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Review article

Cross-reactivity of IgE antibodies to allergens

The cross-reactivity of IgE antibodies is of interest for various reasons, three of
which are discussed. Firstly, from the clinical view, it is important to know the
patterns of cross-reactivity, because they often (but not always) reflect the
pattern of clinical sensitivities. We discuss the cross-reactivities associated with
sensitization to pollen and vegetable foods: PR-10 (Bet v 1-related), profilin, the
cross-reactive carbohydrate determinant (CCD), the recently described
isoflavone reductase, and the (still elusive) mugwort allergen that is associated
with celery anaphylaxis; cross-reactivities between allergens from invertebrates,
particularly tropomyosin, paramyosin, and glutathione S-transferase (GST); and
latex-associated cross-reactivities. Clustering cross-reactive allergens may
simplify diagnostic procedures and therapeutic regimens. Secondly, IgE cross-
reactivity is of interest for its immunologic basis, particularly in relation to the
regulation of allergic sensitization: are IgE antibodies to allergens more often
cross-reactive than IgG antibodies to “normal” antigens? If so, why? For this
discussion, it is relevant to compare not only the structural relation between the
two allergens in question, but also the relatedness to the human equivalent (if
any) and how the latter influences the immune repertoire. Thirdly, prediction of
IgE cross-reactivity is of interest in relation to allergic reactivity to novel foods.
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Cross-reactivity is a property defined by individual antibodies to individual
allergens. Quantitative information (including relative affinity) is required on
cross-reactivity in the allergic population and with specific allergens (rather than
with whole extracts). Such information is still scarce, but with the increasing
availability of purified (usually recombinant) allergens, such quantitative
information will soon start to accumulate. It is expected that similarity in short
stretches of the linear amino-acid sequence is unlikely to result in relevant cross-
reactivity between two proteins unless there is similarity in the protein fold.
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A short history of allergen cross-reactivity

Allergen cross-reactivity works usually, but not always,
“according to the book’: in general, cross-reactivity
reflects the phylogenetic relations between organisms. A
phylogenetic relation results in a high degree of
homology in the primary structure of the proteins
(the amino-acid sequence; see Table 1 for the database
accession codes of the proteins that will be discussed).
High homology in the primary sequence results in
homologous 3-D structures and thus, potentially, in
cross-reactivity. Serum albumins from vertebrates are
often cross-reactive (1). Homologous allergens from
phylogenetically related grasses tend to be cross-
reactive (2), and IgE antibodies to allergens from
peanuts are often cross-reactive with homologous
proteins in soybean and other legumes.

However, cross-reactivities between much more
distantly related organisms have been known for
some time. Some of the highlights in the history of
unexpected cross-reactions in allergy are ragweed/
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banana, which was recognized as early as 1970 (3),
birch/apple (4), cross-reacting carbohydrate determi-
nant (5), profilin (6, 7), mugwort/celergy (8), latex/
banana/avocado (9), and mite/snail/shrimp (10-14).
The birch-apple story started in 1977 when
Hannuksela & Lahti (4) described the association on
clinical grounds. For two independent reasons, cross-
reactivity was not easily demonstrable at that time.
Firstly, the apple extracts that were then available
were deficient in the relevant proteins. Only when
Bjorkstén et al. adapted an extraction procedure (15)
could suitable extracts be prepared. Secondly, the apple
extracts contained cross-reacting structures (CCDs [5]),
but these did not show well in the technique that was
used at that time: crossed radioimmunoelectrophoresis
(16, 17). This changed dramatically in the early 1980s
when immunoblotting became the preferred procedure.
This resulted in the recognition of two types of cross-
reactivity, one due to proteins and the other due to
sugars (glycans on glycoproteins); the latter type was



called cross-reacting carbohydrate determinant (CCD)
(5). Soon it became clear that, in addition to CCD-type
cross-reactivity, there had to be at least two proteins
involved in the birch-apple cross-reactivity, one being
the major birch-pollen allergen and the other an elusive,
slightly smaller protein that was even more broadly
cross-reactive, as with grass pollen (18). This protein
was identified by molecular cloning and proved to be
the proline-binding protein, profilin (6). Thus, the
molecular-biology approach not only led to the
identification of this most important cross-reacting
allergen, but it also provided an efficient purification
procedure: affinity chromatography with polyproline.

