) BALB/c
mice were cultured i vitro either with OVA, h-OVA or b-OVA as
well as with their peptic digests. As shown in Fig. 7, the m wvitro
stimulation of splenocytes with undigested heated proteins led to
a slight increase in proportion of CD4+Foxp3+ Treg cells
compared to native form of OVA. Interestingly, 20 min peptic
digests of heated forms of OVA induced increased proportion of
Tregs, but this ability decreased again after 40 min of digestion. In
contrast the pepsin digestion did not change the ability of OVA to
slightly increase the proportion of Tregs as compared to un-
digested OVA.

Discussion

In this study, we showed that small irreversible changes in
secondary structure of egg allergen OVA caused by thermal
processing significantly affect its digestion by gut enzymes and
decrease its allergenicity in the mouse model of food allergy. While
both heated and native OVA induced allergic diarrhea in BALB/c
mice, the disease symptoms appeared much earlier and with
a higher frequency in OVA fed mice than in those fed with h-
OVA. As compared to OVA-treated group, the sera of h-OVA-
treated mice contained also significantly lower levels of specific IgE
and MMCP-1, known markers of mast cell activation and
degranulation [35]. It seems that even slight changes in the
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secondary structure elements have a high impact on the
immunological behavior of the allergen. This could be explained
by differences either in allergen absorption, which could lead to
a decrease in allergen exposure, or in allergen digestion, which
leads to production of peptides with different allergenicity and to
a partial loss of conformational epitopes and/or exposure of new
linear epitopes to immune cells.

The small intestine is noted for its plasticity in response to
various dietary changes, which may be reflected in activation of
enterocyte brush-border enzymes. Here we demonstrated for the
first time that alkaline phosphatase (ALP) can be used as a new
marker in food allergy, because its specific activity was significantly
increased in OVA-treated group compared to controls. This is in
line with the recent findings that ALP has a crucial role in
regeneration of enterocytes and that its activity correlates with
villous atrophy [19,36]. We can speculate that the increased level
of ALP contributes to restoration of homeostasis in the enterocyte
membranes after long-term stimulation with OVA allergens. On
the contrary, dipeptidyl peptidase IV (CD26 - that cleaves L-
alanine or L-proline residues in the penultimate N-terminal
position) was significantly reduced in both OVA- and h-OVA-
treated groups, as compared to PBS controls. Interestingly,
a decrease in CD26 was found in patients with celiac disease
induced by gluten, which belongs to wheat components re-
sponsible for food- or wheat-dependent exercise-induced allergy
and for occupational asthma [37,38].

The changes in secondary structure by heating could influence
antibody response i vivo. Here we report that OVA induced
significantly higher levels of OVA-specific IgE and lower levels of
IgG2a, as compared to h-OVA. High levels of potentially
“blocking” IgG2a (mouse homolog of human IgG4) may compete
for allergen [22]. The ability of heat-denatured allergens to induce
Th1 associated IgG2a was also shown for other allergens, such as
bee venom or birch pollen [39]. However, the effect cannot be
generalized, because in a recent study by van der Ventel [15]
a higher sensitizing potential was shown for cooked fish proteins.
Surprisingly, when we changed the coupling allergen (h-OVA was
used for OVA sensitized sera and vice versa) the binding of specific
Abs was retained. Moreover, the binding was significantly higher
when h-OVA antigen was used for specific IgGl antibody
determination. We assume that this is caused by heating-
uncovered linear epitopes (supplementing the loss of the confor-
mational ones), which are then presented after processing by
antigen-presenting cells to T and B lymphocytes. On the other
hand, when the extensively heated b-OVA was used, we observed
a strong drop in the signal in all OVA-specific antibodies, which
correlated with observed circular dichroism structural changes,
and suggested the importance of structural epitopes in specific
antibody formation.

