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a b s t r a c t

A large number of plant-derived food allergen components have been identified to date. Although these
allergens are diverse, they often share common structural features such as numerous disulfide bonds or
oligomeric structures. Furthermore, some plant-derived food allergen components cross-react with
pollen allergens. Since the relationship between allergen components and clinical symptoms has been
well characterized, measurements of specific IgE to these components have become useful for the ac-
curate clinical diagnosis and selection of optimal treatment methods for various allergy-related condi-
tions including allergy caused by plant-derived foods. Herein, I have described the types and structures
of different plant allergen components and outlined the diagnosis as well as treatment strategies,
including those reported recently, for such substances. Furthermore, I have also highlighted the
contribution of allergen components to this field.
Copyright © 2021, Japanese Society of Allergology. Production and hosting by Elsevier B.V. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Many plant-derived food allergen components have been
identified (Table 1), wherein their allergenic activity correlates with
their structural characteristics. Several allergens have high thermal
stability during food processing, show resistance to digestive en-
zymes in humans, contain disulfide bonds, have repeated se-
quences, and bind to ligands (Fig. 1, 2). In some cases of food
allergies (FAs) caused by plant sources, pollen allergens are the
primary allergens. Recently, measurements of specific IgE (sIgE)
antibody titers for plant-derived food allergen components in pa-
tient sera were shown to be useful for the accurate clinical diag-
nosis and selection of optimal therapy for FAs caused by plant
sources. Furthermore, plant-derived food allergen components and
their engineered molecules have been examined for use in FA
immunotherapy.

Herein, I have comprehensively described recent reports on
plant-derived food allergen components, and prospects for the
diagnosis and immunotherapy of plant-derived FAs.

Plant-derived food allergen components and their structure

Plant-derived food allergen components

Plants, including peanuts, wheat, fruits, nuts, and soybean, are
frequent sources of FAs.1,2 There has been an increase in the
number of patients with nut allergies worldwide over a decade.3

More than 60% of plant-derived food allergens belong to the
four protein families/superfamilies of prolamin, cupin, Bet v 1/
pathogenesis related protein 10 (PR-10), and profilin (Table 1).4

The prolamin superfamily includes 2S albumin, non-specific
lipid transfer protein (ns-LTP), cereal prolamin, and a-amylase/
trypsin inhibitors. The cupin superfamily contains a variety of
proteins from microorganisms, plants, and animals that are sup-
posedly derived from a common ancestral protein, molecule with
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Table 1
Plant-derived food allergen components.

Family/Superfamily Prolamin Cupin Bet v 1/PR-10 Profilin PR-12 PR-5 Snakin/
GASA

Others

Biochemical
name

2S albumin ns-Lipid transfer
protein/PR-14

Cereal
prolamin

a-amylase/
trypsin
inhibitor

Legumin Vicilin PR-10 Profilin Oleosin Defensin/
PR-12

Thaumatin-like
protein/PR-5

GRP

Peanut Ara h 2
Ara h 6
Ara h 7

Ara h 9
Ara h 16
Ara h 17

Ara h 3 Ara h 1 Ara h 8 Ara h 5 Ara h 10
Ara h 11
Ara h 14
Ara h 15

Ara h 12
Ara h 13

Ara h 18

Walnut Jug r 1 Jug r 3
Jug r 8

Jug r 4 Jug r 2
Jug r 6

Jug r 5 Jug r 7

Pecan Car i 1 Car i 4 Car i 2
Cashew Ana o 3 Ana o 2 Ana o 1
Pistachio Pis v 1 Pis v 2

Pis v 5
Pis v 3 Pis v 4

Almond Pru du 3 Pru du 6 Pru du 8 Pru du 4 Pru du 5, Pru du 10
Hazelnut Cor a 14 Cor a 8 Cor a 9 Cor a 11 Cor a 1 Cor a 2 Cor a 12

Cor a 13
Cor a 15

Cor a 6, Cor a 10

Macadamia Mac i 2 Mac i 1
Soybean Gly m 8 Gly m 6 Gly m 5 Gly m 4 Gly m 3 Gly m 2 Gly m 1, Gly m 7
Sesame Ses i 1

Ses i 2
Ses i 6
Ses i 7

Ses i 3 Ses i 4
Ses i 5

Buckwheat Fag e 2 Fag e 3
Fag e 5

Fag e 4

Wheat Tri a 14 Tri a 19
Tri a 20
Tri a 21
Tri a 26
Tri a 36

Tri a 15
Tri a 28
Tri a 29
Tri a 30
Tri a 40

Tri a 12 Tri a 17, Tri a 18, Tri a 25, Tri
a 27, Tri a 31, Tri a 32, Tri a
33, Tri a 34, Tri a 35, Tri a 37,
Tri a 39, Tri a 41, Tri a 42, Tri
a 43. Tri a 44, Tri a 45

Peach Pru p 3 Pru p 1 Pru p 4 Pru p 2 Pru p 7 Pru p 9
Apple Mal d 3 Mal d 1 Mal d 4 Mal d 2
Banana Mus a 3 Mus a 1 Mus a 4 Mus a 2, Mus a 5, Mus a 6
Kiwi fruit Act d 13 Act d 10 Act d 12 Act d 8, Act d 11 Act d 9 Act d 2 Act d 1, Act d 3, Act d 4,

Act d 5, Act d 6, Act d 7
Melon Cuc m 2 Cuc m 1, Cuc m 3
Orange Cit s 3 Cit s 2 Cit s 7 Cit s 1
Celery Api g 2,

Api g 6
Api g 1 Api g 4 Api g 3, Api g 5

The allergen components are registered in an allergen database established by the Allergen Nomenclature Subcommittee of the World Health Organization/International Federation of Immunological Societies (http://
www.allergen.org/). In allergen nomenclature, the allergen name consists of the first three letters of the genus and one letter from the species, followed by Arabic numerals. It can contain information regarding isoallergens or
isoforms, distinguished by the suffix of a number following the allergen number.

