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Purpose of review

Wheat is among the six foods responsible for approximately

90% of food allergies in children, and in recent years wheat has

been increasingly recognized as a cause of food-dependent,

exercise-induced anaphylaxis. Wheat flour is an important cause

of baker’s asthma, a well-known occupational respiratory allergy

to inhaled flour. This review outlines the diverse clinical

manifestations of IgE-mediated wheat hypersensitivity and

summarizes recent advances in characterization of clinically

significant allergens.

Recent findings

Only a few of the numerous wheat proteins recognized by IgE

of sensitized individuals have been characterized at the

molecular level. Characterized allergens causing baker’s

asthma include several water/salt-soluble wheat proteins,

however sensitization patterns show a great degree of individual

variation. The insoluble gliadins have been implicated in IgE-

mediated allergy to ingested wheat, and o-5 gliadin has been

identified as a major allergen in wheat-dependent, exercise-

induced anaphylaxis. The presence of IgE to purified o-5 gliadin

in children was highly predictive of immediate clinical symptoms

on oral wheat challenge.

Summary

Diagnostic skin prick and in-vitro tests measuring sensitization

against water/salt-soluble wheat proteins have poor predictive

values. Quantification of gliadin-specific IgE in serum or skin

prick testing with gliadin could serve as an additional tool in the

diagnostic work-up of allergy to ingested wheat.
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Introduction
Wheat is the most widely cultivated cereal and an

important source of food and dietary protein worldwide.

Ingestion of wheat products and inhalation of wheat flour

are the two major routes of sensitization. Wheat allergy,

defined as an adverse immunologic reaction to wheat [1],

encompasses a broad spectrum of disorders with different

pathomechanisms and clinical manifestations. Depend-

ing on the route of allergen exposure and the underlying

immunologic mechanisms, wheat allergy may manifest as

classic food allergy affecting the skin, gut, or respiratory

tract; exercise-induced anaphylaxis; occupational asthma

and rhinitis; or contact urticaria. In addition, ingestion of

wheat gluten may cause celiac disease, a T-cell-mediated

intestinal inflammation, or dermatitis herpetiformis, a

blistering skin eruption. With the exception of the latter

two, IgE antibodies play a central role in all of the above.

This review focuses on the diverse manifestations of

IgE-mediated wheat allergy.

Clinical manifestations of IgE-mediated
wheat allergy
Sensitization to inhaled wheat flour leads to baker’s

asthma, whereas sensitization to ingested wheat via the

gastrointestinal tract may cause food allergy or exercise-

induced anaphylaxis.

Baker’s asthma

Baker’s asthma is an IgE-mediated occupational disease

of millers and bakers caused by inhalation of cereal flour

[2 .]. Respiratory symptoms are usually accompanied by

rhinitis, which is considered a prestage of asthma, and

often by conjunctivitis and contact urticaria. Most

patients with baker’s asthma are, however, able to ingest

wheat products without symptoms [2.,3]. An atopic

constitution together with high wheat allergen concen-

trations in the workplace air have been shown to

significantly increase the risk of sensitization and

development of symptoms [4]. About 60% of bakers

with work-related respiratory symptoms have IgE anti-

bodies to wheat or rye flour [3]. Other known allergens

include barley, soybean, storage mites, fungal enzymes,

and other baking additives [5].

Allergy to ingested wheat in children and adults

Six major foods, milk, egg, wheat, soy, peanut, and fish,

account for approximately 90% of food-allergic reactions

in children [6,7.]. Wheat is introduced to the diet in

early childhood, often around the age of 5 months.

Sensitization to wheat may, however, occur through

maternal milk during exclusive breastfeeding [8].
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Clinically wheat allergy manifests as classic food allergy

affecting the skin, gastrointestinal tract, and respiratory

system [9]. The majority of wheat-allergic children suffer

from moderate to severe atopic dermatitis, and sensitiza-

tion to other foods, such as milk and egg, often coexists.

Wheat ingestion elicits typical IgE-mediated reactions of

immediate onset, including urticaria, angioedema, bron-

chial obstruction, nausea, and abdominal pain, or in

severe cases systemic anaphylaxis. Delayed hypersensi-

tivity symptoms appear about 24 h after wheat ingestion

and include gastrointestinal symptoms and deterioration

of atopic dermatitis [10–12]. In a study by Majamaa et al.
[10] oral wheat challenges frequently caused delayed-

onset symptoms in children with negative skin prick

tests (SPTs) and specific IgE results for wheat. Similarly,

Niggemann et al. [13 .] showed that wheat elicited

positive oral challenge reactions, more often than egg

or milk, in children with no evidence of sensitization.

