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REVIEW

N- and O-linked oligosaccharides of allergenic

glycoproteins

Kay Fétisch and Stefan Vieths*

Department of Allergology, Paul-Ehrlich-Institut, Langen, Germany

Cross-linking of cell-bound IgE on mast cells or basophils by polyvalent antigens causes the release of histamine and
other mediators of the allergic response which then lead to the development of allergic symptoms. In this event not only
peptide epitopes, but also carbohydrates can act as cross-linking elements. Since peptide epitopes of allergens are
subject of most published studies, this review is focused on glycosidic epitopes. The current knowledge of the structures
and possible epitopes of oligosaccharides linked to allergenic glycoproteins is briefly reviewed, showing that complex
plant N-glycans containing «1,3 fucose and 1,2 xylose are most frequently involved in the structures of IgE epitopes. In
own studies a prevalence of up to 29% anti-glycan IgE was determined among pollen-allergic patients. The clinical
relevance of these carbohydrate specific IgE antibodies is still a matter of controversial discussions.
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Introduction

Mast cells and basophils can bind immunoglobulin E (IgE)
antibodies to receptors on their surface. Aggregation of these
receptors by contact of cell-bound IgE with multivalent
antigen leads to the rapid extracellular release of histamine,
heparin, proteases and other mediators that are stored in the
cell’s cytoplasmic granules, and the synthesis and secretion of
leukotrienes and prostaglandines. Finally, these products result
in appearance of allergic symptoms [1]. The most important
prerequisite for the initiation of the mediator release is the
polyvalence of the antigen (Figure 1, [refs. 2,3]), because
monovalent antigens, that means antigens with a single
epitope, are unable of cross-linking of cell-bound IgE (Figure
1A). The nature of the epitopes is not necessarily peptidic
(Figure 1B, right side), but can also be of glycosidic origin
(Figure 1C).

In 1972 Lee and Scocca [4] investigated the glycan
structures of the three allergenic glycoproteins bromelain,
ovalbumin and o-amylase. In all three cases they found the
glycan Manf31,4GlcNAcf1,4GlcNAc linked to the asparagine
residues of the polypeptide. This structure was later been
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shown to be the common core structure of many plant and
animal glycoproteins (see Figure 2). It took, however, another
seven years before the first N-linked glycan structure of a plant
glycoprotein, the cysteine protease bromelain was correctly
resolved [5]. Due to the complexity of the matter and the
laboratory equipment and know-how required, many papers of
that time dealt and deal even nowadays only with the
determination of the carbohydrate contents [6,7] or with the
carbohydrate composition of the allergenic glycoproteins [8—
10], but in many cases the whole glycan structures could not
be resolved. As a consequence, more and more structures of
N-linked glycans of allergenic glycoproteins became available
only very recently, starting in the late eighties (see Table 1,
[refs. 5, 11-41]). Lately, many papers were published with new
results concerning the glycan structures of whole allergenic
plant extracts [15,34,35,40] or single allergens [36,37,39,41].
Therefore, this paper will briefly review the recent knowledge
of the N- and O-linked oligosaccharides of allergenic glyco-
proteins and their impact on IgE binding.

Structures of N- and O-linked oligosaccharides

Although the results of several studies on Asn-linked glycans
suggest that there are possibly thousands of structurally
different oligosaccharides, these were shown to possess
common structural features. The common characteristics are
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Figure 1. Display of mono- and polyvalent antigens (possible carbohydrate epitopes depicted in red, protein epitope depicted in green).
A: monovalent antigen: only one carbohydrate epitope (branch structure), unable for cross-linking of IgE. B: divalent antigen: one
carbohydrate (red) and one protein epitope (green) C: divalent antigen: two carbohydrate epitopes. The pictures were prepared with Swiss-
PdbViewer v3.6b3 using the structures of A+B: Erythrina corallodendron lectin (PDB-No. 1AXO0, [2]) and C: Neuraminidase N2 (PDB-No.

2BAT, [3]) and were rendered with Pov-ray v3.1g.
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Figure 2. Simplified scheme of the structures of N-linked
oligosaccharides. High mannose-type oligosaccharides: R1—
R3=—-0OH, R4 and/or R5=Man, R6=Man and/or Glc. Hybrid-
type oligosaccharides: R1 and/or R2,R3,R6 #—OH or Man, R4
and R5+R6 =Man. Complex-type oligosaccharides: R1 and/or
R2,R3,R6 # —OH or Man, R4 and/or R5=—0OH or Man.

depicted in Figure 2: firstly, the existence of the already
mentioned common trisaccharide core and secondly, the
linkage of this core structure to the asparagine residue in the
consensus sequence -Asn-X-Ser/Thr- of the peptide chain.

Furthermore, according to their main structural features N-
glycans can be divided into three major types: high mannose-
type, hybrid-type, and complex-type (Figure 2; for review see
[42,43)).

Examples of all three classes are given in Table 1 showing
the nonreducing termini of the structures evaluated on
allergens or antigens and therefore also the possible carbohy-
drate epitopes for anti-carbohydrate antibodies. For simplifica-
tion, the truncated ‘paucimannosidic’ structures (shorter than 5
mannose residues) were included in their respective classes.
The table also illustrates the development of sophisticated
methods in analytical glycobiology, since more and different
oligosaccharides per allergen/extract could be investigated in

the recent years [34,40]. Simultaneously, some earlier
published structures were corrected. So, the revised analysis
of the glycan of bromelain [11] showed that the second glycan
structure found by Ishihara et al. [5] with a linear array of three
mannose residues does not exist.

Wilson et al. [40] could detect hybrid-type oligosaccharides
in many food extracts, structures formerly thought to be rather
uncommon on allergenic glycoproteins. These oligosacchar-
ides could partly account for large amounts of the N-linked
oligosaccharides of different foods (up to 75% in Papaya).
Besides, also Lewis A (Le) determinants (Galf1-3[Fucol-
4]GlcNAc) were found in many plant extracts (up to 51% in
apple) and constitute another possible source of cross-
reactivity [35,40,41]. This structure was also detected in the
N-linked glycans of sycamore cell laccase [15], thereby
correcting the wrong finding of Takahashi et al. [14], who
described o1,6-linked fucose as terminal sugar residue of the
laccase glycan. As well, the assignment of «1,6-linked fucose
residues to the N-glycans of Cry j I [29,30] might be wrong.
Instead, it seems probably more accurate to conclude that Cry j
I carries the Le® epitope with o1,4-linked fucose [41].

Furthermore, Altmann [17] could show that a large
proportion of the carbohydrates of ascorbic oxidase (57%)
contains o1-3-linked fucose. This contrasts to the longtime
opinion and use of ascorbic oxidase as only xylose-containing
glycoprotein due to the study previously reported by D’ Andrea
et al. [16] on ascorbate oxidase from a non-commercial source.

O-linked glycans of plant allergens consist in most cases of
single sugar residues forming long carbohydrate chains, the
“backbone” of the structure, to which side chains formed by
other or of the same monosaccharides are attached (e.g.
arabinogalactans, which have a backbone of f1,3-linked
galactose residues). These structures often have a high
molecular weight, and are linked to serine or threonine or
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hydroxyproline residues of the polypeptide (for review see
[44]). Hydroxyproline residues can also be linked to arabinose
residues via O-glycosidic bonds [45] which could thus form
further potential IgE binding moieties (Table 2, [refs. 46—62]).

Unlike the O-linked glycans of plants are those of sea squirt
allergens, which possess a trisaccharide core structure that
consists of GalNAcf1-4GIcNAcf1-3GalNAc. This core can
be modified by fucose and/or GIcNAc and/or further GaINAc
residues (see Figure 3).

Determination of IgE reactivity to oligosaccharides

Many papers dealing with the structural analysis of the
carbohydrate moieties of allergenic glycoproteins only showed
the general binding of the isolated glycoprotein to the IgE of
one or more allergic patients, but not the binding of IgE to the
pure glycan [7,8]. Other studies demonstrated the presence of
carbohydrates on various allergens either by lectin binding or
by antibodies specific for certain sugar residues [63—65].
These studies supplied clues for additional IgE epitopes on the
glycoproteins being formed by the glycans, but no direct
evidence for their involvement in allergenicity.

