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SUMMARY: Lipid transfer proteins (LTPs} are highly conserved and widely distributed throughout the plant kingdom. Several
members of LTP family have been identified as relevant allergens in food and pollens. Because of their high resistance to heat
treatments and enzymatic digestion, these proteins are allergenic candidates for oral route sensitisation. This review presents
biochemical features, allergenicities and cross reactivities of fruit, cereal and pollen LTPs,
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INTRODUCTION

lant non-specific lipid transfer proteins (LTPs)
are ubiquitous proteins widely distributed

throughout the plant kingdom. Several mem-
bers of the plant LTPs family have been identified as
relevant allergens in foods and pollens. LTPs are now
classified as plant panallergens. Food allergy to fruit
LTPs of the Rosaceae family is well-known in the
Mediterranean area. LTPs are also identified as major
allergens for Rosaceae allergy. Moreover, LTPs have
been identified as relevant allergens in other plant
foods as fruits not belonging to the Rosaceae family
or cereals and also in pollens. The physicochemical
properties and structural stability to both heat treat-
ment and proteolytic digestion of plant LTPs are
intrinsically linked to their allergenicity. These share
properties could let imagine strong cross-reactivity
between different plant LTPs. We focus, here, our
attention on these share properties and analysed
recent works in cross reactivity of plant LTPs. The ana-
lysis of recent findings on the biochemical and aller-
genic properties of LTPs will allow to better appre-
hend the “LTP syndrome” and to understand the
interest of many scientists on the study of this model
of plant panallergen.

Functions and structures of plant LTPs
LTPs are ubiquitous proteins in the plant kingdom and

form a very homogeneous class of proteins. Plant
LTPs are small, abundant and soluble extracellular
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proteins that are able in vitro to bind and transfer bet-
ween membranes a variety of lipids (1). Nevertheless,
their biological function in vivo remains unclear. LTPs
expression pattern is complex and characterised by
strong developmental and tissue specificity and
modulated by environmental and stress conditions
(2). Consequently, different hypothesis have been
suggested. LTPs could be involved in the transfer of
the hydrophobic monomer of cutin or in the defence
response against pathogens (3-5). LTPs have been
suspected to involved in the transfer of phospholipids
from their synthesis site to membrane and thus to
play a role in managing the flux of lipids essential for
the genesis and renewal of cellular membranes (6).
They can be divided into two types: those that are
specific for certain classes of phospholipids, and
those (called “nsLTPs” for non specific LTPs) that are
able to accommodate several varieties of lipids. They
have been proposed that LTPs could act as systemic
signalling molecules. LTPs may interacted with speci-
fic cellular membrane receptor of elicitin, a 10 kDa
protein able to linked to lipid and secreted by a fun-
gus (7, 8). Recently, they have been described that the
localisation of LTPs in the pollen grains of Parietaria
judaica changes during the process of hydratation (9).
The localisation of LTPs in cytoplasm and lipid bodies
associated with vacuoles showed that LTPs of
Parietaria judaica pollen represent primarily intracel-
lular proteins. These authors suggest that these LTPs
may be cytoplasmic proteins secreted for the pollen-
stigma interactions.

Plants LTPs are encoded by a multigenic family (up to
30 genes in A. thaliana) and form a big family of little
basics monomers (pl ~ 9), with sequences between 90
to 95 amino acids (8, 10). On the basis of molecular
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mass, LTPs are subdivided into two subfamilies: LTP1
(Mr ~ 9 kDa) and LTP2 (Mr ~ 7 kDa), except for LTPs of
Parietaria and Artemisia pollen which sequences are
comprised between 12 to 15 kDa (1, 11-14). The
degree of sequence homology between LTPs of diffe-
rent species differs largely between less or no
sequence homology to strong sequence homology
(22 to 65%) (Fig. 1). LTPs had strong intra-species
homologies in their primary sequences (80 to 95 %)
justified frequent clinical observations of cross allergy
between members of the same species (15, 16). On
the other hand, plants LTPs show no sequence homo-
logy with mammals LTPs (1).