Next, we addressed the question if the differences in OVA and
h-OVA-specific antibody responses are also associated with
cytokine milieu. On the local level in MLNs, we found
a significantly higher production of Th2 cytokines in the OVA-
treated mice, accompanied by proinflammatory TNF-o production
after an  vitro exposure to OVA. Surprisingly, we determined an
up-regulation of regulatory cytokine IL-10, which could be a result
of a biological feedback aimed at dampening down the local
inflammation, similar to chronic experimental colitis [40]. OVA-
treatment did not significantly influence cytokine production in
splenocytes, except for IFN-v, which was produced predominantly
by h-OVA stimulated splenocytes. The same observation was
recently made by van der Ventel [15], who showed an increased
IFN-y production by splenocytes of mice challenged with heated
fish extract. Our findings suggest that heating of OVA induces
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Figure 5. Cytokine production after in vitro restimulation with OVA. The cytokine production from mesenteric lymph nodes (a) and
splenocytes (b) of BALB/c mice fed with OVA (white bars) or h-OVA (black bars) and stimulated in vitro with appropriate allergen. Cytokine levels are
expressed after subtraction of base line levels of unstimulated lymph node cells or splenocytes. Data shown are mean values = SEM (n=4-7 mice/
group), representative data from one out of three independent experiments. *P=0.05, **P=0.01, ***P=0.001, n.d.= not detectable.

doi:10.1371/journal.pone.0037156.9g005

changes 1n its digestion and processing by immune cells that lead
to changes in the local cytokine environment ultimately leading to
a shift from Th2- toward Thl-type response, reduction in the level
of specific IgEk and an increased production of blocking IgG2a
antibodies [22]. These data fit well with clinical symptoms
observed in allergic subjects in response to heated egg allergens
[5,24].

Moreover, our results support recent data showing that thermal
processing interferes with OVA stability [23]. Here, we show that
h-OVA and b-OVA are initially (at 20 min) more resistant to
proteolysis than native OVA. The difference in degradation
kinetics could be explained by partial aggregation of heated forms

OVA

h-OVA

of OVA, which makes the target structures less accessible for the
enzyme. Nevertheless, after 40 min digestion the number of h-
OVA and b-OVA fragments was even higher and their spectrum
differed from those obtained from OVA. However, the spectra of
h-OVA and b-OVA fragmented peptides were similar, differing
only in the region corresponding to retention time of 50 min.
Surprisingly, when we stimulated splenocytes from naive mice
vitro we found an increase in the percentage of regulatory T cells in
response to h-OVA and b-OVA. The capacity of both heated
forms of OVA to induce Tregs was increased after 20 min of
pepsin digestion and decreased again after 40 min digestion. The
prolonged digestion had no effect on Treg inducing capacity of
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Figure 6. Numbers of Tregs in splenocytes and mesenteric lymph nodes of OVA treated mice. Typical plots depicting numbers of Tregs
in mouse splenocytes (a) and mesenteric lymph node (b) in gated CD3+CD4+CD8- T helper cells after feeding with OVA, h-OVA or PBS, respectively.
Numbers in upper quadrants shows proportions (mean = SD) of either CD25-Foxp3+ or CD25+Foxp3+ Th cells out of all cells. Representative data

from one out of three independent experiments. *P=0.05.
doi:10.1371/journal.pone.0037156.g006
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Figure 7. Number of Tregs in spleen cell suspensions co-
cultured in vitro with OVA digests. The percentage of Tregs in cell
suspension isolated from spleens of non-stimulated (naive) BALB/c mice
cultured in vitro for 48 hours with undigested (0’) and after 20 (20’) and
40 minutes (40") peptic digest of OVA (white bars), h-OVA (black bars)
or b-OVA (grey bars). The data represent the percentage of
CD4+Foxp3+ cells out of all live cells as measured by FACS.
Representative data from one out of three independent experiments
are shown. Data are represented as mean = SEM.
doi:10.1371/journal.pone.0037156.9g007

native (heat untreated) OVA digests. These data are supported by
recent evidence in experimental mouse model of suppressive
effects of some OVA T cell epitope peptides on allergic immune
responses via Foxp3+ T cell generation [41].

