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Purpose of review

To review and discuss recent studies on molecular diagnosis of peanut and other

legume allergy.

Recent findings

Studies from the UK and France suggest that quantification of Ara h 2-specific IgE may

accurately discriminate peanut allergy from tolerance. However, the pattern of allergenic

component recognition in peanut-sensitized patients from different populations or

geographical areas varies, reflecting different pollen and dietary exposures. In the USA,

peanut-allergic patients are commonly sensitized to Ara h 1–3, in Spain to Ara h 9 and in

Sweden to Ara h 8. Patients with soybean allergy sensitized to Gly m 5 or Gly m 6

allergens may be at greater risk of experiencing severe allergic reactions.

Summary

Accurate diagnosis of peanut and legume allergy is challenging and essential.

Measurement of IgE response to specific allergenic molecules may be more useful in

predicting the presence and severity of clinical allergy than currently used skin or blood

tests based on whole extracts. However, given the heterogeneity in component

recognition patterns observed in different geographical areas, further studies are

essential to identify and confirm potentially useful molecular diagnostic and prognostic

markers. Until such markers are confirmed and replicated in different age groups, oral

food challenge (OFC) remains the gold standard for accurate diagnosis.
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Introduction

Members of the legume family including peanut, soy,

lentils, beans, pea and lupin are a relatively cheap and

excellent source of high-biological-value proteins and

other nutrients. They are widely used around the world,

constitute an important part of healthy and vegan diets,

and are common ingredients in many processed food

products. For the majority of people legumes represent

an excellent food source; however, some individuals

may experience allergic reactions even with minimal

exposure. Allergy to peanut and other legumes is becom-

ing a significant health problem particularly in wester-

nised countries [1,2�,3�,4]. Legume-induced allergic

reactions can be potentially severe and sometimes fatal

[5], and quality of life of patients and their families is

highly impaired [6].

Given the impact of peanut and legume allergy, accurate

diagnosis is critically important. The double-blind

placebo-controlled food challenge (DBPCFC) is the gold

standard for diagnosing food allergy [7]. However, the

procedure is time-consuming, expensive and patients

may be at risk of severe reaction. In daily clinical practice,
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diagnosis is usually based on a suggestive clinical history

supported by positive skin prick test (SPT) or detection

of specific IgE (sIgE) in serum. However, the utility of

currently used tests (SPTs and sIgE in-vitro assays) in

confirming the diagnosis of food allergy has been ques-

tioned [8]. These tests generally have low specificity, and

a positive test identifies sensitization, which may suggest,

but does not unequivocally confirm clinical reactivity

upon exposure (i.e. allergy).

Cut-off points related to the size of skin test responses

and sIgE levels which confer high probability of clinical

reactivity have been proposed for some allergenic foods,

but these decision points may not be applicable to every

population or setting [9]. Furthermore, traditional tests

do not predict the severity of allergic reactions.

One of the reasons why current tests perform relatively

poorly in differentiating asymptomatic sensitization from

true allergic reactions may be consequent to the fact that

they are mostly based on crude natural extracts which

contain both allergenic and nonallergenic molecules,

with some of these molecules crossreacting with homo-

logous proteins from other sources (e.g. pollen) [10].
orized reproduction of this article is prohibited.
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Key points

� Recent studies employing a molecular diagnostic

approach suggest that measurement of IgE response

to specific allergenic components may be more use-

ful in predicting the presence (e.g. Ara h 2 for peanut)

and severity (e.g. Gly m 5 and Gly m 6 for soybean) of

clinical allergy than currently used skin or blood tests

based on whole extracts.

� Given the heterogeneity in component recognition

patterns observed in different populations and geo-

graphical areas, further studies are of critical import-

ance to identify and confirm potentially clinically

useful molecular diagnostic and prognostic markers

of peanut and legume allergy.
A classical example of crossreactive structures with

limited clinical relevance is that of crossreactive carbo-

hydrate determinants (CCDs) which have been impli-

cated in clinically irrelevant ‘sensitization’ to peanut

among grass pollen-sensitized patients [11�,12].