Moreover, LTPs are members of the prolamin super-
family caracterised by the presence of a conserved
skeleton of eight cysteine residues within the protein
sequence; this superfamily includes a range of impor-
tant plant allergens (17, 18). Plants LTPs are characte-
rised by the presence of eight conserved cysteines
forming four intramolecular disulphides bridges, cal-
led: “The cysteine signature of LTPs" (Fig. 2), which
are responsible of their compact folding and their
strong stability to the various heat or enzymatic treat-
ments (1, 19). Resolution of three-dimensional struc-
tures of the cereals LTP1 by X-ray crystallography

allows establishment of three-dimensional models of
plants LTPs folding (Fig. 3) (20-22). These proteins are
characterized by only one compact domain with four
a-helices connected by flexible loops and a C-terminal
fragment having the original shape of saxophone
(19). The folding of these a-helices allows formation
of hydrophobic tunnel covered by the side chain of
the hydrophobic residues of the amphiphatic helices
and the C-terminal region. This hydrophobic cavity is
partially closed by a flexible C-terminal region. Tunnel
size seems to be different with isoforms comparing
folding of different LTPs, thus conferring less or more
lipid binding and transfer properties (23).
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 struc-
tures close to the LTP fold (19, 24). Crystal structure of
the major peach allergen, Pru p 3, has been resolved
recently by Pasquato et al. (Fig. 4) (25). These data
may validate 3D models of plants LTPs folding and
may localise epitopes on the folding of these proteins.
Plants LTPs share little size (between 7 and 16 kDa)
and common function, a role in plant defence mecha-
nisms against pathogen, at least in some species and
tissue (24). Consequently, LTPs are now classified in
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Fig. 1: Multiple alignment of various LTPs by CLUSTALW. Identity percent with Pru p 3 was indicated on the right column.

Conserved Cys residues are indicated by pink box.

Fig. 2. The Cysteine signature of LTPs. Distribution and
binding of Cysteine residues in primary sequence of LTPs.
"H1-4" showing the four o-hélices (19).
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Fig 3: Three dimensional structures of three LTP1 of cereals:
maize (A), rice (B) and wheat (C) showing the four o-helices
(111-113).

Fig 4: Crystal structure of peach Pru p 3. Ribbon diagram of
the modelled Pru p 3 showing the three --helices (pink)
connected by turns and loops (blue); Red sticks correspond
to the disulfides bridges; N(A) and C(A) correspond to the N-
and C-terminal amino-acid of the polypeptide chain, respec-
tively (25).
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the pathogenesis-related (PR) protein families as PR-
14 (26). Two properties that seem in general to be sha-
red by plant protein allergens are abundance coupled
with structural stability (27). While LTP are not very
abundant in the whole plant tissues, levels of LTPs are
relatively abundant in skin and peel, being around 7-
fold higher in these tissues compared with pulp in
fruits such as peach (28, 29). Indeed, LTPs are locali-
sed in the plant aerial organs (1, 4, 19, 30-32). LTPs are
accumulated in the epidermal tissues of exposed sur-
face like fruit skin. This why, the skin fruits belonging
particularly to the Rosaceae family are considered
more allergenic than the peel of these fruits (33).
Indeed, except for plum and apricot, other Rosaceae
fruits, especially apple, concentrate LTPs in the skin
(29). Moreover, the localisation and distribution of
LTPs in tissues of Rosaceae fruits could be also provi-
de information for diagnostic and therapeutic applica-
tions. Indeed, the subcellular localisation of LTPs in
Rosaceae fruits shed new lights on the availability of
these allergens for triggering an anaphylactic respon-
se in susceptible individuals (29). The localisation of
secreted LTPs as components of the cell wall of epi-
dermal/hypodermal cells ensure the exposition of
these allergens at the surface of these fruits. Recent
results suggest that the fuzzy hairy cover of peach
might account for the high prevalence of sensitisation
to peach in people from Mediterranean countries (34).
As a consequence Borges et al. recommended a
consumption of peeled-off fruits to reduce the risk of
severe allergic reactions in individuals sensitised to
Rosaceae fruits (29). The chemical peeling treatment,
if appropriately added in an industrial process, could
lead to hypoallergenic derivatives by successfully
removed Pru av 3 (LTP of cherry), such as jams and
fillings, suitable for people sensitised exclusively to
LTP (35). Furthermore, the syruping process removed
almost all allergenic proteins to whom patients with
pollinosis are responsive. However, discrepancies
were observed among the different commercially
available apple varieties. Similar differences were
shown among the fruits from various peach and
apple varieties (36, 37).