One of the first groups conducting experiments to show the
impact of the carbohydrate moiety on the antigenicity of the
extract were Ishii et al. [66]. They investigated the carbo-
hydrate composition of the extract of the house dust mite
Dermatophagoides farinae, used the extract in skin tests in 10
asthmatic patients and treated it by heating, by trypsin and
pronase digestion and also by periodate oxidation. The treated
extracts were not tested with human sera, only with sensitized
guinea pigs, where the strongest reduction of the Prausnitz-
Kuestner type skin reactions was obtained with periodate-
treated extracts [66].

Aalberse et al. [67] were the first who showed that periodate
oxidation of grass pollen, peanut and buckwheat extracts
strongly reduced the IgE binding of sera from three atopic
patients to these extracts. These results were also confirmed by
RAST inhibition experiments with periodate treated potato
extract (Table 3). Due to the high cross-reactivity of such IgE
antibodies to many plant extracts these authors also introduced
the term “CCD” for “cross-reactive carbohydrate determi-
nants”. Later, the ubiquitous occurrence of such CCD in
plants was repeatedly proven [34,63,65,68-71].

Thereafter, more and more studies showed that glycan
moieties of allergenic glycoproteins take part in the induction
of an IgE response in allergic patients. Table 3 summarizes the
results of selected publications dealing with the IgE reactivity
of the glycans of the allergens under investigation [refs.
10,22,24,32,37-39,47,48,50,53,55,57-59,62,67,69-117]. In
most cases evidence for IgE binding resulted from periodate
oxidation of the (blotted) extracts or allergens, or by
trifluoromethanesulphonic acid (TFMS), or protease-treat-
ment, or by IgE inhibition assays using defined glycan
structures as inhibitors. Figure 4 shows examples of blot

inhibitions with such purified glycans using a CCD-positive
patient tested on three different plant extracts. The IgE of this
patient detects many bands in the high molecular weight range
indicating the presence of glycoproteins in all extracts (lane 1).
In the presence of the purified bromelain glycan (lane 2) or of
the extracts containing similar glycan structures on their
glycoproteins (lanes 5-7), the IgE binding to high molecular
weight bands was totally abolished. In contrast, no inhibition
at all was achieved with either the fibrin glycan, which
contains no fucose and xylose residues (lane 3), or with the
non-glycosylated recombinant major birch pollen allergen Bet
v 1 (lane 4).

In other experimental strategies, the IgE binding to
carbohydrate structures was concluded from ELISA measure-
ments using Proteinase K-digested extracts or defined
glycopeptides as solid phase antigens, or by comparison of
the IgE reactivity of glycoproteins with unglycosylated
variants thereof or corresponding recombinant proteins
expressed in E. coli. By contrast, treatments with glycosidases
were less successful in certain cases, as they led to incomplete
deglycosylations of the allergens and thus produced non-
utilizable results (see Table 3). Also it is known that periodate
oxidation can alter the amino acids of the peptide chain [118]
and thus leads to a reduced IgE binding because of the loss of
peptidic epitopes. Therefore, this treatment has to be carried
out under mild and carefully controlled conditions, which in
most studies was well documented. An alternative chemical
deglycosylation method is to use trifluoromethanesulphonic
acid; however, in three cases, this treatment not only removed
the glycans from the protein, but also affected the secondary
structures of Par j 1 [81], of Fel d 1 [84] and of Ole e 1 [88]
significantly, as demonstrated by changes in the circular
dichroism (CD) spectra of the treated allergens. This is in
contrast to earlier studies which claimed nearly no, or only
minimal effects, on the structural integrity of the polypeptide
chains by TFMS treatment [119,120]. Nevertheless, even a
partial loss of protein conformation could strongly influence
the IgE binding and result in misleading data. In two of these
three cases [84,88] also other deglycosylation methods were
used to confirm the CCD binding. However, in most of the
other studies summarised in Table 3 the conservation of the
overall secondary structure of the polypeptide chains after
TFMS treatment was not investigated.

Epitope characterization

Table 1 reveals that the non-reducing termini of N-linked
glycans potentially involved in antibody binding consist
mainly of mannose, fucose, xylose and N-acteyl-glucosamine
in different linkages. Several studies were undertaken to test
the influence of these main structural elements on the IgE
binding. In an own study, a carbohydrate ELISA with defined
glycan structures covalently linked to the surface of microtitre
plates [100,102] was used to analyze sera of around 300
patients allergic to tree and grass pollen for IgE binding to
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Table 2. Structures of O-linked glycans presumably involved in antibody binding (non-reducing termini)

Allergen Source Backbone Linkage Sidechain Linkage Reference'
Gum arabic Acacia senegal Gal p1-3 Gal p1-6 [46]
Gilucuron p1-4/51-6
Ara p1-2/51-3
Rham 1-4
Partly purif. Allergen Timothy pollen Gal 1-6 Ara al-3/a1-5 [47]
Ag 30 (Phl p 4) Timothy pollen Ara - [48]
Basic glycoprotein Timothy pollen Gal 1-3/1-6 Man 1-3/1-4 [49]
Ara 1-3/1-5 Ara 1-3/1-5
Phlp 1 Timothy pollen Ara - [50], [51]
Extract Mugwort pollen Gal 1-3 Gal 1-6 [52]
Ara 1-5 Ara 1-4
Glc 1-4
Partly purif. Allergen Clad. herbarum Man 1-2/1-6 Gal 1-3/1-6 [53]
Ag-54 (Cla h 2) Clad. herbarum Man 1-2/1-6 Gal 1-2/1-3 [54]
Glc 1-4/1-6
H-antigen Sea squirt GalNAc p1-4 Fuc al-3 [55], [56]
GlcNAc p1-3 GlcNac p1-6
GalNAc al-2/p1-3/1-4
Gi-rep (Gp-1p-b6) Sea squirt GalNAc p1-4 Fuc al-3 [57], [58]
GlcNAc p1-3 GalNAc al-2
Par h 1 Parthenium pollen Ara — [59]
Extracts 7 diff. pollen Glc p1-3 — [60]
Glucan Fungi Glc p1-3 — [61]
Mannoglucan Wheat flour Glc+Man p1-4 — [62]
'References are ordered chronologically and by allergen.
Ryot;—3GalNACcB;~_ ]
N N _3GlcNAcB gOO
o1 (04
R N /36GalNAc-—O-—Ser,T}gr,Hyp
iRyB; NH;

Riza;—2Ro0;

Figure 3. Structures of O-linked oligosaccharides of sea squirt allergens. R1 =—0OH or GIcNAc (single case: Fuc), R2=—0H or Fuc (two

cases: GalNAc), R3=—0OH or GalNAc.

both the bromelain-type glycan (with xylf1-2 and fucal-3)
and the fibrin-type glycan (with only mannose residues). The
IgE of 91 patients (of 319 tested) reacted with the bromelain-
type glycan, but only of 17 patients (of 298 tested) with the
fibrin-type glycan, corresponding to 29.5% in the first and
5.7% in the second case, respectively (Table 4, unpublished
data). Eighty of the patients who possessed IgE to the
bromelain-type glycan were also tested with the defucosylated
glycan structure carrying only the 1-2 linked xylose residue
and the «1-6 linked mannose at the proximal mannose. Only
10 of these patients (12.5%) showed detectable IgE binding to
this structure (Table 4, unpublished data).