N
.M

aruyam
a
/
A
llergology

International
70

(2021)
291

e
302

292

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp



a conserved motif. Allergens such as vicilin (7S globulin) and
legumin (11S globulin) belong to the cupin superfamily. The Bet v
1/PR-10 and profilin families include major allergens associated
with fruit allergies associated with cross-reactive pollen allergens.
Oleosins, involved in the formation of oil bodies, are components
of plant seeds.5 Plant defensins belonging to PR-12 family are
associated with the innate immune system and have antifungal
and antibacterial properties; they have been identified as peanut
allergens.6 Thaumatin-like proteins (TLPs)7 and gibberellin-
regulated proteins (GRPs)8 are classified as part of PR-5 and sna-
kin/GASA families, respectively.

Legumes and nuts

2S albumin
The 2S albumin is a storage protein present in many plant seeds.

It is an important allergen in peanuts, soybean, nuts, sesame, and
buckwheat (Table 1).9 The 2S albumin is synthesized as an 18e21
kDa proteins. The overall structure includes five a helices and a
hypervariable region between two a helices (Fig. 1A). In most plant
species, the 2S albumin polypeptide undergoes cleavage, resulting
in two chains (small and large subunits) (Fig. 2A). It contains eight-
cysteine motifs (C-X[11e12 residues] eC…CeC-X[9residues]-C-X-
C-X[29-42residues]-C-X[6-7residues]C) and inter-subunit disulfide
bonds.9 The sequences of 2S albumin from peanuts, nuts, and ses-
ame seeds showed low similarity (<20e60%), but those from wal-
nut (Jug r 1) and pecan (Car i 1), members of the Juglandaceae

family, showed exceptionally high identity (88%).10 The identities of
Ara h 2, Ara h 6, and Ara h 7 are not high (46e55%) despite being
isoforms. Although 2S albumins of cashew nut, pistachio, hazelnut,
soybean, sesame, and buckwheat are allergens, the presence of 2S
albumin in almond is still unclear.

Legumin
Legumins, which are storage proteins present in high amounts

in various seeds, have been identified as allergens in many plant
species (Table 1). Similar to vicilin monomers, legumin monomers
are composed of repeated structures of a b barrel and an a helix in a
domain (Fig. 1B),11 but do not contain any carbohydrate moiety. The
molecular mass of the monomer is 50e60 kDa, and it is stable in a
trimeric proform (Fig. 1C). Following cleavage by proteases in the
seeds, the polypeptide chains are divided into acidic and basic
chains with different isoelectric points, resulting in the formation
of hexamers (Fig. 1D). Legumin contains highly conserved intra-
subunit disulfide bonds between the acidic and basic chains
(Fig. 2B). Legumins of different plant species show a high sequence
identity (32e95%).11

Vicilin
Vicilins, like 2S albumin and legumin, are storage proteins. The

monomeric form of vicilin has a molecular mass of ~50e70 kDa.
The core region, which is highly conserved among plant species,
consists of a repeated domain composed of a b barrel and an a helix
(Fig. 1E)11; the monomers form a stable trimeric structure (Fig. 1F).

Fig. 1. Three-dimensional structures of plant-derived allergen components. (A) Peanut 2S albumin (Ara h 2, PDB ID 3OB4), (B) peanut legumin monomer (Ara h 3, PDB ID 3C3V), (C)
peanut legumin trimer (Ara h 3), (D) peanut legumin hexamer (Ara h 3), (E) peanut vicilin monomer (Ara h 1, PDB ID 3SMH), (F) peanut vicilin trimer (Ara h 1), (G) Cys-rich motif
present in the N-terminal extension region of vicilin (homology model), (H) peanut oleosin (Ara h 10, homology model), (I) peanut defensin (Ara h 12, homology model), (J) wheat
a-amylase/trypsin inhibitor (PDB ID 1HSS), (K) soybean PR-10 (Gly m 4, PDB ID 2K7H), (L) melon profilin (Cuc m 2, PDB ID 6MBX), (M) peach ns-LTP (Pru p 3, PDB ID 2B5S), (N)
banana TLP (Mus a 4, PDB ID 1Z3Q), and (O) peach GRP (Pru p 7, homology model). PDB indicates Protein Data Bank. Conserved disulfide bonds are shown using ball and stick
models. Cyan and red indicate b-strands and a-helices, respectively.
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Fig. 2. Schematic structures of plant-derived food allergen components and their conserved disulfide bonds. (A) Peanut 2S albumin of prolamin superfamily, (B) peanut legumin of
cupin superfamily, (C) N-terminal propeptide of peanut vicilin of cupin superfamily, (D) peanut defensin of PR-12 family, (E) wheat a-amylase/trypsin inhibitor of prolamin su-
perfamily, (F) peach ns-LTP of prolamin superfamily, (G) banana TLP of PR-5 family, and (H) peach GRP of snakin/GASA family. Conserved disulfide bonds and cysteine residues are
shown as lines and C, respectively. Arrow heads in (A) and (B) indicate processing sites.
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Unlike 2S albumin and legumin, vicilins often contain a carbohy-
drate moiety in the core region. In some plant species, vicilins
contain a hydrophilic domain at the N-terminus, called the exten-
sion region. Sequence identity of the extension region among
various plant species is relatively low compared to that of the core
region. The extension region may harbor a motif composed of
cysteine residues (C-X-X-X-C-X[10e12 residues]-C-X-X-X-C)
depending on the plant species (Fig. 2C).12 The extension region
of vicilin in various nuts including almonds, macadamia nuts, and
walnuts undergoes processing within the seeds, and the derived
fragments accumulate. The cysteine-containing motif forms a
helix-turn-helix structure (Fig. 1G), thereby affecting the peptide's
antimicrobial activity, which possibly plays a crucial role in plant
defense.