Ingestion of wheat rarely causes classic IgE-mediated

food allergy symptoms in adults, however in some cases it

may lead to exacerbation of atopic dermatitis [14,15]. A

study by Simonato et al. [16] suggested that IgE-mediated

wheat allergy may play a role in adults suffering from

gastrointestinal symptoms after wheat ingestion, even

when tests for wheat-specific IgE remain negative.

Wheat-dependent, exercise-induced anaphylaxis

Wheat has been increasingly recognized as a cause

of food-dependent, exercise-induced anaphylaxis

[17,18,19.]. This is a unique form of allergy, when

ingestion of a specific food together with physical

exercise triggers anaphylactic reactions [20]. The sever-

ity of the reactions ranges from local or generalized

urticaria and angioedema to dyspnea, hypotension,

collapse, and shock. The reactions are unpredictable

and difficult to diagnose, because the amount of wheat

ingested as well as the degree of exercise needed to

provoke symptoms varies greatly [18,21,22]. In a series of

18 Finnish patients with wheat-dependent, exercise-

induced anaphylaxis (WDEIA) the time between wheat

ingestion and exercise ranged from 10 min to 4 h, and

the duration of exercise before the onset of symptoms

from 10 to 60 min [22]. All patients were adults (mean

age 31, range 18–59 years) at the onset of symptoms.

None had a history of wheat allergy in childhood and

less than 30% had a history of other atopic diseases.

Introduction of a gluten-free diet led to symptom

resolution [21,22]. In 12 Japanese patients with WDEIA,

the mean age at onset was 24 (range 10–63 years) and

67% had an atopic constitution. In 70% of these patients

aspirin ingestion enhanced symptoms of WDEIA [18].

Classification of wheat proteins
Cereal grains are members of the grass family (Graminae)
that produce edible dry fruits, known as seeds or kernels.

The kernel contains on the average 10–15% protein.

Early studies by Osborne [23] categorized cereal proteins

into four fractions on the basis of their solubility in a

series of solvents: water (albumins), dilute salt solutions

(globulins), aqueous alcohol (gliadins), and dilute alkali or

acid (glutelins). The water/salt-soluble albumins and

globulins are mainly structural proteins and metabolically

active enzymes, such as a- and b-amylases, and their

inhibitors. The water/salt-insoluble gliadins and glute-

lins, together known as prolamins or gluten, are the major

storage proteins of the wheat grain. They are responsible

for the ability of wheat flour to be baked into bread by

creating a visco-elastic dough capable of holding gas [24].

The ethanol-soluble gliadin group comprises over 40

structurally similar proteins, which can be further

categorized into a-, g-, and o-types on the basis of their

electrophoretic mobility. The name prolamin reflects the

fact that these proteins are unusually rich in proline and

glutamine, present in highly repetitive sequence motifs.

Wheat prolamins share a great degree of sequence and

structural homology with each other and with the

corresponding proteins in rye and barley [24–26].

Wheat allergens in baker’s asthma
Immunoblotting studies have identified numerous IgE-

binding proteins in baker’s asthma, both in the water/

salt-soluble and insoluble fractions of wheat [27–30].

Only a small proportion of these allergens, however,

have been isolated and characterized at the molecular

level. The characterized allergens belong to the water/

salt-soluble fraction, and include several 14–17 kDa

proteins from the a-amylase/trypsin inhibitor family

[31,32]. In addition a 36 kDa wheat glycoprotein with

peroxidase activity [33,34], a 27 kDa protein similar to

acyl-coenzyme A oxidase [32], and a 35 kDa protein

similar to fructose-bisphosphate-aldolase have been

identified [35]. A recent study by Sander et al. [36]

revealed a large degree of variation in sensitization to

different water/salt-soluble wheat proteins in 10 indivi-

duals with baker’s asthma. In two-dimensional immuno-

blotting, each patient had an individual IgE-binding

pattern with 4–50 different IgE-binding spots. Two of

the most frequently recognized proteins were similar to

isoforms of glycerinaldehyde-3-phosphate dehydro-

genases from barley, one was similar to triosephosphate

isomerase from barley, and one was identified as serpin,

a serine protease inhibitor from wheat. Interestingly, a-
amylase inhibitors or other previously characterized

allergens were not among the most frequently detected

allergens. The authors suggested that this could result

from cultivar-specific differences as well as the great

degree of individual variation in sensitization patterns.

