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Tree nuts are considered as part of a healthy diet due to their high nutritional quality. However, they are also a
potent source of allergenic proteins inducing IgE mediated hypersensitivity often causing serious, life-threa-
tening reactions. The reported prevalence of tree nut allergy is up to 4.9% worldwide. The general term “tree
nuts” comprises a number of nuts, seeds, and drupes, derived from trees from different botanical families. For
hazelnut and walnut several allergens have been identified which are already partly applied in component

resolved diagnosis, while for other tree nuts such as macadamia, coconut, and Brazil nut only individual al-
lergens were identified and data on additional allergenic proteins are missing. This review summarizes the
current knowledge on tree nut allergens and describes their physicochemical and immunological characteriza-

tion and clinical relevance.

1. Introduction

Tree nuts are a potent and frequent allergen source inducing IgE
mediated food allergic reactions which can cause serious and some-
times even fatal reactions. Tree nut allergy has been reported from all
over the world with a prevalence of up to 4.9% of the general popu-
lation (McWilliam et al., 2015).

Botanically, a tree nut is composed of a dry hard shell protecting the
seed or dormant embryo such as the nuts from trees from the botanical
order Fagales. The strict botanical definition is not always in line with
what is generally accepted as a tree nut — an edible seed originating
from a tree. Tree nuts are found in both, dicots and monocots, some of
them are phylogenetically closely related, while others are not. This
relationship is also reflected by sequence similarity which in turn pro-
vides the molecular background for potential IgE cross reactivity.

Usually, these seeds contain a high number of essential nutrients to
provide the germinating seeds with energy for survival and prolifera-
tion. For example, seed storage proteins are highly abundant in tree
nuts packed in protein bodies. Due to their high nutritional quality tree
nuts are also regarded as part of a healthy diet and their consumption is
recommended. This is also reflected by the annual worldwide produc-
tion of tree nuts, which ranges from 4.9 M tons of cashew nuts to 1.1 M
tons of pistachios (FAOSTAT, 2018).

Tree nuts can be consumed as a snack alone, as a nut mix, or as an
ingredient in a range of dishes. Furthermore, they are also present in
different food products such as chocolate, nougat, marzipan, nut milk
and oil, pesto, cereals, baked goods, flavored coffee, and salads.

Exposure to tree nuts can also occur via using cosmetics, handling pet
food, and bean bags. Food processing such as roasting, heating or en-
zymatic treatment may affect the allergenicity of food allergens. It has
been shown that heating and dry roasting of hazelnuts and walnut can
destroy some allergenic fractions, while other proteins remain stable
and maintain their IgE binding activity, thus still posing a risk for the
tree nut allergic patient (Downs et al., 2016; Hansen et al., 2003; Muller
et al., 2000).

2. Protein families involved in tree nut allergy

The majority of proteins involved in tree nut allergy belong to
protein families of 2S albumins, vicilins, legumins, and nsLTPs. Bet v 1-
homologues and profilins are involved in pollen associated tree nut
allergy (Fig. 1). Also, oleosins and thaumatin-like proteins were shown
to be important allergens. An overview of the already identified aller-
gens is given in Tables 1-3.

2.1. 2S albumins

2S albumins together with nsLTPs belong to the prolamin super-
family. These proteins provide an overall alpha helical dominating
structure and share 6-8 conserved cysteine residues forming disulfide
bridges facilitating a compact structure. Besides these conserved
structural determinants sequence similarities are rather low among
members of these protein families. 2S albumins are encoded by a
multigene family and contain a high number of sulfur rich amino acids.
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Fig. 1. Representative 3D structures of tree nut allergens as well as Bet v 1 from
birch pollen as a representative for Bet v 1-like proteins identified in hazelnut
and walnut.

Most of them are cleaved into a large subunit of approx. 9kDa and a
small subunit of approx. 4kDa (Moreno and Clemente, 2008). Post-
translational modifications such as C-terminal truncations of the small
subunit contribute to the heterogeneity of 2S albumin fractions. Their
compact structure accounts for a high resistance when subjected to
thermal and enzymatic treatment.

2.2. Non-specific lipid transfer proteins (nsLTPs)

NsLTPs are thought to transport phospholipids across membranes
and are upregulated during plant defence upon fungal and bacterial
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infections (De Lucca et al., 2005). NsLTPs are characterized by a shared
structure based on 4 disulfide bridges forming an internal cavity that
allows carrying ligands. It has been shown that this cavity can host
different types of ligands such as fatty acids, fatty acyl CoA, phospho-
lipids, glycolipids, hydroxylated fatty acids, and prostaglandin B2
(Carvalho and Gomes, 2007; Zachowski et al., 1998). 3D-structures of
several nsLTPs have been resolved, e.g. from hazelnut, peach, and
barley by either X-ray crystallography or NMR (Lerche and Poulsen,
1998; Offermann et al., 2015; Pasquato et al., 2006). Recent studies
provided evidence for nsLTPs from apple, peach, and walnut that they
preferentially bind unsaturated fatty acids and via this binding the C-
terminal part of the tunnel undergoes a conformational change thus
exposing amino acid residues to the surface (Dubiela et al., 2017).
NsLTPs have been identified as allergens from a vast range of dicot
plants, present in pollen, fruits, tree nuts, and seeds. Primarily, these
allergens are regarded as true food allergens, indicating that sensitiza-
tion occurs via the gastrointestinal tract. These allergens are accumu-
lated in the outer layers of fruits and seeds. They display a remarkable
stability against heat treatment and enzymatic degradation, however,
their stability is pH dependent.