Recent advances in molecular biology and biochemistry

have led to isolation, characterization and recombinant

production of many allergenic proteins, as well as the

synthesis of IgE epitope-emulating peptides for individ-

ual food allergens, including members of the legume

family [13�,14�,15��,16–20]. These molecules are

increasingly used within the context of molecular diag-

nosis [21�] or component-resolved diagnosis (CRD) [10]

to facilitate more accurate diagnosis of food allergy. This

has been aided by the advances in microarray technology,

which have allowed simultaneous measurement of IgE

antibodies to a large number of allergenic components

using minute amounts of sera and antigens [22].

Using allergenic components or synthetic epitopes in

diagnostic tests, a detailed analysis of a patient’s sensit-

ization profile can be determined and association

between the pattern of such sIgE responses and clinically

relevant aspects of the allergic disease investigated

[10,21�]. This may help identification of disease-eliciting

molecules, components implicated in crossreactivity, and

molecules associated with disease severity. Immunother-

apy with the clinically relevant specific components to

which a patient is sensitized could then be undertaken.
Allergenic proteins
A thorough knowledge of allergenic proteins is essential

for the understanding of molecular diagnosis of peanut

and legume allergy.

Peanut allergens

By December 2010, 11 peanut allergens have been

recognized by the International Union of Immunological

Societies (IUIS) Nomenclature Subcommittee [23]

(Table 1). Ara h 1 and Ara h 2 were identified and

characterized in the early 1990s [24] and are the most

extensively studied. Ara h 1–3 are considered the major

peanut allergens [25], and recent reports suggest an

important role for Ara h 6 [26].

Ara h 1 is a member of the 7/8S globulins (vicilins) of seed

storage proteins that belongs to the cupin superfamily

[27]. Ara h 2, 6 and 7 are members of the 2S albumins

(conglutin) of seed storage proteins that belong to the

prolamin superfamily [27]. Ara h 2 has high sequence

homology with Ara h 6. As a result of their stability to heat

and gastrointestinal digestion, many allergens of the

prolamin superfamily are important and may account

for severe allergic reactions [28]. Ara h 3 and 4 are nearly
opyright © Lippincott Williams & Wilkins. Unautho
identical isoforms and are members of the 11S globulins

(legumins/glycinins) of seed storage proteins that belong

to the cupin superfamily [29].

Ara h 5 belongs to the profilin family. Profilins show high

sequence homologies even from distantly related plants

and are known pan-allergens involved in crossreactions

between pollen and plan foods [27]. Cabanos et al. [13�]

using homology modelling have recently identified

specific epitopes which may be associated with Ara h 5

allergenicity and crossreactivity and suggested that Ara

h 5 could be the allergen of choice for the diagnosis of

profilin allergy.

Ara h 8 belongs to the pathogenesis-related protein family

(PR)-10 and it is of relevance to peanut-allergic patients

with birch pollen allergy because of the crossreactivity to

the homologous Bet v 1 allergen [30]. Ara h 9 belongs to

the nonspecific lipid transfer proteins (nsLTPs) that

belong to the prolamin superfamily. Ara h 10 and 11 or

oleosins have recently been recognized and their aller-

genic properties are largely unknown [19]. Allergenic

oleosins were found in legumes, nuts, and seeds.

A number of factors related to the harvesting and proces-

sing of peanuts may affect the allergenic properties of

peanut proteins. For example, roasting enhances the

allergenicity of Ara h 1–3, whereas boiling or frying

appears to reduce the allergenic properties of these

molecules [31]. Ara h 5 and 8 are heat labile and cooking

has an adverse effect on their allergenicity.

Allergens in other legumes

Although several allergenic molecules have been

described in other legumes, relatively few are listed by

the IUIS Nomenclature Subcommittee [23] (Soy: Gly m

1–6, Lentil: Len c 1–3, Pea: Pis s 1 and 2, Green bean:

Pha v 3, Mung bean: Vir g 1 and Lupin: Lup an 1,

Table 1). The knowledge on these allergenic com-

ponents and their relevance to clinical allergy is limited.
rized reproduction of this article is prohibited.