Allergens involved in childhood wheat allergy
Compared with baker’s asthma, the number of studies

on allergy to ingested wheat is surprisingly small. Very
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few clinically significant allergens in wheat have been

characterized. In wheat-allergic children the IgE response

appears heterogeneous, and immunoblotting studies have

detected IgE binding to a number of water/salt-soluble

wheat proteins with molecular masses ranging from 15 to

69 kDa [37–40]. James et al. [40] showed IgE binding to a

15 kDa a-amylase inhibitor in the sera of five children

with ingested wheat allergy, suggesting that it represents

a sensitizing allergen both after ingestion and inhalation.

Recent studies, however, provide evidence that the

insoluble gliadin fraction contains clinically significant

allergens responsible for symptoms after wheat ingestion

in children. Varjonen et al. [11] showed extensive IgE

immunoblot reactivity and positive SPTs to the gliadin

fraction in 13 children with atopic dermatitis and positive

oral wheat challenges, but not in children with negative

challenges. Takizawa et al. [41] detected IgE binding to

35–67 and 95 kDa water/salt-insoluble proteins in the

sera of seven children with wheat-induced anaphylaxis.

Six wheat-allergic children with atopic dermatitis showed

similar, but less intense, IgE staining patterns.

We investigated IgE reactivity to purified o-5 gliadin, a

major allergen in WDEIA, in a group of 40 children with

atopic dermatitis who underwent oral wheat challenges

because of suspected wheat allergy [12]. The presence

of IgE to o-5 gliadin was highly predictive of immediate

oral challenge reactions; wheat ingestion elicited clinical

symptoms in all 16 children with IgE to o-5 gliadin.

Eight children with delayed symptoms and 13 challenge-

negative children did not have IgE to o-5 gliadin. In

contrast, wheat CAP radioallergosorbent test (RAST)

(Pharmacia, Uppsala, Sweden) and SPTs (1:10 w/v in

physiological saline) showed false positive results in 38%

of the challenge-negative children. IgE enzyme-linked

immunosorbent assay (ELISA) with o-5 gliadin gave a

diagnostic specificity as well as a positive predictive

value of 100%, and a sensitivity of 84% for immediate

challenge reactions.

In a recent study by Armentia et al. [42], immunoblotting

with pooled sera from adults and children with inhalant

or ingested cereal allergy gave similar IgE-staining

patterns to the water/salt-soluble extracts of wheat, rye

and barley. Unfortunately, the insoluble gliadin fraction

was not examined. The authors suggested that similar

allergens are responsible for symptoms after ingestion

and inhalation of cereals. Further investigation of in-vivo

and in-vitro responses to purified allergens in individual

patients would clarify the clinical significance of these

observations.

Allergens in wheat-dependent, exercise-
induced anaphylaxis
The insoluble gliadin fraction seems to hold the majority

of allergens responsible for WDEIA [18,21,22,43]. We

identified and purified a 65 kDa allergen similar to wheat

g-gliadin, later identified as o-5 gliadin (Tri a 19) [22]. We

showed that o-5 gliadin bound IgE antibodies in ELISA

in the sera of 18 patients with WDEIA and elicited

positive SPTs in all 15 patients tested. Sera from 16

patients with baker’s asthma did not recognize this

allergen. In the same study, purified a-gliadin bound

IgE in 72% of the WDEIA patient sera, but failed to elicit

significant SPT responses. In ELISA inhibition studies,

o-5 gliadin (100 mg/ml) inhibited up to 80% of serum IgE

binding to a whole wheat extract containing mainly water-

soluble proteins [22], and nearly 100% of that to a

commercial crude gliadin preparation on solid-phase (K.

Palosuo, personal communication). Thus far, we have

examined altogether 32 Finnish patients with WDEIA

and all of them have exhibited IgE to o-5 gliadin in

ELISA or SPTs [19.,44]. Supporting its significance as a

major allergen, o-5 gliadin induced high histamine

release from the basophils of patients with WDEIA, but

not from the basophils of nonallergic controls [19 .].