2.3. Vicilins

Vicilins (7S globulins), together with legumins (11S globulins), be-
long to the cupin superfamily characterized by a B-barrel structure.
Typically, these glycoproteins are proteolytically processed thus pro-
viding a range of isoforms. In their native form vicilins appear as tri-
mers with an overall molecular mass of approx. 150-190 kDa. They
display an intermediate stability when subjected to heat and enzymatic
treatment.

2.4. Legumins

Legumins are high molecular weight proteins (approx. 350 kDa)
consisting of six subunits. The precursor protein is processed to form
trimers in the endoplasmatic reticulum and then transferred to the
protein storage vacuoles. There each subunit is cleaved into an acidic
(40 kDa) and basic polypeptide (20 kDa). These subunits remain linked
by a disulfide bridge and finally form a hexameric structure (Fig. 1)
(Shewry et al., 1995).

2.5. Oleosins

Oleosins, abundantly expressed in seeds and nuts, are structural
proteins of oil bodies. These bodies consist of neutral lipids (92-98%),
predominantly triacylglycerols, an outer monolayer of phospholipids
(1-4%) and proteins (1-4%), mostly oleosins (Alexander et al., 2002).
The proteins (~15-26kDa) share similar structures, with a hydro-
phobic central well conserved domain of about 68-74 amino acid re-
sidues which is inserted into the triacylglycerol matrix, flanked by
hydrophilic N- and C-terminal domains of variable length (50-70 and
55-98 residues). In addition to their role as structural proteins in the oil
bodies there is growing evidence that they may also assist in the bio-
synthesis and mobilization of oils (Parthibane et al., 2012). Although
oleosins have been identified as allergens from hazelnut, peanut, and
seeds, further information is missing due to their low solubility in
aqueous solutions (Akkerdaas et al., 2006; Leduc et al., 2006; Schwager
et al., 2017).