Plants LTPs Allergenicity

The broad distribution of LTPs among the plants sug-
gests a potential role of vegetable panallergen (Table 1)
(16, 38). Nevertheless, in Northern Europe and Central
Europe, plants food allergy is mainly due to sensitisa-
tion by birch pollen (39). Indeed, up to 80% of patients
of these areas, suffering from plants food allergy,
show pollinosis associated with birch (40). The
patients sensitised by birch showed an important
reactivity with the fruits of Rosaceae family (apple,
peach, cherry,...), but also with other plants (carrots,

celery, hazelnut,...). The immunological base of this
phenomenon is the cross reactivity of IgE due to the
strong homologies of primary sequences between
allergens of pollen and some allergens of vegetable
food (41, 42). The major allergen of the birch, Bet v 1,
and its homologues as food proteins (Mal d1 for
apple, Pru av 1 for cherry and Cor a 1 for hazelnut) are
important mediators of cross reactivities (43-45). Bet v
2, Bet v 6 and Bet v 8 are also involved in the same
type of cross reactions (46-48). Most of the time,
patients suffering from this type of food allergy have
presented restricted mild symptoms with oral allergy
syndromes (39, 49). In this case, the allergens respon-
sible for the primary sensitisation are pollen and not
food fruits allergens. However, systemic reactions like
anaphylaxis or urticaria were also described for this
allergy (50, 51).

This traditional diagram of plants food allergy mainly
due to birch pollen in the areas of Northern and

- Common name Species Allergen Reference
Rosaceae
Almond Prunus dulcis Pru du LTP (74)
Apple Malus domestica Mal d 3 (15)
Apricot Prunus armeniaca Pru ar3 (56)
Cherry Prunus avium - Pruav3 (104)
Peach Prunus persica Prup3 (54)
Pear Pyrus communis Pyrc3 (72)
- Plum Prunus domestica Prud 3 (57)
- Raspberry Rubus idaeus Rubi3 (114)
Strawberry Fragaria ananassa Fraa 3 (76)
 Nuts
- Chestnut Castanea sativa Cass 8 (80)
- Hazelnut Corylus avellana Coras8 (79)
- Peanut Arachis hypogaea Ara h LTP (74)
- Walnut Juglans regia Jugr3 (82)
- Cereal
' Barley Hordeum vulgare Hor v LTP (63)
- Maize Zea mays Zeam 14 (84)
. Wheat Triticum aestivum Tri a LTP (86)
Rice Oryza sativa Ory s LTP (30)
Pollens
Short ragweed Ambrosia artemisiifolia Amb a 6 (115)
Mugwort Artemisia vulgaris Artv 3 (75)
Sunflower Helianthus annuus Hela 3 (99)
Olive Olea europea Olee?7 (92)
Wali Pellitory Parietaria judaica Parj 1 (91)
Wall Pellitory Parietaria judaica Parj 2 (90)
Others
Asparagus Asparagus officinalis Aspo1 (99)
Cabbage Brassica oleracea Brao 3 (102)
- Carrot Daucus carota DauclTP = (101)
- Grape Vitis vinifera Vitv 1 (69)
Latex Hevea brasiliensis Hev b 12 (97)
Lemon Citrus limon Cit13 (83)
Lettuce Lactuca sativa Lacs 1 (100)
Onion Allium cepa All c LTP (98)
Orange Citrus sinensis Cits 3 (83)
Tomato Lycopersicon esculentum  Lyc e 3 (61)