Two more allergens have recently been added to this
list of pollen-associated food allergens: one is the
homolog of the sweet-tasting 31-kDa protein thaumatin
(PR-5), which has been described in apple (19), cherry
(20), and strawberry among other sources. The other is
isoflavone reductase (21), a 33-35-kDa protein.

The mugwort-celery connection (8, 22) has been
investigated extensively by Wiithrich and coworkers
(23-28) and Vallier et al. (29, 30). The molecular basis
for this association between mugwort pollen sensitivity
and anaphylactic reactivity to a heat-stable allergen in
celery (24, 28, 29, 31-33) is still unresolved. Part of the
serologic cross-reactivity is due to profilin (30) and
CCD, but this does not explain the striking clinical
phenotype. Mugwort pollen does not contain the PR-10
protein (a Bet v 1 homolog), and so this is not a
candidate either (34). One potential candidate is a lipid
transfer protein (LTP) (see below) (35). Another
candidate is the major allergen Art v 1 (36), which is
heavily glycosylated. This may hamper the expression
of an immunologically fully reactive (eagerly awaited)
recombinant protein that might be used for analyzing
this intriguing and clinically highly relevant cross-
reactive system.

LTPs, which are also classified as PR proteins (PR-14)
(37), are small, very stable, proteins. They have been
identified as the major cause of anaphylactic sensitivity
to fruits (38—40). Cross-reactivity has been found among
LTPs from Rosaceae species (apple/almond/peach).
Based on the amino-acid identity data (less than 35%
identity between LTP from mugwort and LTP from
Parietaria), cross-reactivity among LTPs is likely to be
lower than among, for example, profilins. Our own
preliminary data suggest significant cross-reactivity
between LTPs from celery and apple.

The relations within the latex/fruit cluster (9, 37, 41,
42) are even more complex than in the previous clusters.
Exposure to rubber latex occurs by at least three
routes: via the airways (as dust mostly from gloves
in medical settings), via the skin, and parenterally
during operations and other procedures. In each of
these three situations, the allergens involved may differ.
Reactivity to foods associated with latex sensitivity,
such as avocado and banana, occurs with very different
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prevalences. Last but not least, from the point of view
of a protein chemist, rubber latex is a more challenging
biologic fluid than a pollen extract.

Chitinase-related proteins (the basic 25-35-kDa
variants, PR-3 and PR-4 [37]) are a major source of
cross-reactivity between rubber latex (Heb v 6 [43]) and
fruits such as banana, avocado (Pers a 1 [44]), and
chestnut. Hevein, which is the smaller chitin-binding N-
terminal domain in the precursor, is easily severed. It
appears to be the major cross-reactive part (45). The
remaining part of the precursor protein is related to the
wound-induced proteins (Win-proteins). These are also
well conserved, but do not appear to contribute to
cross-reactivity. Because these enzymes often cleave not
only chitin (poly-N-acetylglucosamine) but also a
structurally related bacterial cell-wall polymer, which
consists of N-acetylglucosamine and N-acetylmuramic
acid, they are also referred to as lysozymes. Another
chitinase-related protein in rubber latex, hevamin, does
not appear to be important in cross-reactivity.

In addition to the chitinases, rubber latex contains a
number of other proteins that may to some degree
contribute to cross-reactivity. There is a discrepancy
regarding the cross-reactivity of Hev b 7, a 46-kDa
protein (46) related to the potato allergen patatin (47,
48). Seppili et al. (49) reported cross-reactivity in 10/35
adult patients (but not in children). However, in a
similar patient population, no cross-reactivity was
found by Sowka et al. (50).

Invertebrate allergens

In addition to the above-mentioned examples of cross-
reactivity between plant-derived proteins, there are
some examples of cross-reactivity between allergens
from invertebrates, particularly between mite and snail
(11, 12); mite, shrimp, and cockroach (13); mite and
caddis fly (51); and mites and schistosomes. Three of the
proteins that are involved in these examples are
tropomyosin, paramyosin (52), and glutathione S-
transferase (GST).