These results suggest that «1-3 linked fucose is the most
important residue in the epitope structure. The ubiquitous

occurence and importance of this structural element was
subject of many other recent studies [refs. 24,34,37,40,
70,102,121]. However, also f1-2 linked xylose was shown
to be involved in a common cross-reactive antigenic
determinant [63,71], not only in glycoproteins with no or
little «1-3 linked fucose (this group includes for example Ara
h 1 from peanut [36,37], the 48 kDa hazelnut allergen [38] and
Ole e 1 [36,37]). The reason for the high immunogenicity of
these two sugar residues is on the one hand that core f1,2-
linked xylose residues are only present in plants or some
invertebrates such as snails and schistosomes and are not
present in mammalian glycans; similarly «1,3-linked fucose is
also absent from mammalian glycans, while being present in
plants and invertebrates such as insects and helminths. In
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Figure 4. Detection of CCD in birch pollen-, pear- and lychee fruit extracts by immunoblot inhibition using a patient serum with a strong
signal in the CCD-ELISA and a negative EAST to the 3 recombinant pear allergens Pyr ¢ 1, Pyr ¢ 4 and Pyr ¢ 5. Inhibitors: 1: no inhibitor, 2:
MUXF2 (see Table 4), 3: MM (see Table 4), 4: rBet v 1, 5: pear extract, 6: birch pollen extract, 7: lychee fruit extract. Amount of inhibitors:
Glycopeptides and recombinant allergen: 15 ng; allergen extracts: 100 pg of protein.

contrast, IgE antibodies directed against «1-6 linked fucose
residues appear unlikely because these are also structural
elements of mammalian glycans. This is compatible with our
own results with the above mentioned carbohydrate ELISA
using the immunglobulin-type glycan with «1-6 linked fucose
as antigen. Only 9 of 55 tested patients (5.5%) gave a positive
result with this glycan and those were also positive with the
fibrin-type glycan without «1-6 linked fucose (Table 4,
unpublished data).

Although from the study by Nilsen et al. [22] on Art v 2
from mugwort pollen one could conclude that the mannose
residues are not involved in IgE binding, other studies indicate
that they may be important for immunogenicity. Treatment
with o-mannosidase showed the participation of mannose
residues in the epitopes of a xylose-specific antiserum raised
against carrot cell wall fS-fructosidase [122], and of two
fucose-specific antisera raised against horseradish peroxidase
(HRP, [19]) and Wistaria floribunda lectins [123], since it
resulted in losses of binding capacities of the antibodies up to
45% [123]. Furthermore, a mannose-specific antiserum raised
against another purified Wistaria floribunda lectin [124] could
distinguish between Mano1-6 substituted glycans and disub-
stituted glycans with an additional mannose residue in a1-3
linkage. These antibodies bound specifically to monosubsti-
tuted glycans of different lectins and of bromelain, but not to
glycopeptides from fetuin and ovalbumin with additional 1-3
linked mannose residues [124]. The same observation of the
importance of single sugar residues on the IgE recognition was
made by van Ree et al. [37] who showed a marked difference
between the binding of xylose-specific IgE antibodies to the
glycans of bromelain and HRP, which differ only in the
additional «1-3 linked mannose found on the HRP glycan
structure (Figure 5).

This observation indicates that the anti-carbohydrate IgE
might bind to more than one sugar residue of the glycan
like already proposed in the model of the epitopic structure

for the anti-HRP antibody [19] (Figure 6, [refs. 2,125])
and/or that the binding of anti-carbohydrate specific IgE
could be sterically influenced by the presence or absence of
single sugar residues [37] (Figure 5). Furthermore, some of
these might act as stabilizing elements of the binding
complex. Due to the small size of the carbohydrates in
comparison to the antigen binding site of the antibody it
seems unlikely that the antibody will only bind to a single
sugar residue (Figure 6).

Results of inhibition studies using monosaccharides and
monoclonal antibodies (mabs) against N-linked oligosac-
charides of the glycoproteins human 1gG [126] and peanut
peroxidase [127] also indicate a binding of more than one
sugar residue by these monoclonals. The two mabs produced
against the same asialo-form of IgG recognised different parts
of the glycan structure as shown by the inhibition with the
single components of the glycan, but the binding of the mabs
was to a certain extent specifically inhibitable by more than
one sugar residue [126]. Similar results were reported for three
mabs raised against the N-linked glycans of peanut peroxidase
with fucose being the strongest inhibitor. The maximum
inhibition achieved with 1 M fucose was only 42%, whereas
inhibitions above 90% were reached with tenthousandfold less
concentrated glycopeptides or glycoproteins carrying the
whole glycan structure [127]. In case of a xylose-specific
antiserum inhibition with xylose also failed to diminish the
specific recognition of xylose-containing glycopeptides by this
antiserum [122]. This indicates that even fucose and xylose are
only part of the epitopic structure recognized by the anti-
carbohydrate antibodies [122] or that the open forms of fucose
and xylose in contrast to the ring forms as existing in the
glycan structure have no or only reduced antibody reactivity.
Besides, the studies of Masutani et al. [126] and Wan et al.
[127] demonstrated the participation of N-acetyl-glucosamine
in the epitopic structure of these antibodies. Among N-acetyl-
galactosamine and fucose this sugar residue is also part of
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Table 4. IgE reactivity of pollen allergic patients to CCD structures, tested by carbohydrate ELISA

N-glycan of Structure Short term % positive patients
Bromelain Mano1-6(Xylp1-2)Man$1-4GlcNAcf1-4(Fuca1-3)GIcNAc MUXF3 295
Brom., defuc.* Mana1-6(XylS1-2)Manf1-4GlcNAc1-4GIcNAc MUX 12.5
human IgG Mano1-6(Mano1-3)Manf1-4GIcNAcf1-4(Fuca1-6)GIcNAc MMF® 5.5
Fibrin Mano1-6(Mana1-3)Manf1-4GlcNAcf1-4GicNac MM 5.7

*Brom., defuc. = Bromelain, defucosylated.
Manocl\ Bromelain

6

ManB 4GICNACB 1— 4G1§NAC
2

XylB; Fuca;

Man(xl\ Horseradish Peroxidase (HRP)
6

Manf};— 4GIcNAcB;— 4GIlcNAc
3 2 3
7 ol

Mano 1 Xy]Bl

Fucoy

Figure 5. N-linked glycans of bromelain (MUXF®) and horseradish
peroxidase (HRP). The potentially sterical hindrance of xylose-
specific IgE antibodies to HRP by the additional mannose in 1,3-
linkage is depicted by a box (according to [37]).

some of the disaccharide units proven to be the allergenic
epitopes of the sea squirt allergens H-antigen [55,56] and Gi-
rep [57,58].

The characterization of biologically active disaccharide
units in case of the sea squirt allergens indicated that on these
allergenic glycoproteins also at least two sugar residues were
involved in IgE binding.

Initial results obtained with the newly discovered Lewis A
determinants of allergenic plant extracts coupled to BSA
showed that these widespread structures [15,35,40] which play
an important role in cell-to-cell recognition of mammalian
cells fail to induce an IgE response in tree and grass pollen
allergic patients [37].

Prevalence of IgE to CCD in different populations

The prevalence of CCD-positive patients is in many cases not
calculable, since several studies used pool sera, tested only
selected sera from the whole patient panel for CCD reactivity
or even had only single patients at their disposal. Furthermore,
it depends on the allergen and on the preselection of the
patients. Therefore frequencies from 0% to nearly 100% have
been reported (see Table 3). If larger numbers of patients (>100

if available) were included then the prevalence of anti-glycan
IgE varied between 20 and 40% for grass pollen allergics
[92,94,128,129]. This corresponds with own observations in
patients allergic to tree and grass pollen with around 30% of
the patients’ IgE recognizing the bromelain glycan (see above
and Table 4). Higher frequencies of IgE reactivity were
reported in studies in olive pollen (51-65%; [37,90]) and in
cupressus pollen positive patients (100%; [39,107]).

Patients with confirmed food allergies have prevalences of
IgE to CCD in the same range as grass and tree pollen allergic
patients. So, sensitizations to glycans of pear [104], tomato
[95], carrot [115], hazelnut [38] and celery [101,103] occur in
16 to 55% of the patients allergic to the foods. Higher
incidences of CCD sensitization (56—79%) are to be found
among patients allergic to Hymenoptera venoms [24,75,112,
113] and among the patients allergic to sea squirt allergens
with 100% CCD reactivity [55,57,58]. This indicates that
some allergens (e.g. from cupressus pollen extract and from
sea squirt) might influence the production of anti-carbohydrate
IgE by their high content of immunogenic carbohydrates.