Oleosin
Neutral lipids in plant seeds are stored in lipid droplets and are

utilized as a source of energy and carbon during seed growth.13

Lipid droplets have a core surrounded by a monolayer of phos-
pholipids and proteins. The major protein present in the monolayer
of these lipid droplets is oleosin. Oleosins have been identified as
allergenic molecules in peanut (Ara h 10, Ara h 11, Ara h 14 and Ara
h 15), sesame (Ses i 4 and Ses i 5), and hazelnut (Cor a 12, Cor a 13,
and Cor a 15) (Table 1). Their molecular mass ranges between 14
and 17.5 kDa. Oleosin have a central hydrophobic hairpin adjacent
to the N- and C-terminal domains that can penetrate the phos-
pholipid monolayer and contact the hydrophobic core of the oil
droplet (Fig. 1H).

Defensin
Plant defensins are small cysteine-rich peptides (~8 kDa) with

antifungal and antibacterial activity. Peanut defensins (Ara h 12 and
Ara h 13) have been extracted using chloroform/methanol.6 Soy-
bean defensin (Gly m 2) is also identified as an allergen (Table 1).
Defensins have conserved cysteine residues (Fig. 1I, 2D). The
sequence of mugwort pollen allergen (Art v 1) shares a low identity
with that of Ara h 12, Ara h 13, and Gly m 2, suggesting a low
probability of cross-reactivity.

Wheat allergen component

Cereal prolamin
The major seed allergen components of wheat are gliadin and

glutenin, which constitute gluten. Gliadins are classified as a-, g-,
and u-gliadins, and glutenins as low and high-molecular-weight
glutenins.14 Based on the sensitization profiles of major wheat al-
lergens, a- and g-gliadin (a-gliadin for Tri a 21; g-gliadin for Tri a
20), and low-molecular-weight glutenin (Tri a 36) are the major
allergens associated with wheat allergy in children (Table 1).
Furthermore, wheat is a frequent cause of food-dependent exer-
cise-induced anaphylaxis. In this case, u5-gliadin (Tri a 19) and
high-molecular-weight glutenin (Tri a 26) are the major allergens
involved (Table 1).15 Repeated motifs containing proline and
glutamine residues are common to both molecules. Epitopes are
present in repeated sequences, and these features are thought to
contribute to the symptoms of allergy.

a-Amylase/trypsin inhibitor
The wheat a-amylase/trypsin inhibitor includes major compo-

nents responsible for baker's asthma and are classified into three
types based on their assembly, with all members being immuno-
reactive and listed in the database (monomeric, Tri a 15; dimeric,
Tri a 28; tetrameric, Tri a 29, Tri a 30, Tri a 40) (Table 1).14,16 The
family comprises proteins that are extracted using chloroform/
methanol and have molecular masses of 12e16 kDa. These proteins

have a common fold (4e5 a-helices and a short antiparallel b-
sheet) and include 4e5 intrachain disulfide bridges (Fig. 1J, 2E).

Fruits and vegetables

Bet v 1/PR-10
Many fruits and vegetables cause FA symptoms due to cross-

reactivity with pollen, called pollen-food allergy syndrome
(PFAS).17 The main allergens responsible for this cross-reactivity
belong to the Bet v 1/PR-10 family molecules (Table 1). Bet v 1 of
birch pollen serves as the primary antigen and causes allergic
symptoms by cross-reactivity. Its structure is composed of seven
anti-parallel b strands and three a helices surrounding a large hy-
drophobic cavity (Fig. 1K),18 wherein this cavity serves as a ligand
for plant hormones. PR-10 proteins are also found in seeds, such as
peanuts and soybeans (Table 1). In particular, patients allergic to
soybean milk show high sIgE antibody titers to Gly m 4, which is a
major cause of soybean allergy in adults.19

Profilin
Profilins are actin monomerebinding proteins, with molecular

masses of 12e16 kDa.20 The first allergenic profilin identified from
birch pollen was Bet v 2; several profilins have been identified in
various foods since then (Table 1). The profilin family proteins share
highly conserved amino acid sequences and have been associated
with PFAS. Most of them are composed of seven b strand and three
to four a helices (Fig. 1L).21

ns-LTP
ns-LTP, a defense protein belonging to the PR-14 family, is an

important allergen in seeds and fruits (Table 1). In the Mediterra-
nean region of Europe, ns-LTP is frequently associated with peach
and apple allergies, and induces systemic symptoms.22 Rosaceae
fruits and vegetables, walnuts, hazelnuts, and peanuts contain ns-
LTP (Table 1). Although its relationship with pollen is not clear,
ns-LTP has been reported to be amajor allergen inmugwort pollen-
related allergies in China.23 The three-dimensional structure of
peach ns-LTP contains a-helices with short loops (Fig. 1M). It has a
characteristic globular structure stabilized by four disulfide bonds
(Fig. 2F)24 and hydrophobic cavities that serve as ligand-binding
sites for lipid and other hydrophobic molecules.

