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Plant non-specific lipid transfer proteins as food and pollen allergens
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Summary

Several members of the plant non-specific lipid transfer protein (LTP) family have been identified as
relevant allergens in foods and pollens. These allergens are highly resistant to both heat treatment
and proteolytic digestion. These characteristics have been related with the induction of severe
systemic reactions in many patients, and with the possibility of being primary sensitizers by the oral
route. A specific geographical distribution pattern of sensitization to LTP allergens has been
uncovered. This allergen family is particularly important in the Mediterranean area, but shows a very
limited incidence in Central and Northern Europe. The potential role in the plant, as well as the
biochemical and allergenic properties of the LTP family, are reviewed here.

Introduction

Pollen-related food allergy is the most common food hyper-
sensitivity in the adult population [1, 2]. In particular, Fagales
(birch) pollen-related allergy to Rosaceae fruits (mainly
apple), vegetables, such as celery and carrot, and hazelnut,
affects many patients in Central and Northern Europe, where
birch trees are abundant [2—4]. The presence of homologous
allergens in pollens and fruit/vegetables, mainly members of
the Bet v 1 (the major birch pollen allergen) and profilin
families, as well as cross-reactive carbohydrate determinants,
seems to be responsible for such cross-sensitizations [3, 5, 6].
Patients suffering this type of food allergy usually present
mild symptoms restricted to the oral cavity (oral allergy
syndrome, OAS), and the pollen allergens, but not the food
allergens, are those causing the primary sensitization [1, 3].
However, systemic symptoms ranging from urticaria to
anaphylactic reactions have been described in a significant
percentage of patients with pollen-related food allergy [7, 8].
Interestingly, both profilins and Bet v 1 homologues seem to
be labile allergens, readily hydrolysed by simulated gastric
fluid [5, 9, 10].

In contrast to the above-described scenario, the population
allergic to Rosaceae fruits (especially peach) in the Mediter-
ranean area presents a different clinical and sensitization
pattern. A relevant amount of patients (>20%) show fruit
allergy without related pollinosis [11, 12] and, accordingly,
specific IgE to Bet v 1 is hardly detected (< 10%; see ref. [12]).
Furthermore, systemic reactions are frequently observed (20—
30%), even in the absence of OAS [12, 13]. Non-specific lipid
transfer proteins have been identified as the major allergens in
this population, not only those of Rosaceae fruits [14-17], but
also those of other plant foods [18-21]. The high resistance of
lipid transfer proteins (LTPs) to proteolytic digestion and
heat treatment [9, 22, 23] points to these allergens as primary
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sensitizers by ingestion, and has been related with the severe
reactions induced in many patients. All these characteristics
have led to the proposal of LTPs as model allergens of true
food allergy in a brief, but excellent, recent paper by Van Ree
[24]. Besides, relevant allergens from Parietaria, Artemisia
and Olea pollen are also members of the LTP family [25-28].

Plant LTPs: general features and potential functions

Plant LTPs form a family of basic polypeptides (p/ ~ 9) with
91-95 amino acid residues in their primary structure and a
molecular size of approximately 9kDa [29, 30]. Different
degrees of sequence identity (from 30% to 95%) are found
between members of the family from different species.
However, eight conserved cysteines forming four disulphide
bridges, which are responsible for the LTP compact folding,
are present in all members [29, 31].

The experimentally determined 3-dimensional (3-D) struc-
ture of cereal LTPs has led some to propose an all-a-type
compact structure as the LTP fold [31]. This fold includes
4a-helixes separated by short turns and a flexible and non-
structured C-terminal coil (Fig. 1). This 3-D structure is
firmly held by the four disulphide bridges mentioned above,
and presents a large internal hydrophobic tunnel-like cavity
running through the long axis of the molecule. The cavity can
harbour lipidic components (i.e. acyl tails of fatty acids and
phospholipids) [29, 31]. Interestingly, other plant allergens,
such as soybean Gly m 1, the a-amylase/trypsin inhibitors
from cereal flours and some 2S storage proteins, show 3-D
structures close to the LTP fold [31].