Clinical relevance of the oligosaccharides linked
to allergenic glycoproteins

Beside others functions, carbohydrates protect glycoproteins
against thermal denaturation and enzymatic digestion. This
suggests that they are indirectly, but also directly, during the
protein biosynthesis, involved in the formation and conserva-
tion of the secondary structure of the protein by steering the
folding of the polypeptide chain. Since the secondary structure
determines the conformation of the surface and core structure,
the glycan moieties fulfill an important function for the
conservation of the biologic activity and IgE binding capacity
of the glycoproteins.

As mentioned earlier in the text, a prerequisite for causing
mediator release, and thereby eliciting allergic symptoms, is
the presence of a polyvalent antigen that is able to cross-link
cell bound IgE on mast cells and basophils. The cross-linking
could occur either by CCD specific antibodies, if more than
one glycan is present on the surface of the glycoprotein (Figure
1C), or by combinations of CCD specific and peptide specific
antibodies (Figure 1B). In the recent years some authors
concluded that IgE antibodies to CCD are biologically inactive
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Figure 6. Proposed model of the epitopic structure for the anti-HRP antibody [19] using the theoretical model of a Fab fragment complexed
with a ganglioside-type carbohydrate (PDB-No. 2PSK, [125]) by replacing this carbohydrate with the HRP-type glycan of the Erythrina
corallodendron lectin (PDB-No. 1AX0, [2]). The Fab fragment is depicted by the brown and orange chains. The sugar residues of the HRP-
type glycan that is bound to Asn17 of the lectin (lower right corner) are individually coloured. The binding relevant fucose and mannose
residues [19] are depicted in blue and yellow, respectively. The figure was prepared with Protein Explorer and afterwards processed with

CorelPHOTO-PAINT!™,

and therefore clinically irrelevant [111,128—132], or that the
interaction of anti-CCD IgE with the glycans has too low
affinity for effective cross-linking [132]. However, the tests to
prove these hypotheses were either not performed until now or
were insufficient for convincing conclusions. For instance, van
der Veen et al. [131] investigated a panel of patients who are
IgE positive but non-allergic to peanut, showing that anti-CCD
IgE in these patients had no or only poor biologic activity. Yet
no other results would have been expected, since this patient
group was non-allergic. In 1999, Marl et al. [111] tested 136
bromelain-CAP positive patients with pollinosis by skin test
with a bromelain solution and none of them showed a positive
skin test response. This result is also not surprising since
bromelain carries only one carbohydrate chain and is therefore
incapable of inducing a histamine release by cross-linking of
carbohydrate-specific IgE antibodies (for example see Figure
1A). This is truly the case for many other glycoproteins with
only mononvalent glycans, although these might act as
additional cross-linking elements beside the peptidic epitopes
(Figure 1B). The last fact could explain the histamine release

results of 5 patients with Ole e 1, which possesses only one N-
linked glycan, but not the strong mediator release with the
purified free carbohydrates of Ole e 1 [90]. Although the
authors believe that the CCD structure might be large enough
(15 A) for the cross-linking of IgE antibodies on the surface of
mast cells and basophils, this is, in our opinion not very likely
(see also Figure 6). Also, these data have so far not been
confirmed by other researchers.

In our study [102] a celery-allergic and CCD positive patient
showed no histamine release with the purified glycans of
bromelain and fibrin and with BSA, but up to 25% mediator
release with BSA-conjugates of the bromelain glycan (3 to
4 mol per mol protein). This result indicates the necessity of
polyvalent epitopes for the biologic activity of the glycopro-
teins. Besides, we found single celery-allergic patients whose
only detectable IgE directed against celery was specific for
CCD without any additional recognition of protein allergens
of celery [102,103]. These are further clues that CCD may
be clinically relevant at least in a subgroup of IgE-positive
patients.
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Concluding remarks

Many studies have shown without any doubt that N- and O-
linked oligosaccharides are important epitopes for human IgE.
It is evident that N-glycans with o1-3 linked fucose and f1-2
linked xylose, or with fucose alone are the most important
elicitors of IgE-responses in allergic patients. In parallel to the
development of refined methods of glycoprotein analysis,
sophisticated methods to determine anti-carbohydrate IgE
responses and for studying epitope structures have been
developed. However, the question of the clinical relevance of
these antibody responses is still open. Only in the case of the
O- and N-linked oligosaccharides of the sea squirt allergens H-
antigen and Gi-rep it was clearly shown by skin testing that
these carbohydrate moieties are involved in the triggering of
skin and conjunctival symptoms in sea squirt-allergic patients
[55,57,58]. By contrast, none of the studies in plant food
allergy revealed a conclusive answer to this question. In this
area, carefully designed studies are required to end the
theoretical discussion about the clinical significance of the
carbohydrate parts of the glycoproteins. This could be
achieved by skin test or histamine release studies with pure
IgE-binding glycoproteins and their non-glycosylated counter-
parts in patients with confirmed allergies to certain plant foods
or pollen, in comparison to IgE-positive control groups
without allergic symptoms. Neoglycoproteins conjugated with
multiple units of single glycans could serve as helpful tools in
such studies which are underway in several laboratories. Yet
there is still one important point to consider: the specific sugar
recognition patterns of the anti-carbohydrate antibodies
[37,121,124,126,127] indicate that minor structural differ-
ences of the glycans could be of great importance for the IgE
recognition and cross-linking (see also Table 4). Recent results
concerning the profiles of N-linked glycans of many plant
extracts showed a very different distribution pattern of the
glycans [34,40]. That is why, it seems not enough to use only
polyvalent glycoproteins such as HRP for all patients
regardless of the origin of their allergic diseases, but that
these glycans or glycoproteins also have to share structures
actually present in the allergenic extracts. Moreover, in many
cases more than one glycan have to be tested for biological
reactivity because in most extracts several different glycans
showed prominent abundances [34,40] and could therefore be
clinically relevant for the CCD-positive patient group. The
importance of the source of the glycan used for testing was
also underlined by a recent review [133].

Acknowledgments

The authors are grateful to Dr. I.B.H. Wilson, Institut fiir
Chemie der Universitit fiir Bodenkultur, 1190 Wien, Austria,
for kindly reviewing the manuscript, and to Dr. F. Karamloo
for performing the immunoblot inhibition.

Fotisch and Vieths

References

1 Galli SJ, Wershil BK, The two faces of the mast cell, Nature 381,
21-2 (1996).

2 FElgavish S, Shaanan B, Structures of the Erythrina coralloden-
dron lectin and of its complexes with mono- and disaccharides, J
Mol Biol 277, 917-32 (1998).

3 Varghese JN, McKimm-Breschkin JL, Caldwell JB, Kortt AA,
Colman PM, The structure of the complex between influenza
virus neuraminidase and sialic acid, the viral receptor, Proteins
14, 327-32 (1992).

4 Lee YC, Scocca JR, A common structural unit in asparagine-
oligosaccharides of several glycoproteins from different sources, J
Biol Chem 247, 5753-8 (1972).

5 Ishihara H, Takahashi N, Oguri S, Tejima S, Complete structure
of the carbohydrate moiety of stem bromelain, J Biol Chem 254,
10715-9 (1979).

6 Underdown BJ, Goodfriend L, Isolation and characterization of an
allergen from short ragweed pollen, Biochemistry 8, 980-9
(1969).

7 Geraci D, Oreste U, Ruffilli A, Purification and characterization of
allergens from Parietaria officinalis pollen, Immunochemistry 185,
491-8 (1978).

8 Howlett B, Clarke AE, Isolation and partial characterization of
two antigenic glycoproteins from rye-grass (Lolium perenne)
pollen, Biochem J 197, 695-706 (1981).