TLP
Sequences of the family 5 of PRs show homologies with those of

thaumatin, a sweet-tasting protein isolated from the fruits of the
west African rain forest shrub Thaumatococcus daniellii.7 Therefore,
the PR-5 family proteins are referred to as TLPs. Mal d 2, Pru p 2, Act
d 2, Mus a 4, and others are allergic TLPs (Table 1). The molecular
mass of these proteins is ~23 kDa. The three-dimensional structure
of TLPs is composed of three distinct domains (Fig. 1N).25 The core
domain consists of a b sandwich of two b sheets. The other two
domains contain an extended a helix with three shorter a helices
and two short strands of b sheet linked to an extended loop. These
are stabilized by eight disulfide bonds conserved in TLPs from
different plant species (Fig. 2G).

GRP
GRPs have been classified as members of the snakin/GASA

family, which consist of plant antimicrobial peptides (Table 1).26

GRPs are small molecular weight proteins (5e6 kDa) that contain
disulfide bonds conserved in the snakin/GASA family consisting of
stable proteins (Fig. 1O, 2H). Therefore, their physicochemical
properties differ from those of the PR-10 and profilin molecules,
which are easily degraded by digestive enzymes. GRPs of peach,
Japanese apricot, and citrus fruits induce FAs.8 Peach GRP (Pru p 7)
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is associated with systemic symptoms of peach allergy in patients
from France and other countries.27e29 A cross-reactivity with a
protein homologous to GRP present in cedar pollens probably
causes fruit allergies related to GRP sensitization.28e31

Component-resolved diagnosis (CRD) for FA caused by plant
sources

Skin prick tests and serum-sIgE antibody tests of crude extracts
are routinely used for the diagnosis of FAs. Although these tests can
identify foods to which the patient is sensitized, it is often difficult
to determine whether the foods are causing the symptoms.
Therefore, the measurement of sIgE antibody titers to allergen
components has been termined.1,32,33 This reduces the risk to the
patient by providing an alternative to the oral food challenge test,
which is associated with a risk of anaphylaxis. Furthermore, it helps
to identify allergic symptoms due to cross-reactivity by deter-
mining the primary antigen. In allergic reactions caused by plant
sources, there are allergen components for which measurement of
sIgE antibody titers is useful for clinical diagnosis.1,32,33 The recent
reports are summarized in Table 2.

2S albumin

Peanut, sesame, and soybean
The clinical performance of 2S albumin in seeds of many plant

species has been evaluated, and the efficacy of sIgE antibody titers
against Ara h 2 (peanut),32e34 Ses i 1 (sesame)35,36 and Gly m 8
(soybean)37e40 in clinical diagnosis has also been shown (Tables 1,
2, Fig. 1A).

Walnut
A high frequency of allergic reactions to walnut was reported in

theMediterranean region of Europe.41 A survey of 177 patients with
a probable walnut allergy, encompassing twelve European cities,
was conducted to analyze Jug r 1eJug r 7 sensitization profiles.42

The distribution of sensitization to walnut components was
similar to that of other tree nuts, with sensitization to Jug r 5
observed in northern and central Europe, Jug r 7 across Europe, and
Jug r 3 in the Mediterranean region. Jug r 5 and Jug r 7 were
involved in mild to moderate symptoms, but the storage proteins
did not show a clear correlation with the severity of the condition
(Table 1).42 Conversely, in the study of walnut-allergic subjects
from Switzerland and other countries, sIgE antibody titers to Jug r 1,
Jug r 4, and vicilin fractions were associatedwith systemic reactions
to walnut (allergic, n ¼ 91; walnut tolerance, n ¼ 24) (Table 1, 2).43

In a retrospective study in the UK, Jug r 1 showed higher specificity
(75.9%) and an area under the receiver operating characteristic
curve (AUC) of (0.86) as a predictor of walnut allergy (n ¼ 16,
allergic; n ¼ 29, tolerant) (Table 2).44 Data collected in Japan indi-
cated that a positive oral challenge test correlate with sensitization
to Jug r 1 (AUC ¼ 0.843) in patients with suspected walnut allergy
(n ¼ 108; allergic, n ¼ 60, tolerant, n ¼ 48) (Table 2).45 In a report
from Korea, sensitization to Jug r 1 was found in most patients
allergic to walnut (31 out of 32 patients) (Table 2).46 A report from
Israel also showed that measuring Jug r 1 titer was useful in the
diagnosis of walnut allergy (n ¼ 76; allergic, n ¼ 61, sensitized,
n ¼ 15) (AUC ¼ 0.85) (Table 2).47

Hazelnut
Sensitization to Cor a 14 is correlated with severe allergic

symptoms in pediatric patients with hazelnut allergy (18 out of 20
patients) (Table 1, 2).48 In the Mediterranean region, severe allergic
symptoms associated with sensitization to Cor a 8, and Cor a 1
correlated with oral symptoms associated with birch pollen

sensitization in northern and central Europe.49 The higher the
severity of the allergic reactions, the higher is the sensitization to
Cor a 9 and Cor a 1449 (AUC for Cor a 9 and Cor a 14¼ 0.87, and 0.80,
respectively) (Table 2). An extensive studywas conducted in Europe
to predict the severity of symptoms in patients with hazelnut al-
lergy. Analyses for Cor a 1, Cor a 2, Cor a 8, Cor a 9, Cor a 11, Cor a 12,
and Cor a 14 showed that 21% of patients with severe symptoms
were negative for all these components.50 Sensitization to Cor a 9
and Cor a 14 was positively associated and Cor a 1 was negatively
associated with severe symptoms during a double-blind placebo-
controlled food challenges (Table 2).50 An investigation carried out
in the United States to assess the pattern of allergic sensitization to
hazelnuts revealed that children (<3 years old) were mainly
sensitized to Cor a 9 and Cor a 14 (Table 2).51 Analysis of patients
with multiple allergies showed that sIgE antibody titers for Cor a 14
were significantly higher in patients who were positive for double-
blind placebo-controlled food challenges than in those who were
negative, and that sIgE antibody titers did not substantially differ in
response to other allergens.52 Analysis of Japanese pediatric pa-
tients indicated that high sIgE antibody titers for Cor a 9 could
improve the diagnostic accuracy for identifying hazelnut allergy
(Table 2).53