Table 1: Allergenic LTPs of pnlaﬂnts.
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Central Europe is different for allergic populations of
the Mediterranean areas. Ten years ago, major aller-
gen for individuals sensitised to fruits of Prunoideae
subfamily and who, moreover did not present cross
reactivity with birch and grass pollens, was identified
as a 8-10 kDa protein (33, 52, 53). This allergen is a
member of LTPs family and many cases of food aller-
gy were described among members of this fruits (15,
54-57). The patterns of sensitisation and clinical symp-
toms are different for patients suffering from food
allergy without associated pollinosis. Indeed, systemic
reactions are frequently observed (20 to 30 %), even in
absence of oral allergic syndrome (58, 59). LTPs were
identified as the major allergens for this population.
High stability of these allergens to proteolytic diges-
tion and heat treatment highlighted the hypothesis
that LTPs were the proteins responsible of the prima-
ry sensitisation by ingestion and this why LTPs were
described as a true food allergen (60-65). They were
known to induce severe reactions in many patients
(16). LTP of maize (Zea m 14) always presents IgE-bin-
ding sites of serums of allergic patients even after
heat treatment going until 100°C, which altering in an
irreversible way the secondary structure of this pro-
tein (66). In the same way, the recombinant major
allergen of cherry (rPru av 3) had shown strong stabi-
lity to peptic digestion confirming the results obser-
ved on the peach major allergen (Pru p 3) (64, 67). LTP
of grape (Vit v 1) has been used as model of plant
LTPs (68). Vit v 1 is a major allergen for patients aller-
gic to grape in Mediterranean area (69, 70). These
authors have studied the resistance of Vit v 1 allerge-
nicity with in vitro model of gastroduodenal digestion
including evaluation of digestion effect with or
without a physiological phospholipid (phosphatidyl-
choline) linked to LTP. They confirmed that grape LTP,
like other plants LTPs, is also very stable during gas-
tric digestion and showed no significant change in
IgE-binding capacity on immunoblotting or in ability
to trigger histamine release. Digests also retained
their capacity to induce a positive skin prick test res-
ponse. Gastroduodenal digestion with ratios of
enzymes relatively close to the physiologic conditions
of human gastrointestinal tract rapidly gave rise to a
stable fragment of approximately 6 kDa that had lost
the C-terminal portion of the LTP. This fragment then
remained intact during 2 hour of digestion and kept
its IgE-binding potency. This is probably why the LTP
digests retained their biologic activity in vitro and in
vivo. Furthermore, it is interestingly to observe that
addition of phosphatidylcholine during gastric diges-
tion protected LTP to a limited extent against diges-
tion. This result confirmed that the presence of ligand
can increase stability by reducing polypeptide back-
bone mobility, and many proteases require flexibility
in substrate proteins for optimal activity (42).

In brief, the allergenic activity of plant LTPs is highly
resistant to in vitro digestion. This property, their abun-
dance in the plant, also their high resistance to heat
treatment and their classification as panallergen
confirm that plant LTPs could be model allergens of
true food allergy which are of high importance to ato-
pics in Mediterranean countries (71). These properties
might facilitate sensitisation via the gastrointestinal
tract and might also potentiate the ability of LTPs to eli-
cit severe allergic reactions in sensitised patients (42).

M Fruits LTPs. - Several members of the Rosaceae
family induce food allergic reactions, particularly,
fruits of the Prunoideae (peach, apricot, plum, cherry,
almond...) and the Pomoideae (apple, pear,..) sub-
families (15, 33, 53, 59, 72, 73). Peach is one of the
Rosaceae fruits, which is the more eaten in
Mediterranean area and responsible of many food
allergic cases (54, 58, 74). In 1999, major peach aller-
gen (Pru p 3), a 9 kDa protein of the LTP family has
been identified and sequenced (54). Since then, a lot
of proteins between 8 to 13 kDa have been identified
by IgE-binding of allergic patient sera to Rosaceae
fruits in Mediterranean area (52-55, 57, 64, 72).
Moreover, various studies have shown that IgE-bin-
ding of patient sera were not inhibited by grass or
birch pollen extracts in immunoblot inhibition assay,
highlighted sensitisation without associated pollino-
sis (52, 53, 75). The last years, number of data about
Rosaceae LTPs, involved in food allergy cases, has
increased continually (16, 42). Besides Pru p 3 and
Mal d 3 (LTP of apple), closely related allergens (80 %
of sequence identity) have been found in apricot
(Prunus armeniaca, Pru ar 3), cherry (Prunus avium,
Pru av 3), plum (Prunus domestica, Pru d 3) and
strawberry (Fragaria ananassa, Fra a 3) (Fig. 1) (56, 57,
64, 76). Moreover, allergenic LTPs have aiso been
identified in other fruits, such as grape (Vitis vinifera,
Vit v 1), pear (Pyrus communis, Pyr ¢ 3), raspberry
(Rubus idaeus, Rub i 3), almond (Prunus dulcis, Pru
du LTP) and tomato (Lycopersicon esculentum, Lyc e 3),
and in nuts, such as chestnut (Castanea sativa, Cas s 8),
peanut (Arachis hypogea, Ara h LTP) and hazelnut
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Fig. 5: Schematic representation of cross reactivities
between different plant LTPs.
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(Corylus avellana, Cor a 8) (69, 70, 77-80). Cross reac-
tions among allergens (LTPs) from Rosacea fruits, and
between these and allergens from other foods have
been demonstrated in vitro and in vivo. Major peach
allergen, Pru p 3, is used as reference allergen in the
most cases to study cross reactivity between plants
LTPs (Fig. 5). Cross reactivities were observed bet-
ween different Rosacea LTPs, but also to LTPs of
grape, nuts and citrus fruits (69, 74, 76, 80-83).