2.6. Bet v 1-like proteins

Bet v 1-related proteins have been identified from species all over
the plant kingdom. Proteins from the Bet v 1 family (154-160 amino
acid residues) are non-glycosylated, share high sequence similarity and
are usually encoded by a multigene family. The overall structure is also
highly conserved, formed by seven stranded antiparallel f-sheets
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g ° < i curving around a long C-terminal helix and two additional helices, thus
i © - = B4 > g + 1 . . . . .
o) 2 3 s £ 3 Z Z E @ providing a large hydrophobic pocket which is able to bind ligands such
o b = = 3} . .
f-;» 8 E E £ & £ g § 2 as plant steroids. Several structures of these proteins have been resolved
g = S & z = E g 2 = either by crystallography or NMR approaches. Bet v 1-related proteins
T |5 8 3 5 3 3 2 & % d i f plant dominantly in mat
2 S £ 3 8 8 ¢ 5.8 &. are expressed in a range of plant organs, predominantly in mature
2 E E E £ E & é g E g pollen, fruits, and seeds. Together with homologues from closely re-
b = == : . . . .
S E T E E E E ES Ho7 8 lated trees these allergens are causing inhalant allergies. After this
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3 > o & 8 ¥ 1TR:]%F . . . .
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o B =82 Ts =8 <% <%= % <5 § | restricted to the oral cavity and rarely induce severe generalized
= S588058823R50wa2 =R symptoms. Bet v 1-related proteins get rapidly degraded when sub-
jected to heating or enzymatic treatment.
8 = z,; = _2 2.7. Profilins
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E‘ T 38 3 % These small non-glycosylated cytosolic proteins (12-15kDa) are
E < B . . . .
3 g = 2 = 5 expressed in all eukaryotic cells and fulfill a number of key functions
g8 @m EQ E %g such as regulating intracellular transport, cellular movement, and sig-
o E N > S naling (Witke, 2004). Sequences from profilins from higher plants are
g i K 2 8 S k- 2 e highly homologous. These proteins have a globular structure with a
N e R o central seven stranded antiparallel B-sheet enclosed by N- and C-
~ terminal o-helices. These proteins have intermediate stability when
<
S g subjected to heating, ultrahigh pressure, and enzymatic treatment.
N s . ape
o = g Profilins have been identified as allergens from pollen and plant food.
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b= ; N Due to their high sequence similarity they account for frequent IgE
2 S § g cross-reactivity, however, not always linked with clinical relevance.
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s g B = 3. Allergenic tree nuts and their allergens
?5: 3.1. Hagelnut
3
3 Hazelnuts (Corylus avellana) are classified as tree nuts belonging to
2~ the family of Betulaceae. They are consumed worldwide due to their
F é o o o o o o nutritional value and beneficial health effect. Although there are sig-
i B | 5 F /=8 F nificant geographic and age-related variations regarding the severity of
@ symptoms, hazelnut allergy has been reported to be the most common
% tree nut allergy in Europe (Burney et al., 2014; McWilliam et al., 2015).
é © - o o o Currently, eight allergens from hazelnut are registered in the data-
5 h s 2 D base of the International Union of Immunological Societies (IUIS; www.
e = allergen.org). In birch endemic areas, allergy to hazelnut mainly cor-
v . . .
g g relates with cross-reactive IgE to Bet v 1 and Bet v 2, usually causing
. mild symptoms (Datema et al., 2015). The cross-reactive components in
E hazelnut, Cor a 1 (17 kDa, Bet v 1-homologue) and Cor a 2 (14 kDa,
E profilin), are described to be abundant in both, pollen and seeds. So far,
K four different variants of Cor a 1 from the kernels, Cor a 1.0401-Cor a
2 1.0404, have been cloned and expressed in E. coli showing an IgE re-
& activity of 95%-74% in a hazelnut patients, cohort (Liittkopf et al.,
5 - 2002). In a larger set of hazelnut allergic patients across Europe, 74%
2’ ~ ~ E (310 of 423) were sensitized (Datema et al., 2015). Two variants of
g s - " b § % hazelnut profilin have been described, Cor a 2.0101 and Cor a 2.0102
% sz = E E 8 g 3 (www.allergen.org). Among patients with hazelnut allergy 42% had
— \ 3] o
g g g § 5 g g = g specific IgE to rCor a 2 (Hansen et al., 2009).
In Mediterranean areas, hazelnut allergy is mainly linked to the
o ° nsLTP, Cor a 8 (9kDa), and associated with more severe reactions
- 5 I é - (Schocker et al., 2004). To date, this is the first resolved structure of a
- — o— .
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% = 3 5 B 3 3 3 limited cross-reactivity between Pru p 3 and Cor a 8.

% 3 = S 2 I PO In 2002, Beyer et al. identified a 40 kDa IgE binding protein be-

S 8 _?f Ef _%f Ef _%f Ef _%f longing to the legumin family. The protein was recognized by serum IgE

-

2 . from 12 of 14 (86%) patients with severe reactions (Beyer et al., 2002).
~ ; % - PEEERN e B Recently, another hazelnut 55 kDa legumin was identified that turned
e 2 Ed ¥ ¥ ¥ - -4 out to be an isoform of Cor a 9. However, only the basic subunit ex-
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== hibited IgE-affinity (Nitride et al., 2013).
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The first evidence of a 48 kDa glycosylated allergenic seed storage
protein came from Muller et al. in 2000. The protein was recognized by
IgE from 41% of adults and 61% of children allergic to hazelnut (Muller
et al., 2000). The heat-resistant protein did not show cross-reactivity to
birch pollen allergens. The characterization of the hazelnut vicilin Cor a
11 revealed two potential glycosylation sites and a prevalence of IgE
reactivity below 50%. Recombinant and natural Cor a 11, sharing si-
milar secondary structures induced a similar mediator release sug-
gesting that the glycans do not contribute to the allergenic activity. In a
birch-endemic region, sensitization to Cor a 11 correlated with severe
hazelnut allergy (Verweij et al., 2012).

The hazelnut 2S albumin Cor a 14 together with Cor a 9 has been
described as a high risk marker for severe reactions. Masthoff et al.
showed that IgE to Cor a 14 had a diagnostic specificity of greater than
90% and accounted for 83% of children and 44% of adults with ha-
zelnut allergy (Masthoff et al., 2013). Also, a Belgian study demon-
strated that IgE to Cor a 14 and Cor a 9 enables to identify almost 90%
of preschool and 80% of school-aged children, but only 29% of adults
with generalized reactions to hazelnut (Faber et al., 2014). Natural Cor
a 14 shares the typical features of 2S albumins with high thermo-
stability and resistance to gastrointestinal digestion (Pfeifer et al.,
2015). Further, the existence of two different isoforms and both, linear
and conformational epitopes were shown.