A direct continuation of the study would be the analysis of
mtestinal DC subsets and goblet cells [42-44] in initial steps of
allergen sensitization in our model, which should contribute to
understanding how the tolerance or allergic response is achieved.
The analysis of the role of enzymes in brush-border membrane of
epithelial cells (activated after OVA gavages) will shed light on
allergen digestion and immunogenicity of fragments (esp. dipepti-
dases) and on regeneration of gut epithelium (ALP). Moreover, it
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3. CONCLUSIONS AND DISCUSSION

Recent research has provided clear progress inutiterstanding of wheat
allergy, and has also revealed the problems tebeived in the future. Population-based
studies investigating trends of the prevalence athetype of wheat allergy will be
important worldwide. The reasons for the increastood allergy prevalence are not well
known, but, the short period of time over which tiherease occurred, suggests that
environmental factors are more likely to be relévas part of the hygiene hypothesis
[Bach, 2002; Schaub et al., 2006]. Additional factoch as food preparation or exposure
to medicinal skin creams containing food allergares also of the importance [Lee et al.,
2006; Nowak-Wegrzyn et al., 2006]. Moreover, theedduction of food later in the infant
diet has been postulated to play a role in theeeme of food allergy [Du Toit et al., 2008].
Extensive analysis of allergenic molecules is galhertime-consuming, indicating the
need for rapid and easy methods of allergen separ&reater knowledge will help in the
precise diagnosis and treatment of food allerdieportantly, additional studies will be
necessary to elucidate the profiles of the allesgan both the water/salt-soluble and
insoluble fractions involved in each clinical typgepending on the patient age,
sensitization routes, symptoms, and the allergaie stluring exposure. The potential
application of defined food allergens (natural @ambinant) will be their use in sIgE Abs
testing, cell activation assays as well as in cempéallergen-microarrays (biochip
technology).

Proteomic analysis has proved to be a useful fimothe identification of the
causative food allergens and for increasing theiBpigy of diagnostic tests. Using this
approach we have demonstrated a large spectrurhedtvproteins recognized by IgE Abs
in the sera of allergic patients. To identify Igtactive wheat components we employed 1-
DE, 2-DE separation, immunoblotting analysis, anALUDI-TOF, QTOF and ion-trap
mass spectrometer. We also succeeded in purifg@leyant IgE-binding proteins from a
water/salt-soluble extract of wheat flour using A&om devices, Rotofor and HPLC
techniques, and we later identified these proteysnass spectrometry. These methods
allow the isolation of native allergens from whéaur in sufficient quantities to study
their function, as well as the effects of theirtitey structure, post translational

modifications €.g. glycosylation) on allergenicity and for testing e they are able to
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induce innate or adaptive immune response. Morequaified allergens could induce
basophil activation.

Initially, we documented the impact of various wahecultivars, extraction
procedure, and of the technique of separation emtimber of detected IgE-binding wheat
components. In accordance with previously publiskiata [Constantin et al., 2005],
separation of salt-soluble wheat extracts by 1-Dflem nonreducing conditions and
immunoblotting revealed IgE-binding proteins of emilar mass ranging from 10 to 100
kDa. However, separation under reducing conditiogesealed predominantly low-
molecular mass components (ranging from 10 to 3@)kDhese changes in the IgE-
binding pattern could be a consequence of confoomatchanges, reduction of interchain
disulfide bridges and uncovering or formation ofvrentigenic structures (epitopes).

The 2-DE technique has been a critical tool far feparation and analysis of
proteins in complex systems. Hundreds to a fewdand proteins can be separated on the
basis of IEF according to the pl of the proteingha first dimension, and their relative
molecular mass in the second dimension, typicaylySBS-PAGE. The problems of pH
gradient instability were overcome by the introdmctof immobilized pH gradient strips
for IEF [GOrg et al., 1988]. Wide-range pH gradse(8-12) allow the separation of highly
acidic or basic form of proteins and give the infation about total protein in extracts.
These data are, however, influenced by proteincesuused for the analysis, because of
different amount of proteins extracted from variouseat cultivars. We selected cultivar
Sulamit for further experiments because of its dagpectrum of IgE reactive wheat
components. These IgE-binding proteins were segéraély 2-DE and identified by
MALDI-TOF and QTOF technique. Using these methodaal approaches we identified
14 IgE-binding proteins. The spectrum of identifiptbteins was supplemented with
further 5 molecules using 1-DE separation and rap-tmass spectrometry detection
technique. These methodological approaches revedaledbinding proteins including
previously reportedx-amylase inhibitors (CM16, CM17 and 0.19 dimerikjtfa et al.,
2006; Weichel et al., 2006], profilin (of high seee identity with birch pollen allergen)
[Rihs et al., 1994], and Tri a Bd 27K protein [Yashda et al., 2002]. Moreover, we
succeeded in identifying new IgE-binding wheat ertd such ag-amylase 3-D-glucan
exohydrolase, serpim-amylase/trypsin inhibitor CM 3a-amylase inhibitor ClllI and