M Cereals LTPs. - Some isoforms of cereals LTPs were
isolated from soluble extract, where they represented
approximately 5 to 10 % of total soluble proteins (1).
Presence of these isoforms suggest that cereals LTPs,
like others plants LTPs, belong to a multigenic family
comprising the two groups: LTP1 and LTP2 (11, 12, 77).
Currently, there is less case of food allergy associated
with cereals LTPs compared with Rosaceae LTPs.
Nevertheless, LTP1s have also been identified as major
allergens for patients with food allergy to maize, Zea m
14 (84). Indeed, among 22 subjects presenting systemic
symptoms after maize ingestion, 86 % of these sera had
specific IgE binding to Zea m 14. Maize LTP1 presented
no cross reaction with pollen allergens, indicating that
sensitisation occurs probably by ingestion and not by a
primary sensitisation with homologous of polien aller-
gens (84). Heat resistance have been demonstrated on
maize LTP but also on barley LTP (Hordeum vulgare,
LTP1) that have still found in beer after technologic pro-
cesses as brewing and malting (63, 66, 85). Indeed, beer
has been implicated as the causative agent of contact
urticaria and severe IgE-mediated anaphylaxis. In a pre-
vious study, we reported, for the first time, the presen-
ce of specific IgE to wheat LTP1 in about 30% of 60
patients suffering from food allergy to wheat (86). Cross
reactivities between different cereals LTPs have been
also studied by ELISA using several LTPs purified from
wheat (LTP1 and LTP2), maize (LTP1) and barley (LTP1)
seeds (87). These results highlighted the diversity of IgE
responses to cereals LTPs. The cross reactivities could
be explain by sequence homologies between wheat
and barley LTPs1 (72% of homologies) and to a lesser
extent between these proteins and maize LTP1 (around
55 %). On the other hand, cross reactivities between
wheat LTP1 and LTP2 (18% of sequence homologies)
could be probably explained by homologies in their fol-
ding. Linear and conformational common epitopes bin-
ding to IgE of patients suffering from food allergy to
wheat could probably explain cross reactivities obser-
ved (87). Cross reactivity between maize LTP1 and
peach major allergen (Pru p 3) have been also shown,
but only in vitro, by immunoblotting (84).

M Pollens LTPs. - In the Mediterranean area, food
allergy to Rosaceae fruits, mainly peach and cherry,
were clearly associated to LTPs sensitisation and

were markers of severe symptoms (38, 59). LTPs were
regarded as food allergens, however, major peach
allergen could also probably acted as respiratory
allergen and cause occupational rhinoconjunctivis
and asthma (88).