Cashew
There are many reports pertaining to cashew allergy on the

diagnostic performance of Ana o 3, which has a high ratio of single
sensitization in patients with anaphylactic symptoms (Table 1,
2).54e56 The sIgE antibody titer of Ana o 3 is useful in distinguish-
ing between positive and negative results in oral food challenge
tests in Japanese pediatric patients (allergic, n ¼ 26; tolerant,
n ¼ 69) (AUC, 0.791) (Table 2).55 Both cashew nuts and pistachios
belong to the family Anacardiaceae. A retrospective, single-center
study conducted in France indicated that sIgE antibody titers for
Ana o 3 and the ratio of Ana o 3/total IgE shows better clinical
performance in predicting pistachio allergy than sIgE antibody ti-
ters to pistachio (n ¼ 25; allergic for pistachio, n ¼ 8; sensitized-
only, n ¼ 17) (Table 2).56

Vicilin/Legumin

Peanut
In peanut-allergic patients in Iceland, half of the patients

sensitized to peanuts were negative for Ara h 2, and the sIgE
antibody titer for Ara h 1 contributed to the prediction of peanut
allergy for these patients (Table 1, 2).57 A characteristic motif con-
taining cysteine residues (see section Vicilin) is present at the N-
terminal extension region of Ara h 1 (Table 1, Fig. 1G).12 A recom-
binant protein against a peptide derived from the N-terminal
amino acid residues of Ara h 1 showed an sIgE antibody titer in 25
out of 55 patients with peanut allergy studied in the Netherlands
(Table 2).58

Walnut and hazelnut
As described above, there are several reports highlighting the

importance of vicilin and legumin for CRD. In the study from
Switzerland and others, the sIgE antibody titer against Jug r 4, and
vicilin fractions were associated with systemic reactions to walnut
(Table 1, 2).43 Sensitization to Cor a 9 is highly correlated with se-
vere allergic symptoms (Table 2).49e51

Macadamia nut and almond
Vicilin-derived peptides with antimicrobial properties (Mac i 1),

obtained frommacadamia nuts (Table 1), reacted intensely with the
sera of 29% (24/82) of nut-allergic patients tested, including three
patients with macadamia nut allergy who showed systemic
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Table 2
Clinical characteristics of plant-derived food allergen components from studies published between 2015 and 2021.

Biochemical name Plant/Component Result Country Ref

2S albumin Peanut/Ara h 1,
Ara h 3, Ara h 6

Sensitization to Ara h 1, Ara h 3, and Ara h 6 contributed to the
prediction of peanut allergy in patients negative for Ara h 2

Iceland 57

Sesame/Ses i 1 Ses i 1-sIgE titer was a more effective measure for sesame allergy
diagnosis than skin prick test

Japan 35,36

Soybean/Gly m 8 sIgE titer for Gly m 8 showed a high area under the curve (AUC) for
discriminating between allergic and tolerant subjects

USA 39

sIgE titer for Gly m 8 showed the highest AUC among 14 allergen
components for discriminating between allergic and tolerant subjects

Japan 37,40

Walnut/Jug r 1 Jug r 1 showed high specificity and AUC for the prediction of walnut
allergy

UK 44

Sensitization to Jug r 1 was associated with walnut allergy Japan 45
Measurement of sIgEs for Jug r 1 was benefical in diagnosing walnut
allergy

Korea Republic 46

Sensitization to Jug r 1 was found in most patients allergic to walnut Israel 47
Walnut/Jug r 1, Jug r 4,
Vicilin fraction

Titers of sIgEs for Jug r 1, Jug r 4, and vicilin fractions were associated
with systemic reactions to walnut

Switzerland and others 43

Hazelnut/Cor a 14 Measurement of sIgEs for Cor a 14 was benefical in diagnosing hazelnut
allergy in pediatric patients

Belgium 48

Double-blind placebo-controlled food challenge-positive patients had
significantly higher titers of IgE for Cor a 14 than challenge-negative
patients

USA 51

Hazelnut/Cor a 9,
Cor a 14

Sensitization to Cor a 9 and Cor a 14 was highly correlated with severe
allergic symptoms

Netherlands 49

Sensitization to Cor a 9 and Cor a 14 was positively associated with
severe symptoms

Netherlands and others 50

Children aged <3 years were mainly sensitized to Cor a 14 together with
Cor a 9

USA 51

Cashew/Ana o 3 Single sensitization of patients with Ana o 3 was highly associated with
anaphylactic symptoms

Poland 54

Measurement of IgE against Ana o 3 was benefical in distinguishing
between positive and negative results in oral food-challenge tests in
children

Japan 55

Measurement of sIgE against Ana o 3, and its ratio to total IgE levels,
showed better clinical performance than that of sIgE to pistachio

France 56

Buckwheat/Fag e 1,
Fag e 2, Fag e 5

Concomitant sensitization to Fag e 1, Fag e 2, and Fag e 5 appeared to
correlate with buckwheat allergy