9 Vik H, Florvaag E, Apold J, Paulsen BS, Elsayed S, Comparative
studies on tree pollen allergens. IV. Evaluation of two commer-
cially available allergen extracts of alder (4/nus incana) and Birch
(Betula verrucosa) pollen, Int Archs Allergy Clin Immunol 68,
371-6 (1982).

10 Wolden B, Smestad Paulsen B, Wold JK, Grimmer O,
Characterization of the carbohydrate moiety in a purified allergen
preparation from the mite Dermatophagoides farinae and its
importance for allergenic activity as tested by RAST-inhibition
method, Int Archs Allergy Appl Immunol 68, 14451 (1982).

11 van Kuik JA, Hoffman RA, Mutsaers JHGM, van Halbeek H,
Kamerling JP, Vliegenthart JFG, A 500-MHz '"H-NMR study on
the N-linked carbohydrate chain of bromelain, Glycoconj J 3, 27—
34 (1986).

12 van Halbeek H, Vliegenthart JFG, Iwase H, Li S-C, Li Y-T, 'H-
NMR spectroscopic characterization of dansyl-glyco-asparagines
derived from hen egg white glycoproteins, Glycoconj J 2, 235-53
(1985).

13 Dua VK, Bush CA, Resolution of some glycopeptides of hen
ovalbumin by reverse-phase high-pressure liquid chromatography,
Anal Biochem 137, 33—40 (1987).

14 Takahashi N, Hotta T, Bligny R, Akazawa T, Endo S, Arata Y,
Xylose-containing common structural unit in N-linked oligosac-
charides of Laccase from Sycamore cells, Biochem 25, 388-95
(1986).

15 Fitchette-Laine A-C, Gomord V, Cabanes M, Michalski J-C, Saint
Macary M, Foucher B, Cavelier B, Hawes C, Lerouge P, Faye L,
N-glycans harboring the Lewis a epitope are expressed at the
surface of plant cells, Plant J 12, 1411-7 (1997).

16 D’Andrea G, Bouwstra JB, Kamerling JP, Vliegenthart JFG,
Primary structure of the xylose-containing N-linked carbohydrate
moiety from ascorbic oxidase of Cucurbita pepo medullosa,
Glycoconj J 5, 151-7 (1988).



=

17

18

20

21

22

23

24

25

26

27

28

29

30

31

32

and O-linked oligosaccharides of allergenic glycoproteins

Altmann F, Structures of the N-linked carbohydrate of ascorbic
acid oxidase from zucchini, Glycoconj J 15, 79-82 (1998).
McManus MT, McKeating J, Secher S, Osborne DJ, Ashford D,
Dwek RA, Rademacher TW, Identification of a monoclonal
antibody to abscission tissue that recognises xylose/fucose-
containing N-linked oligosaccharides from higher plants, Planta
175, 506-12 (1988).

Kurosaka A, Yano A, Itoh N, Kuroda Y, Nakagawa T, Kawasaki T,
The structure of a neural specific carbohydrate epitope of
Horseradish peroxidase recognized by anti-horseradish peroxi-
dase antiserum, J Biol Chem 266, 4168—72 (1991).

Hayashi M, Tsuru A, Mitsui T, Takahashi N, Hanzawa H, Arata Y,
Akazawa T, Structure and biosynthesis of the xylose-containing
carbohydrate moiety of rice a-amylase, Eur J Biochem 191, 287—
95 (1991).

Sturm A, Heterogeneity of the complex N-linked oligosaccharides
at specific glycosylation sites of two secreted carrot glycoproteins,
Eur J Biochem 199, 169-79 (1991).

Nilsen BM, Sletten K, Smestad Paulsen B, O’Neill M, van
Halbeek H, Structural analysis of the glycoprotein allergen Art v
II from the pollen of mugwort (Artemisia vulgaris L.), J Biol
Chem 266, 2660-8 (1991).

Johansson A, Rasmussen SK, Harthill JE, Welinder KG, cDNA,
amino acid and carbohydrate sequence of barley seed-specific
peroxidase BP1, Plant Molecular Biol 18, 1151-61 (1992).
Tretter V, Altmann F, Kubelka V, Mirz L, Becker W-M, Fucose
o1,3-linked to the core region of glycoprotein N-glycans creates
an important epitope for IgE from honeybee venom allergic
individuals, Int Arch Allergy Immunol 102, 259-66 (1993).
Kubelka V, Altmann F, Staudacher E, Tretter V, Marz L, Hard K,
Kamerling JP, Vliegenthart JFG, Primary structures of the N-
linked carbohydrate chains from honeybee venom phospholipase
As, Eur J Biochem 213, 1193-204 (1993).

Kubelka V, Altmann F, Mérz L, The asparagine-linked carbohy-
drate of honeybee venom hyaluronidase, Glycoconj J 12, 77-83
(1995).

Priem B, Gitti R, Bush CA, Gross KC, Structure of ten free N-
glycans in ripening tomato fruit, Plant Physiol 102, 445-58
(1993).

Zeleny R, Altmann F, Praznik W, Structural characterization of
the N-linked oligosaccharides from tomato fruit, Phytochem 51,
199-210 (1999).

Hino K, Yamamoto S, Sano O, Taniguchi Y, Kohno K, Usui M,
Fukudo S, Hanzawa H, Haruyama H, Kurimoto M, Carbohydrate
structures of the glycoprotein allergen Cry j I from Japanese cedar
(Cryptomeria japonica) pollen, J Biochem 117, 289-95 (1995).
Ogawa H, Hijikata A, Amano M, Kojima K, Fukushima H,
Ishizuka I, Kurihara Y, Matsumoto I, Structures and contribution
to the antigenicity of oligosaccharides of Japanese cedar
(Cryptomeria japonica) pollen allergen Cry j 1. relationship
between the structures and antigenic epitopes of plant N-linked
complex-type glycans, Glycoconj J 13, 555-66 (1996).

Ohsuga H, Su S-N, Takahashi N, Yang S-Y, Nakagawa H, Shimada
I, Arata Y, Lee YC, The carbohydrate moiety of the bermuda grass
antigen BG60, J Biol Chem 271, 26653—-8 (1996).

Su S-N, Shu P, Lau G-X, Yang S-Y, Huang S-W, Lee Y-C,
Immunologic and physicochemical studies of bermuda grass
pollen antigen BG60, J Allergy Clin Immunol 98, 486-94
(1996).

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

387

Bulone V, Rademaker GJ, Pergantis S, Krogstad-Johnsen T,
Smestad-Paulsen B, Thomas-Oates J, Characterisation of horse
dander allergen glycoproteins using amino acid and glycan
structure analyses, Int Arch Allergy Immunol 123, 220-7
(2000).

Wilson IBH, Altmann F, Structural analysis of N-glycans from
allergenic grass, ragweed and tree pollens: core «l,3-linked
fucose and xylose present in all pollens examined, Glycoconj J
15, 1055-70 (1998)

Fitchette A-C, Cabanes-Macheteau M, Marvin L, Martin B,
Satiat-Jeunemaitre B, Gomord V, Crooks K, Lerouge P, Faye L,
Hawes C, Biosynthesis and immunolocalization of Lewis a-
containing N-glycans in the plant cell, Plant Physiol 121, 333-43
(1999).

Kolarich D, Altmann F, N-glycan analysis by matrix-assisted laser
desorption/ionization mass spectrometry of electrophoretically
separated nonmammalian proteins: application to peanut allergen
Ara h 1 and olive pollen allergen Ole e 1, Anal Biochem 285, 64—
75 (2000).

van Ree R, Cabanes-Macheteau M, Akkerdaas J, Milazzo J-P,
Loutelier-Bourhis C, Rayon C, Villalba M, Koppelman S,
Aalberse R, Rodriguez R, Faye L, Lerouge P, f(1,2)-Xylose
and o(1,3)-Fucose residues have a strong contribution in IgE
binding to plant glycoallergens, J Biol Chem 275, 11451-8
(2000).

Miiller U, Luettkopf D, Hoffmann A, Petersen A, Becker W-M,
Schocker F, Niggemann B, Altmann F, Kolarich D, Haustein D,
Vieths S, Allergens in raw and roasted hazelnuts (Corylus
avellana) and their cross-reactivity to pollen, Eur Food Res
Technol 212, 2—12 (2000).