Different genetic variants (isoforms) encoded by a multi-
gene family (up to 15 genes in A. thaliana) [32] have been
detected in most plant species studied. Although differential
tissue and developmental expression patterns have been
described for many isoforms (i.e. in fruit peach; see ref.
[33]), most LTPs are mainly localized in the aerial plant
organs (leaves, seeds, flowers, fruits), showing low or even no
expression in roots [29, 33]. These allergens are preferentially
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Fig. 1. Three-dimensional (3-D) model of the major peach allergen
Pru p 3. The four a-helixes of the lipid transfer protein (LTP) fold are shown
in different colours.

accumulated in the outer epidermal cell layers of the exposed
plant surfaces, such as fruit peels [34]. Therefore, it has been
demonstrated that peels of Rosaceae fruits have a higher
allergenic potency than pulps [35].

LTPs were originally named as such because of their lipid
binding properties and their in vitro capacity to transfer a
broad range of lipids between membranes [29]. This hypo-
thetical role in the intracellular trafficking of lipids is not con-
sistent with the extracellular (cell wall-associated) location of
LTPs [34]. In contrast, the strongest experimental evidence
now available points to a role in plant defence mechanisms
against pathogens (bacteria and fungi) [34]. The bactericidal
and/or fungicidal in vitro activity of several LTPs, as well as
the enhanced tolerance to bacterial pathogens by transgenic
LTP expression and the induction of some isoforms by patho-
gens infection, have been illustrated [34, 36]. The recent iden-
tification of a putative LTP involved in systemic resistance
signalling in Arabidopsis [37] and the binding of an LTP to
a receptor implicated in the control of plant defence responses
[38], support the role of this protein family in plant protec-
tion. LTPs are now classified in the pathogenesis-related (PR)
protein families as PR-14 [39]. The involvement of LTPs in
plant defence mechanisms is compatible with other pos-
sible functions postulated for these proteins. Particularly, a
role in the assembly of extracellular lipophilic surface poly-
mers, such as cutin and suberin, transporting their hydro-
phobic monomers to the outer layers of many aerial organs,
has been reported [31]. A putative implication of LTPs in
plant adaptation to abiotic stress (cold, salt) has also been
described [29, 31].

Resistance to heat treatment and proteolytic digestion

The stability to digestion by the gastrointestinal tract,
especially gastric pepsin, has been claimed as a characteristic
of a true food allergen [24, 40]. This resistance to proteolysis
would allow the allergens to maintain their immunogenic and
allergenic motifs and thus to interact with the immune system
associated with the gastrointestinal epithelia, thereby indu-
cing both sensitization and systemic symptoms [24]. More-

over, stability to heat treatments (together with proteolytic
resistance in some cases, such as in brewing) implies the
presence of active allergen forms in processed foodstuffs [22,
41, 42] and beverages [43, 44]. LTPs show stability to both
proteolytic and heat treatment.

The members of the family tested so far remain active after
treatment with temperatures of up to 100 °C [23, 41, 43, 45].
Thus, in vitro IgE binding is maintained in peach Pru p 3 and
maize Zea m 14 after 30 min at 121 °C [41] and after 160 min
at 100 °C [23], respectively. Furthermore, in vivo positive
responses (both in skin prick tests (SPTs) and oral challenges)
have been obtained with boiled (100 °C for 30 min), and even
ovencooked (180 °C for 20 min) apple peel extracts containing
Mal d 3 [45]. Besides, resistance to simulated gastric fluid and
to acidic proteases of fungal origin has been shown for Pru p
322, 41] and allergenic LTPs from barley [43] and carrot [9].
Proteolysis of Pru p 3 by pepsin, selected as a model system, is
only detectable after 2h of treatment, and even after 24h
around 40% of the allergen has not been degraded [22].

Their special stability mostly explains why LTPs have been
identified as relevant allergens in beer (although based on a
limited number of patients) [44, 46] and wine [47, 48], and
why clinically significant levels of Pru p 3 have been found in
peach-derived products (juice, nectar, jam) [22, 41]. More-
over, Zea m 14 causes allergic symptoms after eating heat-
treated maize foodstuffs (polenta) [18, 23].