C

CE: Madhur; ACI/6027; Total nos of Pages: 7;

ACI 6027

Diagnosis of peanut and legume allergy Nicolaou and Custovic 3

Table 1 Peanut and other legume allergens

Allergenic protein Plant family (biochemical name) Superfamily MWa (kDa)

Peanut (Arachis hypogaea)
Ara h 1 7/8S globulins (vicilins) of seed storage proteins Cupin 64
Ara h 2 2S albumins (conglutin) of seed storage proteins Prolamin 17
Ara h 3 11S globulins (legumins) of seed storage proteins Cupin 60
Ara h 4 11S globulins (legumins) of seed storage proteins Cupin 37
Ara h 5 Profilin (Bet v 2-like) Profilin 15
Ara h 6 2S albumins (conglutin) of seed storage proteins Prolamin 15
Ara h 7 2S albumins (conglutin) of seed storage proteins Prolamin 15
Ara h 8 Bet v 1 family of pathogenesis-related proteins (PR-10, Bet v 1-like) Pathogenesis-related proteins 17
Ara h 9 nsLTPs Prolamin 9.8
Ara h 10 Oleosin plant lipid storage bodies Oleosin 16
Ara h 11 Oleosin plant lipid storage bodies Oleosin 14

Soybean (Glycine max)
Gly m 1 Hydrophobic protein from soybean, nsLTPs Prolamin 7
Gly m 2 Defensin 8
Gly m 3 Profilin Profilin 14
Gly m 4 Bet v 1 family of pathogenesis-related proteins (PR-10, Bet v 1-like) Pathogenesis-related proteins 17
Gly m 5 7S globulin, beta-conglycinin (vicilin) Cupin
Gly m 6 11S globulin, glycinin (legumin) Cupin

Lentil (Lens culinaris)
Len c 1 Gamma-vicilin subunit Cupin 47
Len c 2 Seed-specific biotinylated protein 66
Len c 3 nsLTP type 1 Prolamin 9

Pea (Pisum sativum)
Pis s 1 Vicilin Cupin 44
Pis s 2 Convicilin Cupin 63

Lupin (Lupinus anqustifolius)
Lup an 1 Beta-conglutin (vicilin) Cupin 55–61

Green bean (Phaseolus vulgaris)
Pha v 3 nsLTP type 1 Prolamin 8.8–9.0

Mung bean (Vigna radiata)
Vig r 1 Bet v 1 family of pathogenesis related (PR-10) proteins Pathogenesis-related proteins 16

nsLTP, nonspecific lipid transfer protein. Information in the table derived from the Allergen Nomenclature, the Allergome and the AllFam databases
(www.allergen.org, www.allergome.org and www.meduniwien.ac.at/allergens/allfam/, respectively).
a MW (kDa), molecular weight in kiloDalton.
Soybean allergens Gly m 1 and Gly m 2 are components

of the soybean hull and have been associated with respir-

atory symptoms through inhalation of soy particles [1].

Gly m 3 is a profilin and is considered a minor allergen.

Gly m 4 is Bet v 1 homologue, belongs to the PR-10

family and is a common allergen in patients with birch

pollen and soy allergy [32,33]. Gly m 5 (b-conglycinin)

and Gly m 6 (glycinin) are 7S and 11S globulins (cupin

superfamily) and are major soybean storage proteins.

The conglutins a (legumin-like) and b (vicilin-like) of

seed storage globulins are the most abundant allergenic

proteins in Lupinus species. Lup an 1, a b-conglutin is the

major allergen identified in L. angusitfolius and shares

sequence homology with Ara h 1. Recently, Guillamon

et al. [14�] have described Lup-1 (a b-conglutin) and Lup-

2 (an a-conglutin fraction) as major allergens in L. albus
which show high-amino-acid sequence homology with

the major allergens from peanut, pea lentil and soybean.

These structural similarities may explain serological and

clinical crossreactivity between lupin and other legumes.

However, more studies are needed to clarify the complex

phenomena of crossreactivity.

Zoccatelli et al. [34] have recently identified major aller-

gen of green bean as a nonspecific LTP (Pha v 3).
opyright © Lippincott Williams & Wilkins. Unauth
Allergenic component sensitization profiles
in peanut and legume allergy

The following section will review studies which ascer-

tained the relationship between IgE responses to indi-

vidual peanut allergenic components and peanut and

legume allergy.