three protein species of 27K protein.
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The SDS-PAGE followed by immunoblotting can pravithformation on the
molecular mass of proteins that are bound by thib@ties employed for the detection. As
compared with protein-based methods, DNA-based adstie.g. PCR, PCR-ELISA and
real-time PCR) offer both advantages and disadgastaAlthough the concentration of
(allergenic) proteins within an allergenic sourcepends on variables such as the
species/variety and the growth conditions, thelletdNA is very stable [Angelis et al.,
2010]. Moreover, the most of wheat allergens ararnercially unavailable. Isolation and
purification of natural wheat allergens is of utmosportance for subsequent structural
and functional analysis. Recombinant allergens beayseful in diagnosing and/or treating
allergies [Jutel et al., 2005; Jutel et al., 201§t only a small number of wheat allergens
have been cloned and produced in recombinant fdPadafin et al., 2009]. Many
recombinant allergens do not have the same immgiualbcharacteristics as their natural
counterparts. IgE binding to allergens often depemnl the tertiary structure of the latter,
because many epitopes recognized by IgE Abs aréomoational. Alterations of the
amino acid sequence of allergens may influenceeprdolding, resulting in the reduction
or total prevention of IgE binding. Several reconanit allergens have been produced in
bacterial expression systems as nonglycosylatedeipsy although some naturai-
amylase inhibitors are glycosylated [Amano et #4898]. Thus, highly purified natural
allergens are still indispensable in determinirgyalergenicity of recombinant and natural
forms of allergens. The detection of sIgE agaistiral or recombinant allergens has been
especially helpful in understanding molecular medtras of food allergy. Protein
microarrays have recently been introduced as aignogtool to measure sigE Abs against
a large number of recombinant or purified natulddrgens in low amounts of patient
serum. Recently, measurement of sIgE against reicamib wheat w-5-gliadin was
introduced for the diagnosis of food allergies ggmmotein microarrays. Such component-
resolved diagnosis revealed siIgE in all 10 patiantls suspected WDEIA who presented
with a convincing history of severe, systemic, rglie reactions after the ingestion of
wheat followed by physical exercise and elevateelteof sIgE against recombinats-
gliadin according to the fluorescence enzyme imnassay. However, further large-scale
studies are warranted to confirm these resultsn®8rat al., 2012]. Moreover, purified
allergens are not only needed for analysis of thieucture and function but also in animal

models enabling to study immunopathogenic mechanidithe disease. As the early step,
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native proteins includin@-lactoglobulin, bovine serum albumin, gliadins angilbumin
has been studied [Dearman et al., 2001; Adel-Ragéral., 2003; Mine et al., 2007;
Bodinier et al., 2009; Gourbeyre et al., 2012], iMeat water/salt-soluble allergens has
not. Analysis of the ability of wheat allergens dbcit an allergic response in animal
models is therefore of utmost importance.

We developed a new procedure for isolating andypog wheat flour allergens
in amounts that allowed subsequent structural antttional analyses. Wheat flour
proteins were separated primarily by Rotofor and_E@PRotofor fractionation of these
wheat proteins based on pl gradient was an eftidi@tial purification step and can be
utilized for protein loads ranging up to tens ofligiams in contrast to 2-DE. The main
step in the purification of relatively large qudiets of several water/salt soluble wheat
proteins was preparative reverse-phase HPLC. Eklmnique was applicable for fractions
containing both individual and mixtures of protein¥he purified proteins were
subsequently separated by SDS-PAGE and identiffedALDI-TOF mass spectrometry.
This purification scheme vyielded 27 IgE binding tpios, including several previously
describeda-amylase inhibitors, non-specific lipid-transferofgins, peroxidase, serpins
and-amylase identified by 2-DE [Pastorello et al., 208otkovsky et al., 2008], as well
as several new wheat proteins, such as endogeneammylase/subtilisin inhibitor,
wheatwin, TLP, tritin, xylanase inhibitor protein(XIP), B-glucosidase, class Il chitinase
and 26 kDa endochitinase.