The CCD structure (or, rather, structures, because
this is really a family rather than one specific structure)
has been largely determined, both chemically (53-70)
and in 3-D (71, 72) (Fig. 1). This structural information
refers to the N-linked glycans. One important un-
resolved question is whether and how O-linked sugars
fit into this picture. Another, even more important,
question is the relation (or, rather, lack of relation)
between IgE binding and biologic symptoms (73). In
most cases, the biologic activity is low compared to the
immunochemical activity, but in several cases biologic
activity was not low at all (74). In this context, the data
on the sea-squirt glycan are also of interest (75-78). One
possible factor might be the source of the glycan used
for testing. If the glycan is derived from a source
material that caused symptoms in the patients, the
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Table 1. Entry codes for proteins referred to in figures. Sequences are from Swiss Prot
database (sp) or from trEMBL database (tr). These can be accessed at http://www.expasy.ch

Amb e 1

Avocado chitinase
Banana glucanase
Banana pectate lyase
Barley group 5

Bet v 1

Betv 4

Birch chitinase
Birch isoflavone reductase
Birch profilin
Bovine albumin
Bovine lactoglobulin
Brazil nut 2S
Cauliflower LTP
Cedar Cry j 1
Chitinase avocado
Chitinase potato
Cladosporium enolase
Cod parvalbumin
Cucumber patatin
Cynd1

Cyn d profilin
Dauc1

Der f 1

Der f 2

Der p 1

Derp 2

Dog serum albumin
Equc 1

Extensin

Fruit fly paramyosin
Grapefruit isoflavone reductase
Hev b 7

Hevea chitinase
Hevea enolase
Hevea glucanase (Hev b 2)
Hevein avocado
Hevein potato
Horse Equ ¢ 1
Human ATmicro
Human albumin
Human calmodulin
Human cathepsin K
Human enolase
Human GST

Human myosin
Human parvalbumin
Human profilin
Human serpin SCCI
Human tropomyosin
Juna3l

Jun o2

Juno2

Lol p 1

lolp5

Maize vicilin

Mal d 1

Mite GST (Der p 8)
Mite tropomyosin
MnSOD Asp
MnSOD Human
MnSOD Peach
Mustard 2S
Olee1

Orange glucanase
Ovalbumin
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P27759
P93680
022317
Q9sbwa4
004828
P15494
082040
Q9Mm3T4
065002
P25816
P02769
P02754
P04403
042641
P18632
P93680
P52403
P42040
P02622
023784
004701
004725
004298
P16311
000855
P08176
P49278
Q91574
095182
Q03211
018392
049820
065811
P23472
Q9LEJO
P52407
P93680
P52403
095182
P02760
P02768
P27482
P43235
P06733
P46439
Q9Y622
P20472
P35080
P29508
P06753
P81295
064943
064943
P14946
040240
Q03865
043549
P46419
016188
Q9SMe4
P04179
Q9P945
P15322
P19963
023783
P01012

Par j 1 sp P43217
Peach LTP sp P81402
Peanut vicilin (Ara h 1) sp P43237
Pear isoflavone reductase tr 081355
Phlp 1 sp P43213
Phip5 tr 081341
Phl p 7 tr 004131
Pig serpin sp P80229
Potato patatin sp P15478
Rat n 1 sp P02761
Salmon parvalbumin sp 091483
Schisto GST sp P35661
Schisto paramyosin sp P06198
Sesame 2S tr Q9XHP1
Shrimp tropomyosin sp 025456
Soy vicilin tr 022121
Strawberry thaumatin tr Q9SBT2
Tomato calmodulin sp P27161
Tyrp2 sp 002380

chance of a biologic effect seems to be higher. This
suggests that there may be some subtle differences in
structure that are not obvious with the current
(immuno-) chemical analyses. It is likely that other
families of glycans exist with similarly broad cross-
reactivity patterns — for example, mold/yeast glycocon-
jugates.

This historical survey beautifully illustrates the
need for close collaboration between clinicians and
the laboratory. The observation of an association
between sensitivities to allergens is an important
starting point. The distinction between cosensitization
and cross-reactivity requires in vitro experiments.
Characterization of the cross-reacting component by
immunoblotting, protein fractionation, and recombi-
nant DNA technology requires feedback from the
clinician, because some allergens that seem to be
important in the laboratory prove to be (almost)
without clinical relevance. If a patient is clinically
reactive to two allergen source materials and the
patient’s serum contains a strongly cross-reactive
antibody, it is tempting to assume that these two
observations are causally related. This assumption has
quite often proved to be wrong (if so, the confusion is
usually due to the coincidental presence of IgE to
CCD, which shows strongly on immunoblots, but has
little in vivo activity).