Peanut

In the last decade, a number of studies using individual

peanut allergenic components have established associ-

ations between patients’ sensitization profile and clinical

allergy. Beyer et al. [35] using recombinant peptides from

Ara h 1, 2 and 3 have demonstrated differences in epitope

recognition between patients with symptomatic allergy

compared with those who were sensitized, but tolerant.

This suggested that determination of IgE-binding epi-

topes may provide an additional tool to diagnose peanut

allergy [35]. Shreffler et al. [36] aimed to develop a peptide

microarray-based immunoassay to map peanut epitopes.

Although this method confirmed that Ara h 1, 2 and 3 were

major peanut allergens and allowed parallel epitope

analysis, it also revealed remarkable heterogeneity in

the number and patterns of epitope recognition between

individual patients. Of note, patients with IgE binding to a

greater number of epitopes had a history of more severe
orized reproduction of this article is prohibited.
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reactions [36]. Astier et al. [37] used SPT with individual

recombinant peanut components (Ara h 1, 2, and 3) and

found Ara h 2 to be dominant, with severity being related to

corecognition of more than one components. Flinterman

et al. [26] have shown that children with peanut allergy

recognize predominantly Ara h 2 and Ara h 6, and that this

pattern remained stable over time.

Recent studies

In a study from Singapore, Chiang et al. [38�] evaluated

the specific IgE responses to the major peanut allergens

Ara h 1–3 in 31 peanut-sensitized Asian children of

whom 27 were considered peanut allergic. Reactivity

to Ara h 1 and Ara h 2 was predictive of peanut allergy,

and the authors suggested that Asian children with pea-

nut sensitization have similar responses to major peanut

allergens as children from North America and Europe.

However, relatively small sample size and the fact that

other peanut allergens were not investigated may not

allow firm conclusions.

In contrast, Vereda et al. [39��] demonstrated markedly

different clinical and immunologic patterns of peanut

allergy in patients from three different geographical

areas. Peanut-allergic patients (challenge or convincing

history) were recruited in the USA (n¼ 30), Spain

(n¼ 50) and Sweden (n¼ 35). American patients had

the highest frequency of sensitization to Ara h 1, 2 and

3 (80, 90 and 56.7%, respectively) and the highest IgE

levels to Ara h 1 and 2. Spanish patients were less

often sensitized to Ara h 1–3 (30, 42 and 16%) but

had highest rate of sensitization to Ara h 9 (60%),

which in turn was rare in Sweden (14.3%) and the

USA (7.7%). Patients from Sweden recognized Ara h

1–3 (62.9, 74.3 and 37.1%) more commonly than those

from Spain, but not as often as those from the USA, and

had highest frequency of sensitization to the Bet v 1

homologue Ara h 8 (65.7%). There were also differences

in the number of peanut allergens recognized by the

patients from different areas, with 60% of Americans

recognizing three or more allergens, and the majority

(54%) of Spanish patients only one allergen. American

patients became allergic around 1 year of age, whereas

Spanish and Swedish patients developed peanut allergy

at the age of 2 years or later. American and Spanish

patients tended to experience more severe reactions

than those from Sweden. Many Spanish patients devel-

oped peanut allergy after becoming allergic to other

plant-derived foods (e.g. peach, tree nuts and legumes).

These results demonstrated heterogeneity in the

clinical and immunological phenotype of peanut allergy

in distinct geographical areas, which might reflect

exposures to different environmental pollen and dietary

traditions and emphasize the importance of molecular

diagnostics in our understanding the puzzle of peanut

allergy.
opyright © Lippincott Williams & Wilkins. Unautho
In the Swedish BAMSE birth cohort, Asarnoj et al. [40��]

investigated using microarrays the IgE reactivity to

peanut allergen components in school-age children in

relation to pollen sensitization and reported peanut

allergy. The pattern of components recognition differed

in the four groups with distinct peanut and birch pollen

combination sensitizations (sensitized to peanut, but not

birch; sensitized to both peanut and birch; sensitized to

birch, but not peanut; not sensitized to peanut or birch).