A group of hazelnut allergens that have been isolated from oil
bodies are the so called oleosins. Insoluble in water, these proteins have
long been overseen in diagnostic tests. The first identification of ha-
zelnut oleosins (Cor a 12 and Cor a 13, 14, and 17 kDa, respectively)
came from Akkerdaas et al., who cloned Cor a 12 from a cDNA library
and expressed it in E. coli (Akkerdaas et al., 2006). They showed that
sensitization to hazelnut oleosins is associated with severe systemic
reactions and a negative skin-prick test (Zuidmeer-Jongejan et al.,
2014). Sensitization to Cor a 12 ranged between 10 and 25% across
Europe. Children (34%) were more often sensitized to oleosins than
adults (11.4%). Overall, 14.2% of hazelnut allergic patients had specific
IgE to Cor a 12 (Datema et al., 2015). Sensitization to oleosins corre-
lated with sensitization to other oil-rich foods such as soybean, sesame,
peanut, sunflower, but also to latex and diverse pollen. However, it has
to be considered that in most studies, the experiments were carried out
with oil body fractions which were virtually contaminated with other
allergens (Zuidmeer-Jongejan et al., 2014).

Hazelnut thaumatin-like protein (TLP), not listed in the IUIS data-
base, has also been linked to severe allergic reactions. First data about
the existence of a hazelnut TLP came from a study evaluating the al-
lergen composition of commercial extracts for diagnosis (Akkerdaas
et al., 2003). To analyze their Cor a TLP content, extracts were analyzed
by immunoblotting using a polyclonal serum against recombinant apple
TLP, resulting in 2 bands of 25 and 50 kDa, representing the mono- and
dimeric forms, respectively. A Spanish study revealed that Cor a TLP
was recognized by less than 10% of hazelnut allergic patients (Palacin
et al., 2012).

3.2. Walnut

The common walnut (Juglans regia) belongs to the family of
Juglandaceae and is cultivated around the world, predominantly in
temperate climates. The edible kernels are part of healthy, balanced
food diets because of their high content of polyunsaturated fatty acids,
phytochemicals, and antioxidants. Generally, there is little information
concerning the prevalence of walnut allergy. In contrast to Europe,
where the prevalence of walnut allergy is rather low with an overall
incidence of 2.2% (Burney et al., 2014), it is the most frequently re-
ported tree nut allergy in the US (Sicherer et al., 2010).

Currently, seven allergens from walnut (Jug r 1-7) are officially
recognized (www.allergen.org). Jug r 1 was cloned from a cDNA ex-
pression library prepared from walnut somatic embryos. It belongs to
the 2S albumin protein family and shows 46.1% sequence identity with
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Ber e 1, the 2S albumin from Brazil nut. Seventy five percent of walnut
allergic patients had specific IgE against rJug r 1 expressed in E. coli
(Teuber et al., 1998). Robotham et al. found one linear immuno-
dominant IgE epitope of Jug r 1 which was recognized by 75% of
walnut allergic patients (Robotham et al., 2002). In a subsequent study,
four additional IgE epitopes were identified (Sordet et al., 2009). Fur-
ther, they reported cross-reactivity between Jug r 1 and sesame seed
extract but not for other tree nuts and peanut. Tested by InmunoCAP
ISAC, Jug r 1 showed a better diagnostic performance than Jug r 2 and
Jug r 3 (Pedrosa et al., 2015).

Teuber et al. identified and cloned a second walnut allergen, Jug r 2
a vicilin with a molecular mass of 47 kDa, by using the same metho-
dology as for Jug r 1 (Teuber et al., 1999). Nine of 15 patients (60%)
had specific IgE, thus identifying Jug r 2 as a major allergen. Inhibition
experiments showed minimal or no cross-reactivity between Jug r 2 and
pea, peanut, and cacao. Jug r 2 proved to be responsible for T cell re-
sponses in patients with walnut allergy (Archila et al., 2015). Just re-
cently, another member of the vicilin family has been deposited in the
IUIS database, designated Jug r 6. The natural protein was purified
from walnuts and showed a molecular mass of 47 kDa. Nineteen of 76
(25%) sera from walnut sensitized subjects demonstrated IgE binding to
the natural purified protein (www.allergen.org).

In a study analyzing low molecular weight allergens from walnut,
Downs et al. identified allergenic peptides from the N-terminal region
of the vicilin proprotein (Downs et al., 2014). IgE immunoblotting re-
vealed that 3 of 11 (27%) sera from walnut-allergic subjects showed
reactivity to these fragments.

Another allergenic walnut protein belonging to the legumin family
was identified by Teuber et al. and designated Jug r 4. Of the 23 pa-
tients tested, 15 (65%) patients had specific IgE against E. coli derived
rJug r 4 (Teuber et al., 2003). Later on, they showed that serum IgE
from 21 of 37 (57%) patients recognized the rJug r 4-pMAL fusion
protein. In vitro cross reactivity was shown for hazelnut, cashew, and
peanut (Wallowitz et al., 2006).

In 2004, a walnut nsLTP was identified and designated Jug r 3
(Pastorello et al., 2004). In an Italian cohort, sera from 37 of 46 (80%)
walnut allergic patients had Jug r 3-specific IgE. This specific binding
could be inhibited by Pru p 3, the nsLTP from peach.