Austria and others 61

Vicilin/Legumin Peanut/Ara h 1,
Ara h 3, Ara h 6

Sensitization to Ara h 1, Ara h 3, and Ara h 6 contributed to peanut
allergy prediction in patients negative for Ara h 2

Iceland 57

Peanut/Ara h 1 propeptide The N-terminal peptide of Ara h 1 reacted intensely with sera of about
half of patients with peanut allergy

Netherlands 58

Walnut/Jug r 1, Jug r 4,
Vicilin fraction

Levels of sIgEs against Jug r 1, Jug r 4, and vicilin fractions were
associated with systemic reactions to walnut

Switzerland and others 43

Hazelnut/Cor a 9, Cor a 14 Sensitization to Cor a 9 and Cor a 14 was highly correlated with severe
allergic symptoms

Netherlands 49

Sensitization to Cor a 9 with Cor a 14 was positively associated with
severe allergic symptoms

Netherlands and others 50

Children aged < 3 years were mainly sensitized to Cor a 14 together
with Cor a 9

USA 51

Hazelnut/Cor a 9 High sIgE levels for Cor a 9 improve diagnostic accuracy in
distinguishing hazelnut allergy

Japan 53

Macadamia/Mac i 1 Vicilin-like N-terminal peptides react intensely with sera of patients
with nut allergy, including three macadamia-allergic patients that have
systemic symptoms

Netherlands 59

Almond/Pru du 8 Pru du 8 reacted with one-third of sera from patients with almond
allergy

USA 60

Buckwheat/Fag e 1,
Fag e 2, Fag e 5

Concomitant sensitization to Fag e 1, Fag e 2, and Fag e 5 appeared to
correlate with buckwheat allergy

Austria and others 61

Buckwheat/Fag e 3 Levels of sIgE against Fag e 3 aided in predicting results from oral food-
challenge testing

Japan 62

Soybean/Gly m 5 A fusion protein composed of Gly m 8 and the N-terminal region of Gly
m 5.0201 improved the diagnostic accuracy of soybean allergy in
pediatric patients

Japan 40

u-5 gliadin Wheat/Tri a 19 Among wheat allergy components, sIgE levels to Tri a 19 correlated best
to food challenge outcomes

Sweden 64

b-Amylase Wheat/Tri a 17 Sensitization to Tri a 17 was associated with severe allergic reactions in
sensitized patients

Austria 65

ns-LTP Peach/Pru p 3 Sensitization to Pru p 3 was associated with systemic symptoms in
central Europe

Austria 66

Sensitization to several lipid transfer proteins was a risk factor for
anaphylaxis

Spain 68

(continued on next page)
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symptoms (Table 2).59 In an IgE immunoblotting-based assessment,
a peptide derived from almond vicilin (Pru du 8) also reacted with
the sera of 6 out of 18 patients with almond allergy, diagnosed by
double-blind placebo-controlled food challenges (Table 2).60

Buckwheat
Allergen components were analyzed for subjects sensitizedwith

buckwheat (n ¼ 52; allergic, n ¼ 11; sensitized, n ¼ 41).61 In this
study, vicilinwas reportedas anewallergen, Fage5 (Table1), andco-
sensitization with vicilin, legumin, and 2S albumin has been re-
ported tobe useful inpredicting buckwheat allergy (Table 2). Fag e 3,
the putative N-terminal domain of vicilin, is also useful for pre-
dicting the diagnostic results of oral food challenge tests (n ¼ 60;
symptomatic, n ¼ 20; asymptomatic, n ¼ 40) (AUC ¼ 0.893)
(Table 2).62

Soybean
Gly m 5 is composed of three subunits, viz. Gly m 5.0101, Gly m

5.0201, and Gly m 5.0301 (Table 1). Gly m 5.0101 and Gly m 5.0201
are composed of an extension region and a core region (see the
section Vicilin). The extension region is less likely to cause sero-
logical cross-reactivity due to its low sequence similarity among
different plant species. Furthermore, I and collaborators showed
that this region contains epitopes for many patients with soybean
allergy.40 Supposedly, developing an allergen component that
fused the extension region of Gly m 5.0201 (high clinical sensi-
tivity) to Gly m 8 (high clinical specificity) improved clinical per-
formance (n ¼ 91; symptomatic, n ¼ 40; asymptomatic, n ¼ 51;
AUC ¼ 0.801) (Table 2).

Wheat u-5 gliadin and b-amylase

sIgE antibody titers to Tri a 19 have been frequently used in the
diagnosis of wheat food-dependent exercise-induced anaphylaxis
and FA (Table 1).63,64 b-amylase (Tri a 17) was positive for 6 out of 8
patients who had a history of wheat-induced anaphylaxis (Table 1,
2).65

Peach ns-LTP

In the Mediterranean region, ns-LTPs are the major causes of
plant-food allergies and are often associated with severe allergic
reactions (Table 1).22 In the analysis of IgE reactivity in an Austrian
cohort, 10 out of 13 patients were sensitive to Pru p 3, suggesting
that Pru p 3 sensitization is a risk factor for severe allergic symp-
toms in central Europe.66 To know the sensitization pattern of ns-
LTPs in the northern area, subjects (n ¼ 35) born and residing in
the United Kingdom, with prior diagnosis of ns-LTP allergy and
sensitization to Pru p 3 were compared with those (n ¼ 15) having
PFAS by microarray immunoassay.67 The tendency of sensitization

to ns-LTPs and the other components in the United Kingdom cohort
is similar to those of the Mediterranean a region. In a study con-
ducted in patients positive for Pru p 3 (n ¼ 421) in Spain, patients
sensitized to five ormore ns-LTPs (including Pru p 3, Jug r 3, Ara h 9,
Cor a 8, and Art v 3) showed high frequency of systemic reactions
(Table 2).68