Children with concomitant sensitization to peanut and

birch reported fewer symptoms to peanuts than children

with sensitization to peanut only; peanut allergy was

more common and more severe in those with reactivity

to Ara h 1–3, than Ara h 8 and pollen sensitization.

Codreanu et al. [41��] measured IgE reactivity to peanut

extract and recombinant peanut components in patients

from two hospitals in France (166 challenge-confirmed

peanut-allergic patients, 61 birch and/or grass pollen-

sensitized peanut-tolerant patients and 10 healthy con-

trols). In both centres, all peanut-allergic patients were

sensitized to peanut extract, 96% to Ara h 2, 92% to Ara h

6, 75% to Ara h 1, 61% to Ara h 3, 43% to Ara h 7, and 40%

to Ara h 8. The majority of pollen-sensitized peanut-

tolerant patients had IgE directed towards peanut extract

(79%) and Ara h 8 (69%), whereas detection of other

peanut allergens was below 20%. Measurement of Ara h 2

sIgE was the best predictor of peanut allergy, with a cut-

off level of 0.23 kU/l conferring 93% sensitivity and 96%

specificity. However, specific IgE to Ara h 2 was not

detectable in seven (4%) peanut-allergic patients (six of

these could be diagnosed by measurement of sIgE Ara h

1, 3, or 6). At the cut-off level of 0.1 kU/l both Ara h 2 and

Ara h 6 had 98% sensitivity and 85%specificity. At the

same cut-off level, IgE to peanut extract had 100%

sensitivity but considerably low specificity (21%).

In the UK study [42��], on the basis of the outcome of

OFC, we have recently shown that the majority of

children sensitized to whole peanut extract do not have

peanut allergy. Although approximately 10% of 8-year-

old children in our population-based birth cohort were

sensitized to peanut using traditional tests (SPT and/or

sIgE to whole peanut extract), only approximately 2%

had peanut allergy (�8% were sensitized, but peanut-

tolerant). Using microarray CRD amongst peanut-sensi-

tized children, we demonstrated marked differences in

the component sensitization profile between peanut-

allergic and peanut-tolerant patients. Peanut-allergic

patients tended to have higher major peanut components

Ara h 1–3, whereas the peanut-tolerant patients had

higher values to CCD and grass components Phl p 1,

Phl p 4 and Phl p 5b. The groups did not differ for Ara h 8,

Bet v 1, Pru p 3, Phl p 7 and Phl p 12. Ara h 2 offered the

best discrimination between peanut-allergic and peanut-

tolerant patients. In a follow-up study [43�], we compared
rized reproduction of this article is prohibited.
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the diagnostic performance of sIgE levels to the whole

extract and different peanut components (Ara h 1, 2, 3, 8

and 9) using standard ImmunoCAP method. sIgE to

Ara h 2 had the highest accuracy in differentiating

between peanut-allergic and peanut-tolerant children,

with cut-off of 0.35 kUA/l of Ara h 2 IgE conferring

100% sensitivity and 96.1% specificity. Using this cut-

off point, 97.5% of patients were correctly classified

(importantly, all children with peanut allergy were given

the correct classification). The optimal cut-off quantifi-

cation point for the whole peanut sIgE had lower

accuracy in discriminating peanut allergy from tolerance

(sensitivity 87.6%, specificity 75.9%).

Flinterman et al. [44�] used the CRD approach to inves-

tigate T-cell responses to crude peanut extract (CPE) and

purified peanut components Ara h 1–3 and six in 18

peanut-allergic, seven peanut-sensitized tolerant and 11

nonatopic controls. Primary peripheral blood mono-

nuclear cells and short-time T-cell lines were stimulated

with CPE and peanut components, and proliferation and

cytokine production measured. Overall there were no

significant differences between peanut-allergic and pea-

nut-sensitized tolerant patients after stimulation with

CPE. However, in short-time T-cell lines only peanut

allergic children showed enhanced Th2 responses to Ara

h 1, 3, and 6.