Also in walnut a PR-10-related protein was recently identified and
designated Jug r 5. Wangorsch et al. used a cDNA clone encoding the
Bet v 1 homologue from walnut kernels by RT-PCR and produced re-
combinant Jug r 5 in E. coli (Wangorsch et al., 2017). Screening of 16
sera from birch pollen allergic subjects with concomitant walnut allergy
revealed that although only 44% were tested positive to walnut, 94%
were reactive to rJug r 5. Recombinant Jug r 5 will be a useful diag-
nostic tool, compensating the low sensitivity of walnut extracts.

Recombinant walnut profilin Jug r 7 was recognized by 48 of 217
(22%) sera from patients sensitized to walnut (www.allergen.org).

3.3. Pecan

Pecan tree (Carya illinoinensis) belongs to the family of Juglandaceae
along with walnut. The high sequence identity among three identified
pecan allergens Car i 1 (2S albumin), Car i 2 (vicilin), and Car i 3 (le-
gumin) with their counterparts from walnut explain the frequently
observed association between walnut and pecan allergies (Andorf et al.,
2017; Elizur et al., 2018; Maloney et al., 2008).

Sequences coding for the three pecan allergens were obtained by
PCR from the maturing pecan nuts cDNA library using specific primers
based on the available mRNA sequences in GenBank and the re-
combinant proteins were produced in E. coli.

Amino acid sequence comparison of Car 1.0101 with other 2S al-
bumins showed the highest identity to Jug r 1 (88%) and lowest for Pis
v 1 (35%). Recombinant Car i 1 was produced as a protein of 17 kDa
including a 20 amino acid N-terminal signal peptide which is usually
not present in the mature protein (Sharma et al., 2011a). The presence
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of Car i 1.0101 in pecan extract was confirmed by purifying natural
pecan 2S albumin and subsequent identification of matching peptides
by MALDI-TOF-MS/MS sequencing. The recombinant protein was re-
cognized by 79% of 28 sera from pecan allergic subjects. However, rCar
i 1 showed very low ability to inhibit IgE binding to natural purified
pecan 2S albumin (Sharma et al., 2011a).

Two recombinant variants of Car i 2.0101 were produced: one form
containing both, the C-terminal domain comprising the structural core
of the vicilin as well as the N-terminal low complexity region, while the
second form represented only the structural core (Zhang et al., 2016).
Both proteins displayed similar IgE binding indicating the localization
of IgE-epitopes in the protein core. The crystal structure revealed a
typical cupin fold with three vicilin molecules forming a doughnut-
shaped trimer through head-to-tail association. Similarly to Korean pine
nut vicilin, Car i 2, in its native trimeric state, has three copper ligands
(Zhang et al., 2016). The IgE binding was observed in 24% (6 of 25) of
tested sera from pecan allergic subjects (Lee et al., 2014; Zhang et al.,
2016).

Car i 4.0101 has high sequence identity to other tree nut legumins
ranging from 95% with Jug r 4 from walnut to 54% with Pru du 6 from
almond. The mapping of Car i 4 identified sequential IgE epitopes in-
dicating cross-reactivity with legumins from walnut and hazelnut. The
recombinant protein was recognized by 57% of 28 tested sera from
pecan allergic patients (Sharma et al., 2011b).

3.4. Almond

Almond is a drupe of Prunus dulcis, a tree from the Rosaceae family.
It is one of the most commonly produced and consumed nuts all over
the world (FAOSTAT, 2018). The nuts can be consumed either raw or
processed in a wide variety of forms, which are more or less related to
dietary habits specific for populations from different geographic re-
gions. According to studies on the prevalence of tree nut allergies, al-
mond allergy usually ranks fourth (Elizur et al., 2018; McWilliam et al.,
2015).

Out of six identified almond allergens, Pru du 3 (nsLTP), Pru du 4
(profilin), Pru du 5 (60 S ribosomal protein), and Pru du 6 (legumin),
are included in the WHO-IUIS allergen list (www.allergen.org). Pru du
3 (Costa et al., 2012), Pru du 4 (Tawde et al., 2006), and Pru du 5
(Abolhassani and Roux, 2009) were identified by screening an almond
cDNA library with sera from almond allergic patients. These allergens
were produced in E. coli using the pMAL expression vector and IgE
reactivity was evaluated by dot blot analysis. Pru du 3.0101 displays
99% amino acid sequence identity to a nsLTP from peach (UniProtKB-
M5WO0S9, not listed in the IUIS) and 57% to two other peach nsLTP
isoforms, Pru p 3.0101 and Pru p 3. 0102. Association of almond and
peach allergy due to nsLTP-sensitization has been confirmed in a case
study, since a 9kDa IgE-binding protein present in almond fruit me-
socarp/epicarp was recognized by a monoclonal anti-Pru p 3 antibody
(Garrido-Fernandez et al., 2009). Two clones of almond profilin (Pru du
4) differing in only two silent mutations were identified. In parallel, 2D
immunoblotting revealed the presence of at least two native isoforms in
almond extract (Tawde et al., 2006). Recombinant Pru du 4 was re-
cognized by 33% (6 of 18) of patients with pollinosis and self-reported
almond allergy suggesting its relevance in pollen-associated almond
allergy. Pru du 5 has been identified as an 11.4kDa 60S ribosomal
protein involved in protein biosynthesis (Abolhassani and Roux, 2009).
IgE reactivity of the recombinant protein was confirmed using pooled
or individual sera of almond allergic patients. Nevertheless, the clinical
relevance of this allergen is unknown and requires further research.