All techniques used in our studies detected mesnloéra-amylase inhibitor
family and confirmed this enzyme as one of the majbeat allergens. Although ttee
amylase inhibitors are wheat allergens, the reigigtof individual members of this family
with IgE has been found to differ among studies,ctvhmay reflect differences in
populations and/or analytical approaches. Our figslion the reactivity of patients’ IgE
with a-amylase inhibitors are mutually inconsistent. Whentested the reactivity of IgE
Abs of our patients with eight-amylase inhibitors, we found that the most frediyen
recognized inhibitors were 0.28 and a mixture of XBvand CM2a-amylase inhibitors.
However, the reactivity of these serum samples witier inhibitors, such as 0.1®
amylase inhibitor, 0.19 dimeric, CM17, CM3 and egeloous a-amylase/subtilisin

inhibitor was also statistically significant. Althgh the endogenous-amylase/subtilisin
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inhibitor has not been reported as an allergenhdrat 2008], we observed a reactivity of
this purified protein with IgE Abs from 19 out oR Zatients. Moreover, our yield of
purified naturala-amylase inhibitors 0.19 was higher than that deotpurified proteins
and we could study its reactivity with patientsElgAbs [Sotkovsky et al., 2011]. This
protein has been described as one of the majogaiis of patients with baker's asthma as
well as those with food allergy to wheat [Amanaakt 1998; Weichel et al., 2006], but it
had not been isolated in its natural form in sugfit amount and purity. Recentlg;
amylase inhibitors 0.19 and CM3 has been identéigdtrong activators of innate immune
responses in monocytes, macrophages, and dendelle Thesea-amylase inhibitors
engage the TLR4-CD14 complex and lead to up-reigulaif maturation markers and
elicit release of proinflammatory cytokines in seffom celiac and nonceliac patients
[Junker et al., 2012]. Moreover, some controvergirist regardingi-amylase inhibitors
thermal resistance. Studies that confirmed thewliagally relevant food allergens merely
used raw flour [James et al., 1997, Sotkovsky et 2008] or flour after mild heat
treatment [Pastorello et al., 2007]. In contradbhew extracts from final wheat products
were tested, the-amylase inhibitors were found to be thermolabRagini et al., 2001;
Simonato et al., 2001; De Gregorio et a., 2009].

Despite the fact thati-amylase inhibitors were already known as allergens
[Kusaba-Nakayama et al., 2001; Zapatero et al. 3R0® clinical study of quantitative
estimation of IgE Abs against-amylase inhibitors in the sera of allergic patentas
missing. We developed new ELISA assay for the diete@nd quantification of sIgE Abs
against wheat extract from the most frequently usdtivar Sulamit and/or commercially
availablea-amylase inhibitors type 1 and 3 as the couplirtggans. The highest levels of
IgE and the highest number of positive patientsasgere detected using the water/salt
soluble Sulamit extract. The mean level of IgE Algainst thex-amylase inhibitor type 1
was similar to that obtained with the whole extractl the level of IgE Abs against the
amylase inhibitor type 3 was low in the majority ptients’ sera tested. However, these
commerciala-amylase inhibitors types 1 and 3 are not well ridi and contained one
major IgE binding protein together with small amtsuof impurities. The difference
between the mean value of IgE Abs in healthy doaars patients with wheat allergy was
statistically significant even for this allergemppably due to the few highly positive sera

in the patients’ group. Data obtained by testingedse controls (patients with pollen
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allergy) using wheat extract, reflect the preseatéhe so-called panallergens such as
lipid-transfer proteins or profilins recognized @lBy IgE of these patients. Interestingly,
cross-reactive epitopes in pollen and food allesgesve been recently demonstrated and
similar epitopes may exist also in pollen and whab¢rgens (includinga-amylase
inhibitors) [Asero et al., 2007; Pastorello et 2007; Weber, 2007].