Iacovacci P, Pini C, Afferni C, Barletta B, Tinghino R, Schinina E,
Federico R, Mari A, Di Felice G, A monoclonal antibody specific
for a carbohydrate epitope recognizes an IgE-binding determinant
shared by taxonomically unrelated allergenic pollens, Clin Exp
Allergy 31, 458-65 (2001).

Wilson IBH, Zeleny R, Kolarich D, Staudacher E, Stroop CIM,
Kamerling JP, Altmann F, Analysis of Asn-linked glycans from
vegetable foodstuffs: widespread occurence of Lewis a, core «1,3-
linked fucose and xylose substitutions, Glycobiol 11, 261-74
(2001).

Alisi C, Afferni C, lacovacci P, Barletta B, Tinghino R, Butteroni
C, Puggioni EMR, Wilson IBH, Federico R, Schinina E, Mari A,
Di Felice G, Pini C, Rapid isolation, characterisation and glycan
analysis of Cup a 1, the major allergen from Arizona cupress
(Cupressus arizonica) pollen, Allergy 56, 978-984 (2001).
Kornfeld R, Kornfeld S, Assembly of asparagine-linked oligo-
saccharides, Ann Rev Biochem 54, 631-64 (1985).

Faye L, Johnson KD, Sturm A, Chrispeels MJ, Structure,
biosynthesis, and function of asparagine-linked glycans on plant
glycoproteins, Physiol Plant 75, 309-14 (1989).

Lis H, Sharon N, Protein glycosylation. Structural and functional
aspects, Eur J Biochem 218, 1-27 (1993).

Lamport DTA, Miller OH, Hydroxyproline arabinosides in the
plant kingdom, Plant Physiol 48, 454—6 (1971).

Aspinall GO, Gums and mucilages, Adv Carbohydrate Chem
Biochem 24, 333-79 (1969).

Haavik S, Smestad Paulsen B, Wold JK, Grimmer O, Arabino-
galactans in a purified allergen preparation from pollen of timothy
(Phleum pratense), Phytochemistry 21, 1913-9 (1982).



388

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

Haavik S, Smestad Paulsen B, Wold JK, Glycoprotein allergens in
pollen of timothy. II. Isolation and characterization of a basic
glycoprotein allergen, Int Arch Allergy Appl Immunol 78, 2608
(1985).

Haavik S, Smestad Paulsen B, Wold JK, Glycoprotein allergens in
pollen of timothy. IV. Structural studies of a basic glycoprotein
allergen, Int Arch Allergy App! Immunol 83, 225-30 (1987).
Petersen A, Becker W-M, Moll H, Bluemke M, Schlaak M,
Studies on the carbohydrate moieties of the timothy grass pollen
Phl p 1, Electrophoresis 16, 869—75 (1995).

Wicklein D, Moll H, Kolarich D, Altmann F, Lindner B, Becker
W-M, Petersen A, Haben Kohlenhydratstrukturen einen Einfluf
auf die Allergenitit?, Allergo J 10, 42 (2001).

Smestad Paulsen B, Flo L, Nesje G, Wold JK, Allergens in pollen
from Mugwort (Artemisia vulgaris L.) 1. Partial characterization
of allergen preparations from mugwort pollen with emphasis on
the carbohydrate moiety, Int Archs Allergy Appl Immunol 78,
20612 (1985).

Swaerd-Nordmo M, Smestad Paulsen B, Wold JK, Grimmer O,
Characterization of the carbohydrate moiety in a partly purified
allergen preparation from the mould Cladosporium herbarum
and its possible importance for allergenic activity as tested by
RAST-inhibition, Int Arch Allergy Appl Immunol 75, 149-56
(1984).

Swaerd-Nordmo M, Smestad Paulsen B, Wold JK, The
glycoprotein allergen Ag-54 (Cla h II) from Cladosporium
herbarum. Structural studies of the carbohydrate moiety, /nt Arch
Allergy Appl Immunol 85, 28894 (1988).

Ohta M, Shigeta S, Ono K, Takao T, Shimonishi Y, Oka S, Sugar
sequences of allergenically active oligosaccharide alcohols
isolated from a large-molecular-size sea squirt antigen termed
H-antigen, Arch Biochem Biophys 275, 151-65 (1989).

Ohta M, Matsuura F, Kobayashi Y, Shigeta S, Ono K, Oka S,
Further characterization of allergenically active oligosaccharitols
isolated from a sea squirt H-antigen, Arch Biochem Biophys 290,
474-83 (1991).

Shigeta S, Ono K, Ohta M, Kobayashi Y, Oka S, N-
Acetylgalactosaminyl disaccharide terminals contained in pre-
sumed carbohydrate epitopes specific to sea-squirt allergy, J
Biochem 105, 691-6 (1989).

Shigeta S, Okamura M, Tstsumi M, Ono K, Ohta M, Matsuura F,
Takao T, Oka S, Structure of an allergenic pentasaccharitol, Gp-
1-b6 isolated from a sea squirt antigen, Gi-rep, as a minimum
structural unit responsible for its allergenicity, J Biochem 108,
47-52 (1990).

Gupta N, Martin BM, Metcalfe DO, Subba Rao PV, Identification
of a novel hydroxyproline-rich glycoprotein as the major allergen
in Parthenium pollen, J Allergy Clin Immunol 98, 903-12
(1996).

Rylander R, Fogelmark B, McWilliam A, Currie A, (1 — 3)-f-D-
glucan may contribute to pollen sensitivity, Clin Exp Immunol
115, 3834 (1999).

Wan G-H, Li C-S, Guo S-P, Rylander R, Lin R-H, An airbone
mold-derived product, fi-1,3-D-glucan, potentiates airway allergic
responses, Eur J Immunol 29, 2491-7 (1999).

Tanabe S, Watanabe J, Oyama K, Fukushi E, Kawabata J, Arai S,
Nakajima T, Watanabe M, Isolation and characterization of a
novel polysaccharide as a possible allergen occuring in wheat
flour, Biosci Biotechnol Biochem 64, 1675-80 (2000).

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

Fotisch and Vieths

Faye L, Chrispeels MJ, Common antigenic determinants in the
glycoproteins of plants, molluscs and insects, Glycoconj J 5, 245—
56 (1988).

Barletta B, Tinghino R, Corinti S, Afferni C, lacovacci P, Mari A,
Pini C, Di Felice G, Arizona cypress (Cupressus arizonica) pollen
allergens. Identification of cross-reactive periodate-resistant and
-sensitive epitopes with monoclonal antibodies, Allergy 53, 586—
93 (1998).

Wilson IBH, Harthill JE, Mullin NP, Ashford DA, Altmann F, Core
ol,3-fucose is a key part of the epitope recognized by antibodies
reacting against plant N-linked oligosaccharides and is present in a
wide variety of plant extracts, Glycobiol 8, 651-61 (1998).

Ishii A, Noda K, Nagai Y, Ohsawa T, Kato I, Yokota M,
Nakamura S, Matuhashi T, Sasa M, Biological and biochemical
properties of the house dust mite extract, Dermatophagoides

farinae, Japan J Exp Med 43, 495-507 (1973).

Aalberse RC, Koshte V, Clemens JGJ, Immunoglobulin E
antibodies that cross-react with vegetable foods, pollen, and
Hymenoptera venom, J Allergy Clin Immunol 68, 356—-64 (1981).
Calkhoven PG, Aalbers M, Koshte VL, Pos O, Oei HO, Aalberse
RC, Cross-reactivity among birch pollen, vegetables and fruits as
detected by IgE antibodies is due to at least three distinct cross-
reactive structures, Allergy 42, 382-90 (1987).

Koshte VL, Kagen SL, Aalberse RC, Cross-reactivity of IgE
antibodies to caddis fly with arthropoda and mollusca, J Allergy
Clin Immunol 84, 174-83 (1989).