Diagnostic and therapeutic issues

If two allergens are very similar, it does not increase the
diagnostic accuracy to include both in the diagnostic
test panel (79, 80). Similarly, successful treatment with
one allergen is likely to relieve symptoms the other
allergen as well (81). Particularly in the therapeutic
situation, it is likely to be relevant to identify the
primary sensitizing allergen, as this will cover the widest
spectrum of specificities. Such identification can be
made by in vitro reciprocal inhibition tests. Cross-
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Figure 1. 3-D structure of cross-reactive carbohydrate determinant (CCD) (structures in color) shown as glycan attached to its parent
protein (here erythrina lectin, the gray structure) (71-72). Two sets of atomic coordinates are available from Protein Data Bank (PDB,
http://www.rcsb.org/pdb/searchlite.html): PDBILTE.ENT (shown here) and PDB2MYR.ENT, with very similar 3-D structure for

glycan.

reactivity in vitro is not, however, always reflected by
cross-reactivity in vivo. As mentioned before, this is
particularly true for CCD-type cross-reactivity.
However, such discrepancies have been found also for
peptidic cross-reactivity; for example, for some patients
with in vitro IgE reactivity to profilins, no correspond-
ing skin reactivity is found (82, 82). This may reflect low
affinity and/or restricted epitope recognition.

Immunologic sensitization in relation to cross-reactivity

Most allergic patients react to more than a single
allergen. To a large degree, this reflects multiple
sensitization events as a consequence of the increased
immunologic responsiveness present in atopy. These
events are not fully independent, as a Th2 response to
one allergen is likely to facilitate subsequent Th2
responses by creating and maintaining for some time
a local milieu that favors Th2 responses. In this
context, the Th2-promoting potential of effector cells
in the allergic cascade, particularly mast cells and

basophils, is obviously of interest. This “IgE breeds
IgE” (84) phenomenon and the related phenomenon
of epitope spreading (85) are not as strong as
sometimes suggested. It is of note that even for
allergens that are simultaneously presented to the
immune system, such as cat allergen and mite allergen
on dust particles, cosensitization is not universal.

An alternative cause of allergic multireactivity is
cross-reactivity. The definition of cross-reactivity is
based on immunologic recognition. Two allergens are
cross-reactive if there is a single antibody (or T-cell
receptor) that reacts with both. This basic definition
can be embellished by defining an affinity threshold
and by including something about clinical relevance.
It is important to appreciate that it may be possible
to show convincingly that allergens are cross-reactive,
but that it is impossible to prove that allergens are
not cross-reactive. Allergens are non-cross-reactive
until proven otherwise, and exhaustive testing is
practically impossible.

In general terms, repeated contact with ‘‘the
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allergen” is a prerequisite for allergic reactions. The
more accurate description is, of course, repeated
contact with substances that have “some common
structural feature”. For this discussion, three points
in time and three cells have to be distinguished. The
first point in time is the immunologic priming. At this
stage, the allergen has to be recognized by virgin T
and B cells. The second point in time is the contact of
the allergen with memory T and B cells. The third
point in time is the contact between the allergen and
the sensitized mast cell.

These three events are usually triggered by an
identical allergen. How much similarity is required
between the “allergens” on these three occasions?
What happens if the allergens are only distantly
related?

Cross-reactivity at the B-cell level

As discussed in more detail elsewhere (86), the surface
structure recognized by antibodies is usually shaped
by 6-10 amino acids, some of which are neighbors
also at the primary structure level (the amino-acid
sequence). A substantial contribution to the epitope
usually comes from amino acids that are further apart
in the linear sequence. Classically, antibodies that are
reactive with isolated peptides of fewer than 15 amino
acids are assumed to be directed to a linear epitope,
whereas antibodies that do not react with small
peptides from the linear sequence are classified as
being directed to a conformational epitope. It must be
stressed, however, that it is highly exceptional to find
a small peptide that closely mimics the intact protein
in its interaction with an antibody. There are at least
two reasons why the interaction of an antibody with
a linear peptide is usually several orders of magnitude
weaker than with the full protein. The first is that the
peptide represents only part of the epitope. The
second reason is that the peptide is much more
flexible than the complete protein. While such
flexibility may allow the peptide to adapt its structure
to an optimal fit, it decreases overall affinity because
of the loss of entropy upon binding.