The body of evidence accumulated over recent years

suggests that IgE response to Ara h 2 may be a useful

marker in predicting peanut allergy in the USA [39��],

Sweden [39��], the UK [42��,43�] and France [41��] but is

unlikely an important predictor of peanut allergy in

Spain. In this area, detection of Ara h 9 appears a more

relevant marker of peanut allergy [39��,45,46].

Sensitization profiles in legume allergy

In a European multicenter study [32] investigating the

characteristics of soybean allergy in 25 adults and 5

children, more than two-thirds of patients were sensitized

to Gly m 4 (and 67% were peanut allergic). Gly m 4 may

be under-represented in soy extracts, and recent review

strongly recommended measurement of IgE response to

Gly m 4 in birch pollen-sensitized patients with sus-

pected soy allergy and undetectable IgE to soy extract

[1].

Sensitization to Gly m 5 or Gly m 6 has recently been

suggested as a potential marker of severe allergic reac-

tions amongst patients with soy allergy [15��]. Sensitiz-

ation to Gly m 5 or Gly m 6 was demonstrated in 6/7

(87%), 6/11 (55%) and 4/12 (33%) patients with severe,

moderate and mild reactions to soy, respectively [15��],

whereas IgE reactivity to Gly m 4 was found in 92% of

those experiencing mild reactions (in patients with sen-

sitization to Gly m 5 and/or Gly m 6 the odd for having
opyright © Lippincott Williams & Wilkins. Unauth
severe vs. mild reaction was 12/1; in patients with IgE

reactivity to Gly m 4 the odd for mild vs. severe reaction

was 14/1). However, severe reactions after intake of

soymilk during the peak of birch pollen have recently

been reported in birch pollen-allergic children sensitized

to Gly m 4, but not to Gly m 5 or Gly m 6 [47��].

Crossreactivity between peanut and other legume

allergens

In a recent study in 12 peanut-allergic children from Italy,

Ballabio et al. [48] investigated immunological crossreac-

tivity with other legume (lupin, lentil, pea, kidney been,

and soybean) and revealed a wide range of IgE-binding

responses within and between patients. The most fre-

quent polypeptides from other legumes recognised by

peanut-allergic patients were the subunits of the 11S

globulins. Results of in-vitro and in-vivo approaches were

generally consistent, confirming marked crossreactivity

between different leguminous seed proteins. However,

few studies have explored clinical relevance of cross-

reactivity. In a recent study [49] of 39 unselected pea-

nut-sensitized adults, 82, 55 and 87% of patients were

also sensitized to lupine, pea, and soy, respectively. On

the basis of DBPCFC, clinically relevant sensitization to

lupine was demonstrated in 35% of study participants. On

the basis of history clinically relevant sensitization to pea

and soy was suggested in 29 and 33% of patients, respect-

ively. Interestingly, a UK paediatric study [50] revealed

lower incidence of lupine sensitization (�34%) and much

lower clinical lupine allergy (�4%) in peanut allergic

children, suggesting again marked differences in the

clinical pattern of food allergy between different

geographical areas.
Conclusion
Allergy to peanut and other legumes is becoming a

significant health problem in many parts of the world,

and accurate diagnosis is of critical importance. Currently

used skin tests and specific IgE tests to the whole extracts

have low specificity, particularly in pollen-sensitized

patients. Recent data suggest that molecular diagnostic

tests may reduce the need to perform OFCs. Quantifi-

cation of Ara h 2 predicted peanut allergy with high

accuracy in studies from the UK and France and may

be a useful marker of peanut allergy in this geographical

region. However, this allergenic molecule may not be a

good prognostic marker in other areas where different

allergenic components may be more relevant (e.g. LTP

in patients from the Mediterranean area).

There is limited evidence to suggest that corecognition of

several peanut allergens is associated with more severe

allergy. In patients allergic to soybean, sensitization to

Gly m 5 and Gly m 6 may be associated with more severe

reactions, but sensitization to Gly m 4 appears to be a
orized reproduction of this article is prohibited.
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marker of severity in those patients with concomitant

birch pollen allergy. It is important to emphasize that

further research in this field is essential before the wide-

spread use of these novel tests in clinical practice.
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