Pru du 6, a legumin also known as almond major protein or
amandin (Osborne and Campbell, 1896) is the first and best biophysi-
cally characterized allergen in almond to date. The crystal structure of
natural Pru du 6 (prunin-1) was determined, showing a conserved ty-
pical legumin fold (Albillos et al., 2008; Jin et al., 2009). Two cDNA
clones encoding almond legumins named prunin-1 (Pru du 6.0101) and
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prunin-2 (Pru du 6.0201) have been isolated. Pru du 6.0101 (61.0 kDa)
and Pru du 6.0201 (55.9 kDa) share 57% amino acid sequence identity.
E. coli derived rPru du 6.0101 was recognized by 6 and rPru du 6.0201
by 4 sera from 13 almond allergic subjects as evaluated by dot blot
analysis (www.allergen.org). In addition to the allergens officially de-
posited in the WHO-IUIS database, two IgE binding proteins were
identified in almond protein extract by immunoblotting using 5 sera of
almond allergic patients (Poltronieri et al., 2002). The 45kDa IgE
binding protein was purified and identified by N-terminal sequencing as
vicilin (UniProtKB-P82952). Another 12kDa IgE binding protein was
identified as 2S albumin (UniProtKB-P82944).

3.5. Cashew

Cashew is the seed of the cashew plant (Anacardium occidentale), a
member of the Anarcadiaceae family. Cashew allergens can induce se-
vere reactions at minute doses (Blom et al., 2013; van der Valk et al.,
2016a), and the prevalence of cashew nut allergy appears to be in-
creasing paralleled by the increasing consumption of this nut (Johnson
et al., 2014).

To date, three cashew allergens have been recognized officially: Ana
o 1, a vicilin-like protein, Ana o 2, a legumin-like protein, and Ana o 3,
a 2S albumin. These cashew allergens are well characterized regarding
their sequence data and recombinant proteins are available (Robotham
et al., 2005; Wang et al., 2002, 2003).

Two Ana o 1 encoding clones and one single Ana o 2 clone were
isolated by screening cashew cDNA library with sera from cashew al-
lergic patients and rabbit antisera raised against cashew proteins
(Robotham et al., 2005; Wang et al., 2002). Ana o 1.0102 represents the
truncated 5’end of Ana o 1.0101 differing in only a single nucleotide
substitution in the overlapping region. Both Ana o 1 clones were ex-
pressed in E. coli as recombinant proteins of 62 and 59 kDa, respectively
(Wang et al., 2002). Recombinant Ana o 1 was recognized by 50% of 20
sera from cashew allergic subjects. The amino acid sequence of Ana o
1.0101 exhibits 81% identity to the vicilin, Pis v 3.0101, from pistachio
and 53% to Cor a 11 from hazelnut. Natural purified Ana o 1 was
characterized as a glycoprotein appearing as a monomer of 50 kDa or as
a dimer of approx. 100 kDa (Reitsma et al., 2016). One single isoform of
Ana o 2 was expressed as a 52 kDa protein in E. coli recognized by 13 of
21 sera from cashew allergic patients (Robotham et al., 2005). Ana o 2
shares 79% sequence identity with legumin from pistachio Pis v 5, 59%
with legumins from pecan, Car i 2 and walnut, Jug r 4. The monomer of
natural purified Ana o 2 appeared as a protein of 53 kDa consisting of a
30 kDa large subunit and a 21 kDa small subunit (Reitsma et al., 2016).
One isoform of cashew 2S albumin, Ana o 3.0101, was amplified from a
cDNA library and the recombinant protein of approx. 16 kDa was pro-
duced in E. coli (Robotham et al., 2005). Cashew 2S albumin shows 64%
amino acid sequence identity to Pis v 1 from pistachio and 43% to Cor a
14 from hazelnut. Natural purified Ana o 3 was shown to be proteo-
lytically processed into two subunits of approx. 8 and 4 kDa hold by 4
disulfide bridges with N- and C-terminal micro-heterogeneity char-
acteristic for 2S albumins (Reitsma et al., 2016).