Morita et al. [43] demonstrated IgE binding to g-gliadin in

the sera of four Japanese patients with WDEIA. RAST

inhibition with purified g-gliadin (200 mg/ml) inhibited

60–90% of the IgE binding to solid-phase gluten proteins.

Cell-mediated immune responses to gliadin
and a hypothesis for the mechanism of
wheat-dependent, exercise-induced
anaphylaxis
The pathophysiologic mechanisms underlying WDEIA

are unknown, and the role of exercise remains obscure.

Suggesting aberrant regulation of cell-mediated immune

responses to gliadin, we showed that gliadin stimulation

of peripheral blood mononuclear cells from 10 patients

with WDEIA elicited enhanced proliferative responses,

but significantly decreased mRNA expression of the

antiinflammatory cytokine IL-10 [19.]. Recent findings

by our group propose a hypothesis that tissue transglu-

taminase, a stress-responsive enzyme that catalyses the

formation of irreversible protein cross-links, could be

activated in the intestinal mucosa of patients with

WDEIA during physical exercise [45]. We showed that

transglutaminase treatment of o-5 gliadin peptides

created high molecular weight complexes that elicited

significantly enhanced SPT and in-vitro IgE responses in

patients with WDEIA. We hypothesized that these large

allergen complexes could trigger anaphylactic reactions

in patients with WDEIA.

Cross-reactivity of wheat allergens with
cereal grains and grasses
Patients with grass allergy often exhibit clinically

insignificant SPT and in-vitro IgE responses to wheat.

Jones et al. [39] demonstrated IgE cross-reactivity

between the water/salt-soluble proteins of cereal grains

and grasses, but clinical reactivity to more than one
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cereal was observed in only 20% of the cases. RAST

inhibition studies by Sandiford et al. [46] detected IgE

cross-reactivity between water/salt-soluble allergens in

wheat, rye, barley, and soy in patients with baker’s

asthma. We demonstrated that rye and barley, but not

oats, contained allergens cross-reacting with o-5 gliadin

[44]. The purified rye g-secalins and barley g-hordein
bound IgE in over 80% of the WDEIA patient sera and

elicited positive SPTs in 20–67% of the patients. While

some patients with WDEIA have experienced symptoms

when exercising after rye ingestion, others seem to

tolerate rye and barley.

Diagnostic tests for wheat allergy
The diagnosis of wheat allergy is based on the patient’s

clinical history, detection of wheat-specific IgE and

results of elimination diets and oral challenges, or

bronchial challenges in cases of baker’s asthma. The

diagnostic accuracy of wheat SPTs and in-vitro IgE

assays is unsatisfactory [47,48]. Sampson et al. [48] used
the CAP system to determine food-specific IgE con-

centrations more than 95% predictive of clinical reactiv-

ity, but in the case of wheat the positive predictive value

remained less than 75%. This poor capacity could be

explained by the fact that commercial test reagents are

mixtures of water/salt-soluble wheat proteins that lack

allergens from the insoluble gliadin fraction. Moreover,

cross-reactivity of water/salt-soluble wheat proteins with

grasses increases the frequency of clinically insignificant

positive test results. As long as purified and well

characterized allergens are not available for diagnostic

purposes, detection of gliadin-specific IgE in serum or

skin prick testing with a gliadin preparation could serve

as an additional tool in the diagnostic work-up of IgE-

mediated allergy to ingested wheat. The atopy patch

test, an epicutaneous test with foods, has given

promising results in predicting delayed wheat-allergic

reactions in children [10,13 .].

Conclusion
The route of sensitization is important in the develop-

ment of wheat allergy. Patients with baker’s asthma are

mostly sensitized to inhaled raw flour particles via the

respiratory mucosa, whereas patients with ingested

allergy are primarily sensitized to heat-treated and

digested wheat proteins absorbed through the gastro-

intestinal epithelium. This could explain the apparent

differences in sensitization to various allergens, and the

finding that most patients with baker’s asthma tolerate

ingested wheat. A large amount of work is still required,

before the clinically significant wheat allergens and their

IgE-binding epitopes have been identified. Detailed

knowledge on the structure and the immunologic and

biochemical properties of major wheat allergens is a

prerequisite for the development of novel strategies for

diagnosis and treatment. The immunologic mechanisms

underlying delayed wheat-allergic reactions as well as

the pathophysiologic events leading to WDEIA require

further investigation.
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