We also succeeded in isolating and purifying ndveat allergens associated with
food allergy, such as TLP and wheatwin. TLP isaldtem wheat has been shown to be an
allergen in patients with baker’s respiratory @iefLehto et al., 2010] but not so far in
patients with food allergy. In our cohort, TLP wasognized by IgE Abs of all 22 patients
and wheatwin of 13 patients. The intensity of Igldng (median 8) of TLP was
significantly higher when compared with diseasetiads (median 1). Moreover, we
identified and purified wheat LTP that is also ajonallergen associated with baker’s
asthma [Lauer et al., 2007]. We found that IgE Ab$4% patients in our cohort reacted
with our purified wheat LTP, which is a higher pamtage than previously reported (41%
and 28%) [Battais, Courcoux et al., 2005; Pastoretlal., 2007]. We also purified tritin
(ribosome-inactivating protein) that was recognibgdall our patients (22/22) with high
binding intensity (median 8), and also by somewfdisease controls (7/10, median 2). In
addition, we purified other new IgE-binding wheamponents, such as XIP, class I
chitinase and 26 kDa endochitinase, which werepnetiously identified as allergens in
individuals with food allergy, although xylanaséiioitor protein was identified in patients
with baker’'s asthma but not purified [Lehto et &010]. These components reacted
strongly (median 5.5-7.0) with the vast majoritypaitients’ IgE Abs (20/22, 21/22 and
21/22, respectively) and with a lower intensity ¢ham 0-1.5) and frequency (2/10, 5/8
and 5/9) with IgE of disease controls. Moreover, weee shown for the first time that
purified allergens such aa-amylase inhibitor 0.19, lipid-transfer protein, HLand
wheatwin can activate patients’ basophils, thusnémg that our purified proteins have
biological activity and that the basophil activatidest is useful in diagnosing this
condition [Sotkovsky et al., 2011].

In our recent study with mouse model of food ghefGolias et al., 2012], we
showed that minor irreversible changes in OVA sdeoy structure caused by thermal
processing changes its both digestion and antiggmiopes formation lead to activation of

different T cell subpopulations, induce shift tod&Mhl1 response and ultimately reduces

45



its allergenicity. It seems that even slight chanigethe secondary structure elements have
a high impact on the immunological behaviour of éifilergen. This could be explained by
differences either in allergen absorption (whichuldolead to a decrease in allergen
exposure or in allergen digestion), by productibpeptides with different allergenicity, a
partial loss of conformational epitopes and/or expe of new linear epitopes to immune
cells [Lynes at al., 2011; Lallés 2010]. The change secondary structure by heating
could influence antibody response in vivo. Herereort that OVA induced significantly
higher levels of OVA-specific IgE; MMCP-1, known rkars of mast cell activation and
degranulation [Vaali K et al., 2006]; and lower é& of 1IgG2a, as compared to h-OVA.
High levels of potentially “blocking” lgG2a (mouseomolog of human IgG4) may
compete for allergen [Lemon-Mulé et al. 2008]. Hindlity of heat-denatured allergens to
induce Th-1 associated IgG2a was also shown farahergens, such as bee venom or
birch pollen [Johansen et al. 2005]. However, tifiece cannot be generalized, because in a
recent study by van der Ventel [van der VentelleR@11] a higher sensitizing potential
was shown for cooked fish proteins. Surprisinglipew we changed the coupling allergen
(h-OVA was used for OVA sensitized sera and viosagthe binding of specific Abs was
retained. Moreover, the binding was significantlgher when h-OVA antigen was used
for specific IgG1 antibody determination. We assuthat this is caused by heating-
uncovered linear epitopes (supplementing the Ibsbeoconformational ones), which are
then presented after processing by antigen-presgadils to T and B lymphocytes.