Plant food and pollen allergens belonging to the
LTP family

According to several reports since 1992 [11, 49, 50], IgE
binding electrophoretic bands in the range of 813 kDa have
been detected in Rosaceae fruit extracts, when studying
Mediterranean patients allergic to these fruits, with or
without associated pollinosis. These bands were not inhibited
by grass or birch pollen extracts in immunoblot inhibition
assays [50], and seemed to be mainly confined to the fruit skin
[49]. The first extensive articles on the identification of such
bands as LTPs were published in 1999 by Spanish and Italian
groups [14, 15]. Allergens of 9078 and 9138 Da were isolated
from peach (Prunus persica) and apple (Malus domestica), and
designated as Pru p 3 and Mal d 3, respectively [14].
Subsequent work on Pru p 3 has allowed an extensive
characterization of this allergen, which is probably the best
known allergenic LTP from plant foods to date. Thus, its full
amino acid sequence has been determined at the protein level
[51], its corresponding cDNA isolated [52], and its recombi-
nant form, showing an immunologic activity equivalent to
that of the natural allergen, expressed in the yeast Pichia
pastoris [52, 53]. Furthermore, Pru p 3 sequential IgE epitopes
have been mapped and a potential hypoallergenic triple point
mutant obtained [54]. In addition, Pru p 3 levels in different
peach-derived products have been quantified [22], and the
in vitro and in vivo reactivities of Pru p 3 have been widely
tested [12, 25, 55-58].

During the last 5 years, an increasing number of allergens
belonging to the LTP family have been identified in several
plant foods. The current information is particularly extensive
in Rosaceae fruits, as expected. Besides Pru p 3 [14, 15] and
Mal d 3 [14, 59], closely related allergens (>80% of sequence
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identity) have been found in apricot (Prunus armeniaca; Pru
ar 3) [16, 60], cherry (Prunus avium; Pru av 3) [17, 61] and
plum (Prunus domestica; Pru d 3) [62] (see Fig. 2). Moreover,
allergenic LTPs have also been identified in other fruits, such
as grape (Vitis vinifera; Vit v 1) [48], in nuts, such as chestnut
(Castanea sativa; Cas s 8) [25] and hazelnut (Corylus avellana;
Cor a 8) [21, 42], in products derived from cereal seeds, such
as maize (Zea mays; Zea m 17) [18] and barley (Hordeum
vulgare; LTP1) [44], and in vegetables, such as asparagus
(Asparagus officinalis; Aspa o 1.01 and Aspa o 1.02) [19],
lettuce (Lactuca sativa; Lac s 1) [20], carrot (Daucus carota;
Dau ¢ LTP) [9] and probably onion (Allium cepa) [63] (see
Fig. 2). Cross-reactions among allergens (LTPs) from
Rosaceae fruits, and between these and allergens from other
foods have been demonstrated both in vitro [9, 25, 50, 57] and
in vivo [55]. In this context, immunoblot- and/or ELISA-
inhibition assays suggest that allergens such as Cas s 8 or Zea
m 14 share some common IgE epitopes with Pru p 3, but lack
other main ones which are present in the peach allergen [18,
25].

In addition to foods, allergens belonging to the LTP family
have also been identified in other plant sources. Thus, Hev b
12 from the latex of Hevea brasiliensis is a basic protein of
9.3kDa, showing around 65% of sequence identity with the
allergens from Rosaceae fruits mentioned above [64].
Preliminary in vitro data indicate cross-reactivity between
Hev b 12 and the allergenic LTPs from peach and apple [64].
Moreover, some pollen allergens are also LTPs. Three of
them, namely Art v 3 from Artemisia vulgaris [25], Ole e 7
from Olea europaea [26, 65], and a recently described
Arabidopsis thaliana LTP [32], are proteins of 9-10kDa,
displaying 30-55% of sequence identity with allergenic food
LTPs. In contrast, the major allergens of Parietaria judaica,
Parj 1 and Par j 2, which show 45% of sequence identity with
each other, present larger molecular sizes of 14.7kDa (139
amino acids) and 11.3kDa (102 amino acids), respectively
[27, 28, 66]. However, both allergens conserve the 8 cysteine
residues forming the 4 disulphide bridges typical of the LTPs
(see Fig. 2), seem to fold in the characteristic all-a-type

structure [67, 68], and show moderate levels of identity with
food LTPs in the common region of sequence (i.e. 28%
between Par j 1 and Pru p 3). Cross-reactivity among the
pollen and food allergens has been studied mainly in the case
of Art v 3, which partially cross-reacts with Pru p 3 and Mald
3, as shown by in vitro (ELISA-inhibition) and in vivo (SPT)
assays [25, 55, 69].