Recombinant Ana o 3 (available for routine serological diagnostic)
has been reported as a highly accurate diagnostic marker for cashew
nut allergy, showing higher diagnostic specificity (94.4%) as compared
to total cashew extract (58.3%). Additionally, rAna o 3 was also con-
sidered as a diagnostic marker for pistachio allergy (Savvatianos et al.,
2015). In a study from van der Valk et al., sIgE levels to natural purified
Ana o 1, 2 and 3 were individually predictive for the positive outcome
of food challenge tests in cashew-allergic children because of the high
correlation of IgE levels between these components (van der Valk et al.,
2016b). Therefore, application of one of the components was suggested
to be probably sufficient.
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3.6. Pistachio

Belonging to the same Anarcadiaceae family the seeds of pistachio
(Pistacia vera) and cashew plant, share a similar protein expression
profile. Expected cross-reactivity of IgE binding proteins was confirmed
by different studies (Andorf et al., 2017; Elizur et al., 2018; Maloney
et al., 2008; Noorbakhsh et al., 2011). Pistachio allergens identified so
far belong to the protein families of 2S albumins (Pis v 1), legumins (Pis
v 2 and Pis v 5), vicilins (Pis v 3), and iron/manganese superoxide
dismutase (Pis v 4).

Pis v 1 and Pis v 2 have been identified as 7 kDa and 32kDa IgE
binding proteins in 68% and 50% of 28 pistachio allergic sera, re-
spectively (Ahn et al., 2009). In parallel, these purified allergens were
characterized by N-terminal sequencing. Subsequently, one single full
length Pis v 1 ¢cDNA clone and two Pis v 2 clones were isolated from a
cDNA library generated from immature pistachios by PCR screening
with primers designed on the basis of the internal amino acid sequences
(Ahn et al., 2009). Pis v 1.0101 shares 64% sequence identity with Ana
o 3, a cashew 2S albumin. Pis v 2.0101 and Pis v 2.0201 show 84%
amino acid sequence identity. Both Pis v 2 isoforms display 48%
identity to cashew legumin Ana o 2. However, another pistachio le-
gumin designated Pis v 5 (www.allergen.org), more closely related to
Ana o 2 (79% amino sequence identity), shares only 51% amino acid
sequence identity to Pis v 2. Both recombinant E. coli-derived proteins,
rPis v 1 and rPis v 2, were recognized by 6 selected sera from pistachio
allergic patients (Ahn et al., 2009).

Full length clones of Pis v 3 and Pis v 4 were isolated from a cDNA
library generated from mature pistachios by screening with de-
generated primers specific for conserved sequences from vicilins or
plant manganese superoxide dismutases (MnSOD) (Noorbakhsh et al.,
2010; Willison et al., 2008). Recombinant Pis v 3 was expressed in E.
coli as a maltose-binding fusion protein using the pMAL vector and Pis v
4 as a thioredoxin fusion protein using pET-32b(+) (Willison et al.,
2008). Pis v 3 shares 80% amino acid sequence identity to cashew vi-
cilin, Ana o 1, as well as a common sequential IgE epitope (Rouge et al.,
2011), explaining high IgE cross-reactivity of these two proteins
(Willison et al., 2008). The recombinant protein was recognized by 36%
of 14 sera from pistachio allergic subjects. The amino acid sequence of
Pis v 4 exhibits 88% identity to MnSOD from latex suggesting potential
IgE cross-reactivity but the clinical relevance is yet to be confirmed. IgE
binding activity of natural Pis v 4 (23 kDa) protein was confirmed in
59% (16 out of 27) of tested sera by IgE immunoblotting with pistachio
extract (Ayuso et al., 2007). Recombinant Pis v 4 fusion protein was
recognized by 40% (10 of 25) of allergic patients’ sera tested by IgE
ELISA (Noorbakhsh et al., 2010).

3.7. Brazil nut

Brazil nut is the seed of a giant tree (Bertholletia excelsa) native to
South America. Allergy to Brazil nut is common in the US and UK
(Roberts et al., 2005; Sicherer et al., 2010) and may be associated with
severe reactions (Borja et al., 1999; Ewan, 1996; Pastorello et al.,
1998). To date, Ber e 1 (2S albumin) and Ber e 2 (legumin) are char-
acterized allergens from this source.

Ber e 1 aroused interest as a prime example of the unintended
consequences of cloning an allergen encoding gene to create a geneti-
cally modified crop. Initially, this 2S albumin has attracted scientific
attention due to its unusual large content of sulfur rich amino acids,
methionine (18%) and cysteine (8%) (Altenbach et al., 1992; Sun et al.,
1987). To improve the nutritional quality with methionine, Brazil nut
2S albumin has been inserted into transgenic soybeans (Townsend and
Thomas, 1994). However, the newly expressed protein in this trans-
genic soybean retained its allergenic activity as has been shown by IgE
immunoblotting and skin-prick testing with Brazil nut allergic patients
(Nordlee et al., 1996). That study underlined the importance of asses-
sing the allergenic risk of foods derived from genetically engineered
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plants.