High-affinity cross-reactivity between proteins is
thus likely to require, in general, a similar protein
fold (or, rather, protein domain fold). Grafting a
linear amino-acid sequence into an unrelated protein
(excluding the C- or N-terminal ends) is not known to
result in relevant cross-reactivity. No well-character-
ized example is known of high-affinity cross-reactivity
between two proteins with a different fold, but with a
short internal sequence of amino acids that are
identical. The most probable situation where this
might occur would be when the identical amino acids
are either the C- or the N-terminal part in both
proteins.

Many examples of single-point mutations are
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known that affect antibody binding drastically. This
does not necessarily mean that this amino acid is the
main contact residue, as a single mutation may
change a much wider surface area. The interaction
between antibody and antigen obviously occurs via
their surfaces. This does not mean that structures
below the surface are irrelevant: mutations in
noncontact residues can result in a change in the
configuration of contact residues and thus in a change
in the affinity.

The effects described above may be quite specific
for one particular antibody. On a global level, it
should be obvious that if two allergens are cross-
reactive when tested with one antibody, they need not
be cross-reactive when tested with the next antibody.
Yet, it is not always appreciated, for example, that
not all IgE antibodies to profilin are cross-reactive:
some react with grass profilin, and not with birch
profilin (87). If a mutation affects one antibody much
more than another antibody, it is tempting, but
incorrect, to conclude that these two antibodies are
directed to different epitopes. Similarly, if one anti-
body is cross-reactive and another antibody is not,
these antibodies may still react with the same surface
patch.

Cross-reactivity at the T-cell level

The marked difference in antigen recognition by the
T-cell receptor (TCR) compared to that by antibodies
obviously has implications for cross-reactivity. T-cell
reactivity may be as much affected as antibody
reactivity by a single amino-acid substitution.
However, because of the smaller size of the peptide
recognized by the T-cell receptor, the T cell is, for
statistical reasons, more likely to be confronted with
indistinguishable structures originating from different
proteins. Moreover, because T cells are not (or,
hardly) undergoing somatic mutation and affinity
maturation, T-cell specificity is less adaptive than
B-cell specificity. Antigen contact influences various
T-cell characteristics, but not the intrinsic affinity of
the TCR for the antigen. This is a major difference
from antibody recognition: antibodies need to fit the
antigen tightly in order to survive the second round
of selection during affinity maturation.

Cross-reactivity at the mast-cell level

Both B cells and mast cells depend on antigen
recognition via antibodies. Yet, cross-reactivity at the
mast-cell level is distinct from that at the B-cell level
(86). One important difference is the need of a B cell
for additional triggers. This is in clear contrast to the
more modest requirements of a mast cell. Mast-cell
triggering can be modulated by various factors
(adhesion molecules, cytokines, or chemokines), but
these are not as essential for triggering a mast cell as
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Equc1 Ratn 1 Birch profilin Cynd
I
human Aimicro Human profilin
Derp1 Derf1 Ovalbumin Pig serpin
Human Cathepsin K Human serpin SCCI
Mite GST (Der p 8) Schist GST| |Shrimp tropomyosin Mite tropomyosin
A Human GST Human tropomyosin

Figure 24 and B. Amino-acid identity between triplets of proteins, one of which is human protein in each triplet.

they are for triggering a B cell. Moreover, the
antibodies on a B-cell surface are monoclonal,
whereas the antibodies on the mast-cell surface are
polyclonal. The implications for cross-linking, which
is the basis for activation of both B cells and mast
cells, have been discussed elsewhere (86, 88).

In many cases of symptomatic cross-reactivity
between allergens, it is likely that the immune
system has been triggered by only one of the cross-
reacting partners. The other partner reacts with cell-
bound antibodies on the mast cells near the mucosal
surface, but does not reach the immune system itself.