Symptoms and populational profiles of sensitization to
LTP allergens

The resistance of LTPs to gastric digestion and the sensi-
tization of Rosaceae fruit-allergic patients without associated
pollinosis to these allergens suggest that LTP sensitization
occurs by the oral route [11, 24, 70]. This characteristic seems
to be linked with a higher rate of severe and systemic
symptoms than those induced by other plant food allergens,
such as Bet v 1 homologues and profilin [24, 70]. Thus, a
relationship between IgE to LTPs and systemic symptoms has
been observed in patients allergic to cherry [61], peach [12],
hazelnut [21, 42] and maize [18]. However, future studies
including a larger population are needed to support this
relationship on a solid statistical basis.

LTP sensitization shows a surprisingly, and yet unex-
plained, geographical distribution pattern. The allergen fam-
ily is particularly relevant in the Mediterranean area (data
only available for Spain and Italy to date), whereas its inci-
dence in Central and Northern Europe seems to be very limit-
ed [70]. Positive SPT responses to peach Pru p 3 have been
found in 60-90% of the Spanish patients with peach allergy
[12, 55]. Furthermore, several surveys comprising Swiss,
German, Danish, Spanish and/or Italian subjects have high-
lighted these differences. Thus, only 3% (3/101) of German
patients, but 100% (7/7) of Italian patients, were sensitized
to cherry Pru av 3, according to in vitro tests [17]. SPTs using
r Pru av 3 in two groups of patients with cherry allergy
confirmed by double-bind placebo-controlled food challenge
support these results, revealing 4% (1/24) of positive responses

Foods 40
Pru p 3 TRNVINLA
Mal d 3 IRTINGLA
Pru ar 3 IRN HNLH
Pru av 3 IRN\I,NNLH STT)
Pru d 3 IRN iNL‘
vit v 1 SETKSL) SAE ST,
Cor a 8 RAVI\DASRy#¥
Zea m 14 RSLANALRI LA
Hor v LTP1 RDLHNQLQSSG
Dau ¢ LTP VPLT[! NVVRGLENAEREL--
cas s 8 GS|PPGTEEQEVKL*
Asp o 1.01 PL*
Asp o 1.02
Lac s 1
Latex
Hev b 12 - [EYER - flQSALVISELSHLK T TE PTHPAT - [MENEVR T IINALKIEARTR THEQEAESAAGS VKG L PTTVAGIATE - FEN IENK IELEEEATIK 65
Pollens
Par j 1 QEMSlE T -MVRALMISLPFVQGKEKEISKG - (/e SEAKRLDGETKIGPQEVHEEE IQTAMKTY SDIDGKLVSEV[JKH - € IVDSKLPPIDVIIMDCKT 28
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Ole e 7 APSQST-|TALLTS[EVS){IDDQ* 19

Fig. 2. Alignment of amino acid sequences of food, latex and pollen allergens belonging to the lipid transfer protein (LTP) family. An asterisk indicates the
end when only an N-terminal sequence is available. Percentages of sequence identity (% Id) with respect to Pru p 3 are shown on the right-hand side of the
figure. The C-terminal domain of Par j 1 and Par j 2 are not included. See text for allergen designations.
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Fig. 3. Amino acid sequences of peach Pru p 3, latex Hev b 12 and Parietaria Par j 1 allergens, showing putative sequential IgE epitopes (in green) and
critical residues for IgE binding (in red). The four predicted a-helixes (H1-H4) in the three-dimensional (3-D) model of Pru p 3 (see Fig. 1) are indicated. The

C-terminal domain of Par j 1 is not included.

in the Swiss group and 88% (8/9) in the Spanish one [61]. A
similar pattern of sensitization has been suggested for
hazelnut Cor a 8 [21, 42]. Interestingly, a recent report on
Parietaria judaica pollen allergens [71] shows that Mediterra-
nean patients sensitized to this pollen react mainly to r Par j 2
(a member of the LTP family), whereas non-Mediterranean
patients are predominantly sensitized to other pollen aller-
gens. The basis of the geographic differences in food LTP
sensitization remains to be uncovered. Different eating habits
and/or different genetic backgrounds between the Central/
Northern and Southern European populations have been
claimed to account for this.