Petersen A, Vieths S, Aulepp H, Schlaak M, Becker W-M,
Ubiquitous structures responsible for IgE cross-reactivity between
tomato fruit and grass pollen allergens, J Allergy Clin Immunol
98, 805-15 (1996).

Garcia-Casado G, Sanchez-Monge R, Chrispeels MJ, Armentia
A, Salcedo G, Gomez L, Role of complex asparagine-linked
glycans in the allergenicity of plant glycoproteins, Glycobiol 6,
471-7 (1996).

Haavik S, Smestad Paulsen B, Wold JK, Glycoprotein allergens in
pollen of timothy. V. Significance of the carbohydrate moiety for
the immunological activity of a basic glycoprotein allergen, /nt
Arch Allergy Appl Immunol 83, 231-7 (1987).

Swaerd-Nordmo M, Smestad Paulsen B, Wold JK, Immunologi-
cal studies of the glycoprotein allergen Ag-54 (Cla h II) in
Cladosporium herbarum with special attention to the carbohy-
drate and protein moieties, Int Arch Allergy Appl Immunol 90,
155-61 (1989).

Barnett D, Howden MEH, Partial characterization of an allergenic
glycoprotein from peanut (Arachis hypogae L.), Biochim Biophys
Acta 882, 97-105 (1986).

Weber A, Schroeder H, Thalberg K, Mérz L, Specific interaction
of IgE antibodies with a carbohydrate epitope of honey bee
venom phospholipase A,, Allergy 42, 464-70 (1987).

Dudler T, Altmann F, Carballido JM, Blaser K, Carbohydrate-
dependent, HLA class II-restricted, human T cell response to the
bee venom allergen phospholipase A2 in allergenic patients, Eur J
Immunol 25, 53842 (1995).

Jaggi KS, Gangal SV, Purification and characterization of
allergens from Xanthium strumarium pollen, Mol Cell Biochem
78, 177-90 (1987).

Oka S, Shigeta S, Ono K, Jyo T, An epitope residing in
carbohydrate chains of a sea squirt antigen termed Gi-rep, J
Allergy Clin Immunol 80, 57-63 (1987).



=

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

and O-linked oligosaccharides of allergenic glycoproteins

Barnes C, Pacheco F, Portnoy J, Carbohydrate and protein
contribution to Alternaria allergen activity, J Allergy Clin
Immunol 85, 169 (1990).

Paris S, Debeaupuis JP, Prevost MC, Casotto M, Latge JP, The
31kDa major allergen, ALT a lis63, of Alternaria alternata, J
Allergy Clin Immunol 88, 902-8 (1991).

Polo F, Ayuso R, Carreira J, Studies on the relationship between
structure and IgE-binding ability of Parietaria judaica allergen 1,
Mol Immunol 28, 169-75 (1991).

Mucci N, Liberatore P, Federico R, Forlani F, Di Felice G, Afferni
C, Tinghino R, De Cesare F, Pini C, Role of carbohydrate
moieties in cross-reactivity between different components of
Parietaria judaica pollen extract, Allergy 47, 424-30 (1992).
Duffort OA, Carreira J, Nitti G, Polo F, Lombardero M, Studies on
the biochemical structure of the major cat allergen Felis
domesticus 1, Mol Immunol 28, 301-9 (1991).

Vailes LD, Li Y, Bao Y, DeGroot H, Aalberse RC, Chapman MD,
Fine specifity of B-cell epitopes on Felis domesticus allergen I
(Fel d 1): effect of reduction and alkylation or deglycosylation on
Fel d 1 structure and antibody binding, J Allergy Clin Immunol 93,
22-33 (1994).

Taniai M, Kayano T, Takakura R, Yamamoto S, Usui M, Ando S,
Kurimoto M, Panzani R, Matuhasi T, Epitopes on Cry j I and Cry
j I for the human IgE antibodies cross-reactive between
Cupressus sempervirens and Cryptomeria japonica pollen,
Molecular Immunol 30, 183-9 (1993).

Vieths S, Mayer M, Baumgart M, Food allergy: specific binding of
IgE antibodies from plant food sensitized individuals to carbohy-
drate epitopes, Food Agric Immunol 6, 453—63 (1994).

Hansen MY, Wold JK, Smestad Paulsen B, Cohen EH, Karlsson-
Borga A, Allergens in Aspergillus fumigatus. 1. Characterization
of two different allergen extracts and evaluation of their stability
and the importance of carbohydrate for IgE binding, Allergy 49,
235-41 (1994).

Batanero E, Villalba M, Rodriguez R, Glycosylation site of the
major allergen from olive tree pollen. Allergenic implications of
the carbohydrate moiety, Mol Immunol 31, 31-37 (1994).
Batanero E, Villalba M, Monsalve RI, Rodriguez R, Cross-
reactivity between the major allergen from olive pollen and
unrelated glycoproteins: evidence of an epitope in the glycan
moiety of the allergen, J Allergy Clin Immunol 97, 1264-71
(1996).

Batanero E, Crespo JF, Monsalve RI, Martin-Esteban M, Villalba
M, Rodriguez R, IgE-binding and histamine-release capabilities
of the main carbohydrate component isolated from the major
allergen of olive tree pollen, Ole e 1, J Allergy Clin Immunol 103,
147-53 (1999).

Petersen A, Becker W-M, Schlaak M, Posttranslationelle
Modifizierungen und ihr EinfluB} auf die Allergenitaet untersucht
am Majorallergen Phl p 1 des Lieschgrases, FOCUS MUL 12,
221-8 (1995).

Petersen A, Schramm G, Schlaak M, Becker W-M, Post-
translational modifications influence IgE reactivity to the major
allergen Phl p 1 of timothy grass pollen, Clin Exp Allergy 28,
315-21 (1998).

van Ree R, Fernandez-Rivas M, Cuevas M, van Wijngaarden M,
Aalberse RC, Pollen-related allergy to peach and apple: An
important role for profilin, J Allergy Clin Immunol 95, 726-34
(1995).

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

389

van Ree R, Hoffman DR, van Dijk W, Brodard V, Mahieu K,
Koeleman CAM, van Leeuwen WA, Aalberse RC, Lo/ p X1, a
new major grass pollen allergen, is a member of a family of
soybean trypsin-related proteins, J Allergy Clin Immunol 95,
970-8 (1995).

Fétisch K, Son DY, Altmann F, Aulepp H, Conti A, Haustein D,
Vieths S, Tomato (Lycopersicon esculentum) allergens in pollen-
allergic patients, Eur Food Res Technol 213, 259-6 (2001).
Johnsen TK, Thanh DB, Ly Q, Smestad Paulsen B, Wold JK,
Further characterization of IgE-binding antigens in horse dander,
with particular emphasis on glycoprotein allergens, Allergy 51,
608-13 (1996).

Fuchs T, Spitzauer S, Vente C, Hevler J, Kapiotis S, Rumpold H,
Kraft D, Valenta R, Natural latex, grass pollen, and weed pollen
share IgE epitopes, J Allergy Clin Immunol 100, 356—-64
(1997).

Fahlbusch B, Rudeschko O, Schumann C, Steurich F, Henzgen
M, Schlenvoigt G, Jaeger L, Further characterization of IgE-
binding antigens in kiwi, with particular emphasis on glycopro-
tein allergens, J Invest Allergol Clin Immunol 8, 325-32
(1998).

Bugajska-Schretter A, Elfman L, Fuchs T, Kapiotis S, Rumpold
H, Valenta R, Spitzauer S, Parvalbumin, a cross-reactive fish
allergen, contains IgE-binding epitopes sensitive to periodate
treatment and Ca>" depletion, J Allergy Clin Immunol 101, 67—
74 (1998).

Fotisch K, Faeh, Wuethrich B, Altmann F, Haustein D, Vieths S,
IgE antibodies specific for carbohydrates in apatient allergic to
gum arabic (4cacia senegal), Allergy 53, 1043-51 (1998).
Jankiewicz A, Aulepp H, Altmann F, Fétisch K, Vieths S,
Serological investigation of 30 celery-allergic patients with
particular consideration of the thermal stability of IgE-binding
celery allergens, Allergo J 7, 87-95 (1998).