Peach GRP

The distribution, clinical features, and molecular relevance of
Pru p 7 sensitization among subjects suspected of peach allergy in
different regions of France have been investigated (Table 1).29

Sensitization to Pru p 7 was found in 171 (54%) of all subjects and
123 (62%) of 198 subjects diagnosed with peach allergy, more than
half of whom were not sensitive to any other peach allergen
(Table 2).29 The cypress pollen allergen homologous to Pru p 7 may
be the underlying cause of severe peach allergy.69 However, among
Italian patients allergic to cypress pollen, investigation for Pru p 7
sensitization revealed that only 2.8% of the patients were mono-
sensitive to Pru p 7 (Table 2).70 This suggests that the prevalence
of allergy to Pru p 7 is low in Italy with regional differences in Pru p
7 sensitization. In Japan, in patients with systemic reactions,
including patients who experienced anaphylaxis (n ¼ 15), and oral
or throat mucosal symptoms (n ¼ 12), systemic symptoms and
anaphylaxis correlated with sensitization to Pru p 7 (Table 2).71

Bet v 1/PR-10 and profilin

In Europe, sensitization to Cor a 1 was negatively associated
with more severe symptoms during double-blind placebo-
controlled food challenges (Table 1, 2).50 Analysis of Japanese pe-
diatric patients indicated that low sIgE antibody titers against Cor a
1 improve diagnostic accuracy in hazelnut allergy (Table 2).53 A
comparison between local and systemic reaction groups of patients
with peach allergy in Japan revealed that sensitization to Pru p 1
and Pru p 4 was correlated with local symptoms in these patients
(Table 2).71

Allergen component IgE epitopes

In general, epitopes of allergens that bind to IgE antibodies can
be divided into linear epitopes formed by the primary structure
(continuous amino acid residues) and conformational epitopes
formed by a three-dimensional structure.1 The search for epitopes
correlated with clinical symptoms has been conducted for precise
diagnosis.2 There are many reports regarding the linear epitopes of
plant food allergen components.15,72 However, there are only a few
reports on the identification of conformational epitopes, owing to
limitations in the analytical methods used.73 Herein, I introduce

Table 2 (continued )

Biochemical name Plant/Component Result Country Ref

GRP Peach/Pru p 7 Pru p 7 sensitization was associated with clinical severity France 29
Sensitization to Pru p 7 was a predominant cause
of severe peach allergy and associated with sensitization to cypress
pollen

Italy 70

Sensitization to Pru p 7 was correlated with systemic symptoms and
anaphylaxis

Japan 71

Bet v 1/PR-10/Profilin Hazelnut/Cor a 1 Sensitization to Cor a 1 was negatively associated with severe
symptoms during a double-blind placebo-controlled food challenge

Netherlands and others 50

Hazelnut/Cor a 1 Measurement of sIgEs for Cor a 1 improved diagnostic accuracy in
hazelnut allergy

Japan 53

Peach/Pru p 1, Pru p 4 Sensitization to Pru p 1 and Pru p 4 was correlated with local symptoms Japan 71

AUC, area under the curve.
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details about conformational epitopes of both seed storage and
PFAS-related proteins of plant-derived food allergen components.

Peanut 2S albumin

Because disulfide bonds are important for maintaining the
conformation of 2S albumin (Fig. 1A, 2A), the disruption of the di-
sulfide bonds by chemical reduction and alkylation change the
conformation. The IgE-binding ability of alkylated Ara h 2 (Table 1)
was greatly reduced compared with that of the native molecule.74

Interestingly, when the sIgE antibody titer to epitopes in the
peanut-allergic patient group was standardized, the frequency of
identification of the linear epitope for Ara h 2 and Ara h 6 was
inversely correlated with the severity of clinical symptoms.75

Furthermore, the conformational epitopes of peanut 2S albumin
were identified by screening by a phage display library containing
12 amino-acid random peptides using the EpiSearch tool (http://
curie.utmb.edu/episearch.html) (Fig. 3A).76 These findings suggest
that the conformational epitope of 2S albumin may be useful in
clinical diagnosis in the future.

Cashew and almond legumin

Legumin of seed storage proteins have conformational epitopes
(Table 1, Fig. 1BeD).77e79 Immunoblotting using a murine mono-
clonal antibody, chimeric molecule analysis, molecular modeling,
and electron microscopy revealed that conformational epitopes of
Ana o 2 reside on the acidic chain of legumins (Fig. 2B), depend on
the association of basic chain, and are sensitive to denaturation.77,78

Conformational epitope of Pru du 6 determined by using murine
monoclonal antibody, and hydrogen deuterium exchange mass
spectrometry comprises discontinuous strands with close prox-
imity (Fig. 3B).79

Peach ns-LTP

The binding of ns-LTP to lipid partially affected its conformation
(Fig. 1M, 2F) and the lipid binding changes the interaction of IgE
antibodies with ns-LTP.80,81 Art v 3, an ns-LTP of mugwort pollen,
has been suggested to cross-react with Pru p 3. Art v 3 have
conformational epitopes located in three different regions on the
protein surface.82,83 A comparison with a previously reported
epitope of Pru p 3 revealed that the three-dimensional structural
epitope of Art v 3 might be involved in cross-reactivity.