LTPs were identified as allergens in several pollens.
Parietaria judaica pollen is the main cause of allergy
in the Mediterranean area (89). Main allergens in
Parietaria judaica pollen are Par j 1 and Par j 2, belon-
ging both to the LTPs family, and were known as dia-
gnosis markers for Parietaria pollen sensitisation (90,
91). Recently, other allergens, members of the LTPs
family, were also described in others pollens like
Helianthus annuus (Hel a 3), Artemisia vulgaris (Art v
3) or Olea europea (Ole e 7) pollens (77, 92, 93). High
presence of these plants in the Mediterranean area
had open some debate as to whether allergies trigge-
red by LTPs in plant foods are actually the result of
primary sensitisation to pollen LTPs. So, cross reacti-
vities between pollen and food LTPs could justified a
primary sensitisation by respiratory route and then a
food sensitisation by cross reaction. Several studies
have attempted to elucidate the cross reactivity bet-
ween foods and pollen LTPs from different sources.
An ltalian group reported on partial cross reactivity
between Rosaceae LTPs (peach, apple, apricot) and
those from different plant sources (mugwort, chest-
nut) due to common epitopes shared by LTPs from
theses foods and pollens (77). Nevertheless, IgE reac-
tivity of patients suffering from Rosaceae allergy
remains weak against Artemisia LTP. The higher per-
centage of inhibition is obtained for Artemisia LTP
against peach or apple. Mains allergens of Parietaria
pollen were LTPs and they presented no cross reacti-
vity with grass and birch pollen LTPs and peach LTPs

(77, 94-96).

H Other plants LTPs. - Allergens belonging to the LTP
family have also been identified in other plant
sources. Thus, a basic protein of 9,3 kDa have been
identified as allergen in latex (Hevea brasiliensis, Hev
b 12). Hev b 12 have shown around 65% of sequence
identity with Pru p 3 (Fig. 1) (97). Allergens belonging
to the LTP family have been identified in asparagus
(Asparagus officinalis, Asp 0 1.01 and Asp o 1.02), let-
tuce (Lactuca sativa, Lac s 1), carrot (Daucus carota,
Dau ¢ LTP), onion (Allium cepa) and cabbage
(Brassica oleracea, Bra o 3) (98-102).

CONCLUSION

Wide distribution and biochemical features of plants
LTPs justified their designation as true vegetal pan-
allergens involved as food and/or respiratory aller-
gens. The frequency of sensitisation to plants LTPs in
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the southern European populations to multiple vege-
tables foods that might or might not be botanically
related, such as Rosaceae fruits, nuts, cereals and
others foods but also to several poliens of different
plants could be defined by the common term "LTP
Syndrome".

Figure 5 presents a synthesis of the different cross
reactions described in studies. The majority of these
studies have used major peach allergen, Pru p 3, as
reference allergen for the cross reactivities studies.
These cross reactivities observed in vitro did not sys-
tematically involve clinical symptoms. Nevertheless,
the knowledge of common epitopes between LTPs of
different plants is important for biochemists but also
for clinicians in prescription of a diet with avoidance
of any products. A recent study on the IgE reactivity of
peach LTPs allergic patients, against bean extract, has
shown no in vitro reactivity (103). Authors have
concluded on the absence of common epitopes bet-
ween theses organisms or on the absence of LTPs in
beans. This study concludes of the in vitro safety of
this food for allergic patients to LTPs.

Moreover, cDNA clones encoding several LTPs aller-
gens have been obtained, allowing not only to dedu-
ce the full amino acid sequence of the protein, but
also to express it in heterologous systems, either pro-
karyotic (Escherichia coli) or eukaryotic (Pichia pasto-
ris) (76,79, 94, 97, 101, 104). The recombinant LTPs of
different plants could allow, in a first step, the identi-
fication of epitopes binding to the specific IgE of aller-
gic patients in vitro, as described earlier for Parietaria
and peach LTPs (14, 105, 106). Three-dimensional
crystal structures of maize and peach LTP have been
described (22, 25). These data could allow the valida-
tion of 3D models suggested for plants LTPs and
allow the localisation of specific IgE epitopes identi-
fied on the structure. These informations could be
useful for the development of allergen mutants with
reduced IgE reactivity for therapeutic applications (76,
107, 108). However, certain data still remains to be
determined. Particularly, none epitope binding to T
lymphocytes have ever been identified for these aller-
gens. These knowledges are also important to well
understand plants LTPs allergenicity. LTP sensitisa-
tion shows a surprisingly, and not yet fully explained,
geographical distribution pattern in northern and sou-
thern European populations. Several hypothesis
could explain this difference: genetic pattern of these
populations, food consumption, environment of the
plants culture (stress, pathogens), type and/or locali-
sation of culture, storage and/or transport conditions,
influence of the ripening, influence of technological
treatments... Certain groups started to work on one or
other of these problems, but it remains still much of
point to solve to understand clearly this "LTP
Syndrome" (34, 109, 110).
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