Fotisch K, Altmann E, Haustein D, Vieths S, Involvement of
carbohydrate epitopes in the IgE response of celery-allergic
patients, Int Arch Allergy Immunol 120, 30—42 (1999).
Liittkopf D, Ballmer-Weber BK, Wuethrich B, Vieths S, Celery
allergens in patients with positive double-blind placebo-
controlled food challenge, J Allergy Clin Immunol 106, 390-9
(2000).

Vieths S, Karamloo F, Liittkopf D, Scheurer S, Fétisch K, May
S, Miiller U, Altmann F, Skov PS, Haustein D, Recombinant
allergens expressed in E.coli: benefits and drawbacks in the
diagnosis of food allergies, Arbeiten aus dem Paul-Ehrlich-
Institut 93, 159-68 (1999).

Lintu P, Savolainen J, Kalimo K, Kortekangas-Savolainen O,
Nermes M, Terho EO, Cross-reacting IgE and IgG antibodies to
Pitysporium ovale mannan and other yeasts in atopic dermatitis,
Allergy 54, 1067-73 (1999).

Savolainen J, Kosonen J, Lintu P, Viander M, Pene J, Kalimo K,
Terho EO, Bousquet J, Candida albicans mannan- and protein-
induced humoral, cellular and cytokine responses in atopic
dermatitis patients, Clin Exp Allergy 29, 824-31 (1999).
Afferni C, lacovacci P, Barletta B, Di Felice G, Tinghino R, Mari
A, Pini C, Role of carbohydrate moieties in IgE binding to
allergenic components of Cupressus arizonica pollen extract,
Clin Exp Allergy 29, 1087-94 (1999).

Reindl J, Anliker MD, Karamloo F, Vieths S, Wuethrich B,
Allergy caused by ingestion of zucchini (Cucurbita pepo):



390

109

110

111

112

113

114

115

116

117

118

119

120

characterization of allergens and cross-reactivity to pollen and
other food, J Allergy Clin Immunol 106, 379—85 (2000).
Yagami T, Haishima Y, Nakamura A, Osuna H, Ikezawa Z,
Komiyama T, Kitagawa K, Significance of carbohydrate epitopes
in a latex allergen with f-1,3-glucanase activity, J Allergy Clin
Immunol 104, 239-40 (2000).

Hiemori M, Bando N, Ogawa T, Shimada H, Tsuji H, Yamanishi
R, Terao J, Occurence of IgE antibody-recognizing N-linked
glycan moiety of a soybean allergen, Gly m Bd 28K, Int Arch
Allergy Immunol 122, 23845 (2000).

Mari A, Iacovacci P, Afferni C, Barletta B, Tinghino R, Di Felice
G, Pini C, Specific IgE to cross-reactive carbohydrate determi-
nants strongly affect the in vitro diagnosis of allergic diseases, J
Allergy Clin Immunol 103, 1005—11 (1999).

Hemmer W, Focke M, Goetz M, Jarisch R, Presence of IgE
antibodies against crossreacting carbohydrate determinants in
double-positivity to honey bee and yellow jacket venom, J
Allergy Clin Immunol 105, 60—1 (2000).

Hemmer W, Focke M, Wohrl S, Goetz M, Jarisch R, Antibody
binding to venom carbohydrates is a frequent cause for double-
positivity to honeybee and yellow jacket venom in patients with
stinging insect allergy, Allergy 56 Suppl. 68, 107 (2001).
Gavrovic-Jankulovic M, Cirkovic T, Bukilica M, Fahlbusch B,
Petrovic S, Jankov RM, Isolation and partial characterization of
Fes p 4 allergen, J Invest Allergol Clin Immunol 10, 361-7
(2000).

Ballmer-Weber BK, Wuethrich B, Wangorsch A, Fétisch K,
Altmann F, Vieths S, Carrot allergy: double-blind placebo-
controlled food challenge and identification of allergens, J
Allergy Clin Immunol 108, 301-307 (2001).

Anliker MD, Reindl J, Vieths S, Wuethrich B, Allergy caused by
ingestion of persimmon (Diospyros kaki): detection of specific
IgE and cross-reactivity to profilin and carbohydrate determi-
nants, J Allergy Clin Immunol 107, 718-23 (2001).

Wensing M, Akkerdaas J, Stapel S, Bast EJE, Bruijnzeel-
Koomen CAF, Aalberse RC, van Ree R, Knulst AC, Skin tests
and RAST with rBet v 1, rBet v 2 and crossreactive carbohydrate
determinants (CCDs). Is it possible to reveal individual cross-
reactivity patterns?, Allergy 56 Suppl 68, 86 (2001).

Clamp JR, Hough L, The periodate oxidation of amino acids
with reference to studies on glycoproteins, Biochem J 94, 17-24
(1965).

Hakimuddin TS, Bahl OP, Chemical deglycosylation of
glycoproteins, Methods Enzymol 138, 341-50 (1987).

Sojar HT, Bahl OP, A chemical method for the deglycosylation
of proteins, Arch Biochem Biophys 259, 527 (1987).

121

122

123

124

125

126

127

128

129

130

131

132

133

Fotisch and Vieths

van Ree R, Akkerdaas JH, Villalba M, Rodriguez R, Koppelman
S, Aalberse RC, Faye L, Lerouge P, IgE binding N-glycans: struc-
tural and immunological characterization, Allergy 43, 30 (1998).
Lauriere M, Lauriere C, Chrispeels MJ, Johnson KD, Sturm A,
Characterization of a xylose-specific antiserum that reacts with
the complex asparagine-linked glycans of extracellular and
vacuolar glycoproteins, Plant Physiol 90, 1182-8 (1989).
Ramirez-Soto D, Poretz RD, The (1— 3)-linked «-L-fucosyl
group of the N-glycans of the Wistaria floribunda lectins is
recognized by a rabbit anti-serum, Carbohydrate Res 213, 27-36
(1991).

Kaladas PM, Goldberg R, Poretz RD, Rabbit anti-carbohydrate
antibody elicited by the lymphocyte mitogenic glycoprotein
from Wistaria floribunda seeds, Mol Immunol 20, 727-35
(1983).

Pichla SL, Murali R, Burnett RM, The crystal structure of a Fab
fragment to the melanoma-associated GD2 ganglioside, J Struct
Biol 119, 6-16 (1997).

Masutani S, Miyazawa N, Fujii S, Nishikawa A, Matsukawa H,
Shimano T, Mori T, Taniguchi N, Preparation and characteriza-
tion of monoclonal antibodies to an N-linked oligosaccharide,
Anal Biochem 188, 149-54 (1990).

Wan L, van Huystee RB, Immunogenicity of the N-glycans of
peanut peroxidase, Phytochemistry 37, 933—40 (1994).
Aalberse RC, van Ree R, Cross-reactive carbohydrate determi-
nants, Clin Reviews Allergy Immunol 15, 375-87 (1997).
Aalberse RC, Clinical relevance of carbohydrate allergen
epitopes, Allergy 53, 54-7 (1998).

Aalberse RC, van Ree, Cross-reactive carbohydrate determi-
nants, In Highlights in Food Allergy, Monogr Allergy vol 32,
edited by Wuethrich B, Ortolani C (Karger, Basel, 1996), pp.
78-83.

van der Veen MIJ, van Ree R, Aalberse RC, Akkerdaas J,
Koppelman SJ, Jansen HM, van den Zee JS, Poor biologic
activity of cross-reactive IgE directed to carbohydrate determi-
nants of glycoproteins, J Allergy Clin Immunol 100, 327-34
(1997).

van Ree R, Specific IgE without clinical allergy, J Allergy Clin
Immunol 103, 1000-1 (1999).

Aalberse RC, Akkerdaas JH, van Ree R, Cross-reactivity of IgE
antibodies to allergens, Allergy 56, 478-90 (2001).

Received 25 July 2001; revised 17 October 2001;
accepted 3 January 2002