Finally, it should be mentioned that a wide array of
sensitization profiles to allergens of the LTP family has been
described. Among peach-allergic patients, some are only
sensitized to the Rosaceae fruit members Pru p 3 and Mal d 3,
whereas others are reactive to these allergens in addition to
LTPs from other foods (chestnut) and pollens (Artemisia)
[55]. Moreover, a second route of sensitization, that is, by
inhalation, is now arising, based on at least two different lines
of evidence. Firstly, Pru p 3 inhalation from peach leaves
could be prior to the clinical expression induced by the
allergen via the oral route [72]. Secondly, a high prevalence
(70%; 17/24) of Art v 3 has been detected in a group of
patients selected by the criteria of primary allergy to
Artemisia pollen, several of which also showed sensitization
to peach (M. Lombardero et al., unpublished). Interestingly,
Par j 1 does not seem to play a role in this cross-sensitization.

cDNA cloning and epitope mapping of LTP allergens

cDNA clones encoding several LTP allergens have been
obtained, allowing not only to deduce the full amino acid
sequence of the protein, but also to express it in heterologous
systems, either prokaryotic (Escherichia coli) [17, 21, 27, 64]
or eukaryotic (P. pastoris) [52]. The recombinant allergens
produced in these systems can be useful tools for the
diagnosis of allergy to food and/or pollen LTPs. However,
a direct comparison of the recombinant and natural forms
has not been carried out in most cases. Such a comparison
was performed for peach Pru p 3, showing the equivalent
folding, IgE binding, basophil activation, induction of
sulphidoleukotrienes and histamine release capacity of the
natural and recombinant version of the allergen [53].

In contrast with the increasing production of recombinant
allergens, studies on the IgE epitopes of allergens belonging
to the LTP family are very scarce, and no data on T cell
epitopes of LTPs has been published to date. Pru p 3 is the
only food member that has been investigated in this context.
Its 3-D modelling has allowed to identify putative critical
residues involved in IgE binding [54]. Three of them
(positions R39, T40 and R44, located in the second loop

and the beginning of the third o-helix; see Fig. 3) were
simultaneously mutated to alanine, generating the triple Pru p
3 mutant R39A/T40A/R44A. This mutant presents a drastic
decrease (approximately 5-fold) in IgE binding capacity with
respect to recombinant Pru p 3, thus suggesting that the three
residues are included in a relevant IgE epitope [54]. Therefore,
the triple mutant could be a starting point to produce
hypoallergenic forms of Pru p 3 for future immunotherapy.
On the other hand, the analysis of synthetic peptides covering
the full Pru p 3 sequence, using sera from patients with peach
allergy, has allowed to map sequential IgE epitopes in the
regions 11-25, 31-45 and 71-80 of the Pru p 3 sequence (see
Fig. 3 and ref. [54]). Interestingly, similar regions (residues 2—
23, 27-46 and 62-84; Fig. 3) have been located in the latex
LTP allergen Hev b 12 as potential IgE epitopes [73].

Among the allergenic pollen LTPs, the major Parietaria
Jjudaica allergen, Par j 1, has been cloned, expressed in E. coli,
and analysed at the IgE epitope level [see ref. 66 for review].
The N-terminal domain of this allergen (residues 1-30)
represents an immunodominant IgE epitope, which includes
several essential residues for IgE binding, such as C14 and
C29 (forming a disulphide bridge), and positions K21, K23,
E24 and K27 [67]. Other parts of the Par j 1 sequence
(residues 18-37, 41-47, 72-79 and 118-125) have also been
identified as potential IgE epitopes [68]. Moreover, hypoal-
lergenic variants of Par j 1 have been produced by disruption
of its disulphide bridges (Cys/Ser substitutions) [74].
Although the sequential positions for putative IgE epitopes
of Par j 1 and Pru p 3 show some similarities, both allergens
present strong sequence divergence in most of these regions
(see Fig. 3). Such divergence could explain the undetectable
cross-reactivity between Pru p 3 and Par j 1 recently found in
Spanish pollinic patients (M. Lombardero et al., unpub-
lished).
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