Next, we addressed the question if the differemceSVA and h-OVA-specific
antibody responses are also associated with cyokiilieu. We found a significantly
higher production of Th-2 cytokines in the OVA-treé mice, accompanied by
proinflammatory TNFa production after an in vitro exposure to OVA. Sisingly, we
determined an up-regulation of regulatory cytokibelO, which could be a result of a
biological feedback aimed at dampening down thalladlammation, similar to chronic
experimental colitis [39]. Our findings suggesttthaating of OVA induces changes in its
digestion and processing by immune cells that lEadhanges in the local cytokine
environment ultimately leading to a shift from Th2ward Thl-type response, reduction
in the level of sIgE and an increased productiorlotking IgG2a antibodies [Lemon-
Mulé et al. 2008]. These data fit well with clinicymptoms observed in allergic subjects
in response to heated egg allergens [Nowaiyn et al., 2011; Mine et al., 2007].
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Moreover, our results support recent data showhmag thermal processing interferes with
OVA stability [Martos et al., 2011]. Here, we shtvat h-OVA and boiled OVA (b-OVA)
is initially (at 20 min) more resistant to protesily than native OVA. The difference in
degradation kinetics could be explained by padggregation of heated forms of OVA,
which makes the target structures less accessibtéé enzyme.

The study with OVA in our model is an initial sté@r understanding how the
tolerance or allergic response is achieved. A diceatinuation of the study would be the
analysis of intestinal dendritic cells subsets gothlet cells in initial steps of allergen
sensitization in our model, which should contribtdaunderstanding how the tolerance or
allergic response is achieved. The analysis of lle of enzymes in brush-border
membrane of epithelial cells (activated after OVavagges) will shed light on allergen
digestion and immunogenicity of fragments (espepimlases) and on regeneration of gut
epithelium (ALP). Moreover, it would be of greatportance to apply this model for
verification of hygiene hypothesis using animalptkender conventional and/ or germ-free
condition and subsequently colonized with varioastérial strains. Furthermore, this
model will be useful for other allergens componeitsntified from different natural

sources, for example wheat flour etc.

Nowadays, proteomics plays a vital role in mangrddic disciplines, enabling
discovery of disease biology and mechanisms, newy thrgets, food quality evaluation
and much more. Application of proteomic techniqbeshe study of food quality has
recently revealed its power in pointing out diffeces in food proteomes relevant for
nutrition and diseases. IgE-reactive proteome amalyf wheat components provides not
only an overall map of the allergenic proteins, bigo useful information for further
systematic research on wheat allergens and fowvithdil desensitising treatments and
therapeutic development. Innovative analytical mdghand novel applications of available
techniques are required to face the food allergggnproblems in an integrated manner.
Due to the tremendous diversity of the naturallycusdng samples and the
physicochemical properties of proteins, sample ama&pon knowledge has been not yet
well established. However, progress in the fieldaérgenomics is moving fast. The
research for food allergy and the implications tloe clinical utility depend on a better

understanding of the molecular nature of allergegmmonents and those structures which
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are important for the antibody recognition and etffe cell activation. This is especially
true for the design of allergen derivates to belusemmunotherapy with a reduced risk of
inducing adverse reactions, such as anaphylaxistgFa&t al., 2012; Kulis et al., 2012].
Moreover, identifying whether the sensitizatiorpramary (species specific) or a result of
cross-reactivity to proteins with similar proteimustures makes it easier for the clinician
to judge the risk of reaction on exposure to ddfeérallergen sources. The development of
allergen components in pure form has made it plestioresolve many of these problems.
In terms of production techniques, they can beeeitroduced biotechnologically in
recombinant form or purified from their originalwsces. In other words, the main area of
application for purified natural or recombinanteafjen components is in the precise
identification of the allergies that cause the aése[Borres et al., 2011]. Allergen extracts
will be needed for the diagnosis of unusual allesgand in the cases of unusual
sensitization patterns to common allergen sourcegjever, approaches based on well-
defined individual molecules of either natural acecombinant origin are likely to
supplement those based on food extracts in theefuitherefore, a library as Allergome
comprising well-characterised authentic natural aacbmbinant allergens was formed.
The protocols published in this library and theadetl physicochemical characteristics of
the allergens will allow other researchers to poedbatches of native allergens of similar
quality. The availability of such information wilimprove the comparability of studies
utilising purified allergens in future. The infortia about our contribution to
identification of allergens can be found at Allemg® databases. In particular, these high-
quality purified food allergens will contribute twnprove conventional food allergy
diagnostics as well as new technologies such ageiprdiochips. In the near future,
allergenomic approaches could be used as a statetdndique foiin vitro separation and

identification of allergens from foods includingved and/or reduced allergens products.
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