Purified native Ber e 1 is composed of two polypeptides with mo-
lecular masses of about 9 and 3kDa which are joined by disulfide
bonds, a structure specific for 2S albumins. Encoded by a multigene
family, several isoforms of the protein were determined (Altenbach
et al., 1992; Ampe et al., 1986). Ber e 1 shows low amino acid sequence
identity to other tree nut 2S albumins such as 47% to Cor a 14 and 41%
to Jug r 1. For determination of the 3D structure, recombinant properly
folded and processed Ber e 1 was produced in Pichia pastoris (Alcocer
et al., 2002). The best expressing clone yielded around 200 mg of the
protein per liter (Rundqvist et al., 2012). The overall fold of rBer e 1
was similar to other 2S albumins. The NMR spectra demonstrated the
protein interaction with lipids and Cu?" ions (Rundqvist et al., 2012).
The interaction of Ber e 1 with lipids has been shown to be relevant to
induce an allergic response in mice (Dearman et al., 2007).

It has been shown that in vitro determination of rBer e 1-specific IgE
has the potential to diagnose Brazil nut allergy, with a higher sensitivity
and no loss of specificity as compared to measuring IgE specific to
Brazil nut extract (Pastorello et al., 1998; Rayes et al., 2016). However,
the significance of these findings remains to be determined in more
cohort studies in different areas.

Ber e 2, also known as excelsin, is not yet fully characterized.
Purification of the natural protein and initial crystallographic char-
acterization showed that pre-Ber e 2 (52kDa) is post-translationally
cleaved into multiple polypeptides hold by disulfide bonds (Guo et al.,
2007). The cloning and positive IgE-reactivity of the recombinant
protein in 44% of sera from Brazil nut sensitized patients has been re-
ported by Beyer et al. (Beyer et al., 2008).

3.8. Coconut

Coconut is the drupe of the monocotyledonous palm tree (Cocos
nucifera) from the Arecaceae family. So far, coconut allergy was only
described in a small number of case reports (Benito et al., 2007; Manso
et al., 2010; Nguyen et al., 2004; Tella et al., 2003). IgE cross-reactivity
among nuts, coconut and sesame was observed in vitro (Nguyen et al.,
2004; Teuber and Peterson, 1999). However, a US study provided
evidence of no significant risk of allergy to coconut in peanut and tree
nut allergic children (Stutius et al., 2010). In a recent study, IgE sen-
sitization to coconut was highly associated with sensitization to almond
and macadamia (Polk et al., 2016). Currently, only one allergen, Coc n
1, belonging to the vicilin protein family is accepted. It was identified as
an IgE binding protein in coconut palm pollen by using 10 sera from
patients sensitized to coconut palm pollen (Saha et al., 2015). In a
previous study, a 29 kDa IgE binding protein was detected in coconut
extract using 2 sera from coconut allergic individuals. This protein was
further identified by MALDI-TOF-MS as a vicilin (Benito et al., 2007).

3.9. Macadamia

Macadamia nuts are seeds of the evergreen tree Macadamia in-
tegrifolia of the Proteaceae family. Several case reports have described
anaphylaxis in macadamia allergic patients but there was no informa-
tion regarding the identity and characterization of the relevant aller-
gens. IgE reactivity to a 17 kDa protein in raw and roasted macadamia
extract not specified in any further detail has been described. A low IgE
cross-reactivity of this protein with proteins from hazelnut extract was
demonstrated (Sutherland et al., 1999). In a case report of a patient
with severe symptoms after ingestion of macadamia a 12kDa IgE
binding protein was identified from macadamia extract in immunoblots
under non-reducing conditions (Herbst et al., 2010). Interestingly,
specific IgE assays frequently provided false negative IgE antibody re-
sults for macadamia nut (De Knop et al., 2010; Ekbote et al., 2010;
Knott et al., 2008; Lerch et al., 2005).
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4. Conclusions

Although tree nut allergy is regarded as a relevant food allergy
globally, reliable prevalence data are scarce and no immunotherapy is
available. Therefore, large clinical studies on tree nut allergies in dif-
ferent geographic regions are needed. So far, a number of food allergens
have been identified from tree nuts, some of which are available as
purified natural proteins, while others are recombinant products de-
rived from prokaryotic and eukaryotic expression systems. Their phy-
sicochemical characterization ranges from primary sequence analyses
up to detailed structural analyses, determination of IgE epitopes and
stability assessment of food allergens upon food processing. To date,
some allergen panels such as from hazelnut and walnut include both,
seed storage proteins and pollen related allergens, while other allergen
panels are incomplete and lack major components. Application of re-
fined analytical methods will help to decide which molecules to include
for component resolved diagnosis as well as to design hypoallergenic
variants for immunotherapeutic options.
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