Bet v 1/PR-10

Conformational epitopes are important for allergen compo-
nents belonging to the Bet v 1/PR-10 family related to PFAS
(Table 1). The epitope for Bet v 1, one of the primary allergens
causing PFAS, analyzed by a Fab fragment of a monoclonal murine
IgG antibody was identified around the loop connected by two b
strands.84 Analysis of an artificial protein whose Bet v 1 molecular
surface structure was partially replaced by that of the homologous
protein celery Api g 1 (Table 1) revealed the presence of several
epitopes all over the molecular surface.85 Epitopes have also been
reported for Bet v 1/PR-10 molecules from the seeds. Analysis
using engineered recombinant variants of a non-allergenic Bet v
1-type model protein indicated that six IgE-binding regions
accounted for more than 80% of the total IgE-binding capacity of
Gly m 4 (Fig. 1K, 3C).86

Immunotherapy using recombinant allergen components

Allergen immunotherapy (AIT) is an important therapeutic
modality for allergic diseases.87 Although immunotherapy has been
performed using foods and extracts, this method has the risk of
inducing allergic symptoms, and may not be effective when the
content of the allergen to be treated is low. Vaccines and thera-
peutic agents with reduced risk are being developed by modifying
B-cell epitopes and preserving T-cell epitopes using recombinant
proteins of allergen components.88 Disrupting disulfide bonds,
modifying conformational epitopes, and designing chimeric pro-
teins can help optimizing the immunogenicity of allergen compo-
nents for effective AIT.89 Herein, I describe plant-derived food
allergen components designed for AIT.

Peanut 2S albumin

For peanut allergy, molecules with reduced IgE antibody bind-
ing ability, such as 2S albumin (Table 1), have been designed, and
their potential as immunotherapeutic agents has been reported. To
maintain the desensitizing potential, allergen-modified mutants
with conserved T-cell stimulation capacity and reduced IgE binding
were generated for AIT.90 Most of the known linear epitopes are
located in the flexible loop of Ara h 2, whereas T-cell epitopes have
been identified mainly in the a helix (Fig. 1A). An important point
for designing the molecules is that the loop was modified, but the
disulfide bonds, which affect the higher-order structure, were not

Fig. 3. Conformational epitopes of plant-derived allergen components. (A) Peanut 2S albumin (Ara h 2) as reported by Chen et al.76 Residues related to a conformational epitope are
shown as ball and stick models. (B) Almond legumin (Pru du 6) as reported by Willison et al.79 (C) Soybean PR-10 (Gly m 4) as reported by Husslik et al.86 Residues related to
conformational epitopes are shown using ball and stick models. Molecular surfaces composed by conformational epitopes are depicted in red (A), blue (B) and pink (C). The models
of the other two monomers which form a trimer are included in (B).
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altered. In another report, a hypoallergenic Ara h 2 mutant was
designed by reduction and alkylation to remove conformational
epitopes, and by modification to remove linear epitopes.91 This
molecule abolished the binding of IgE, and, as expected, showed no
anaphylaxis in mice, but induced T-cell proliferation. The admin-
istered amount of 16.3 mg for a mouse almost corresponds to 56 mg
in a human weighing 65 kg. This amount is lower than the
maximum doses used for peanut oral immunotherapy (estimated
amount of Ara h 2 is 400 mg). Additionally, the effects of peanut
allergens (Ara h 1 and Ara h 2) (Table 1) conjugated with plant
viruses as potential vaccines for immunotherapy were examined in
mice; theywere highly safe and induced specific IgG antibodies and
reduced local reactions after skin-prick tests.92

Peach ns-LTP

Various attempts have been made to design Pru p 3 for AIT
(Table 1). In patients with systemic allergic reactions to peaches
and/or peanuts, peach and peanut desensitization and immuno-
logical changes were evaluated after one year of Pru p 3 sublingual
immunotherapy.93 Both desensitization and immunological
changes were induced for peach as well as for other food allergens,
such as peanut, which are associated with the induction of severe
reactions.93 The effects of subcutaneous immunotherapy with
reduced-alkylated and wild-type Pru p 3 were tested in mice.94

Wild-type Pru p 3 was highly effective compared with reduced-
alkylated Pru p 3; low allergenicity and structural instability of
the reduced-alkylated Pru p 3 may be contributing factors. In
addition, using oligonucleotides adjuvanted with the T-cell epitope
peptide of Pru p 3 resulted in Treg induction in mice, without an
increase in Pru p 3-specific IgE levels.95

Bet v 1/PR-10

In the studies on the AIT against Bet v 1/PR-10 molecules
(Table 1), 16-week sublingual immunotherapy using recombinant
Mal d 1 (25 mg/day, n¼ 20), but not recombinant Bet v 1 (25 mg/day,
n ¼ 20), remarkably improved birch pollen-related apple allergy in
Austrian patients.96,97 Allergen-specific IgE-blocking IgG antibodies
were associated with clinical efficacy.96,97 In a one-year AIT using a
folding variant of recombinant Bet v 1 against birch-related soy-
bean allergy, a hypoallergenic variant of Bet v 1 was effective,
although the data were not significant.98 Furthermore, IgG anti-
bodies induced by a sublingual immunotherapy of Bet v 1 showed
cross-blocking activity on many related allergens of Bet v 1/PR-10
family.99

Concluding remarks

Knowledge of the correlation between allergen components and
clinical symptoms has become increasingly important in the
routine diagnosis and treatment of FAs. Research on designed and
engineered allergen components using information related to
three-dimensional structures and epitopes in plant-related FAs will
be useful for diagnosis and immunotherapy. The application of
novel technologies in FAs is expected to lead to the development of
more precise diagnostic and therapeutic methods.
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