Cross-reactive priming

If the immune system has access to both cross-
reactive partners, how does the first contact influence
the reaction of the immune system to a subsequent
contact with the cross-reactive partner? In some cases,

the first contact has a tolerizing effect, as in the case
of autologous proteins (Fig. 2). In this situation, part
of the potential immune reactivity is downregulated
or deleted; therefore, the immune response to an
extraneous protein with immunologic similarity to
an autologous protein is likely to be weaker than
that to a completely foreign protein. If, on the
other hand, the first interaction resulted in the
generation of memory cells that recognize the cross-
reacting antigen, an enhancing effect might be
expected. This positive effect, cross-reactive priming,
is more likely to occur for T cells than for B cells (see
below). For T cells, this effect has been most clearly
demonstrated in a classical, artificial system: carrier
priming. An antihapten immune response following
immunization with a hapten-carrier complex is
stronger if an experimental animal has been pre-
immunized with the carrier protein (89). This type of
cross-reactive priming does not necessarily result in
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Schisto paramyosin

7
A\

Human myosin

Fruit fly paramyosin

MnSOD Asp MnSOD Peach

A

>

MnSOD Human

Cod parvalbumin

N

Human parvalbumin

D

Salmon parvalbumin

Hevea enolase Cladosporium enolase

2N
N7

Human enolase

Juno 2 Tomato calmodulin
N\
B Human calmodulin

Bovine albumin

7

Dog albumin

\:/

Human albumin

Figure 2B.

the preferential induction of cross-reacting antibodies,
because the Th cells will, in principle, also stimulate
B cells that are reactive with a non-cross-reactive
epitope.

However, the situation is more complex in the case
of B cells, because they contain a downregulatory
FcgammaRII receptor, which is relevant particularly in
the case of naive B cells. On the one hand, just as for
T cell priming, an antihapten immune response
(induced by immunization with a hapten-carrier
complex) is often enhanced by preimmunization with
the same hapten coupled to a different carrier (90). On
the other hand, the hapten (or cross-reacting epitope
of the secondary antigen) will combine with the
antibodies induced by the first immunization before
binding to the B-cell receptor. If a naive B cell exists
with a specificity for a novel (non-cross-reacting)
epitope, this naive B cell will bind the immune
complex. This will result in downregulation of naive
B cells by the pre-existing antibodies. This effect,
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downregulation of an immune response by pre-existing
antibodies, is the basis of the rhesus prophylaxis by
administration of antirhesus antibodies.

Is the IgE response special in relation to cross-reactivity?

Cross-reactivity is certainly a prominent feature of the
IgE response. Therefore, an obvious question is the
following: is IgE more cross-reactive and, if so, why?

The first part of the question cannot convincingly
be answered yet. There are some observations that
seem to support this statement, but more data are
certainly needed. Using the cat allergen Fel d 1 as a
model, we found cross-reactivity with the ocelot
equivalent to be more common for IgE than for
IgG4 (IgE and IgG4 compared within the same
serum): for IgE, the mean cross-reactivity was 66%,
range 25-91%; for IgG4, it was 37%, range 14-60%
(P<0.001) (91). Sera with IgE antibodies to
Dermatophagoides group 1 or to grass-pollen group
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Grassl Lolium Phleum
Grass5 Lolium Phleum
Grass5 Phleum Barley
Grass7 Phleum Betv 4
Mitel pteronyssinus farinae
Mite2 pteronyssinus farinae
Albumin Bovine Dog
Enolase Hevea Cladosporium
Glucanase Hevea Banana
Grass1 Lolium Cynodon
Hevein Hevea Avocado
IFR Birch Pear
MnSOD Aspergillus Peach
Parvalbumin Cod Salmon
Pectate lyase Ragweed Banana
PR-10 Betv1 Mald1
Profilin Birch Cynodon
Tropomyosin Shrimp Mite

Vicilin Peanut Soy

GST Mite Schisto

LTP Peach Cauliflower
Mite2 pteronyssinus Tyrophagus
Paramyosin Schisto Fruit fly
Patatin Hevea Potato
Pectate lyase Ragweed Cryj1
PR-10 Betv 1 Dauc1l
Thaumatin Juna3 Apple

2S Brazil nut Mustard seed
2S Brazil nut Sesame seed
Grassl1 Lolium Olea

LTP Peach Parj1

o

25 50 75 100

Figure 3. Amino-acid identity between pairs of proteins. Proteins have been grouped into “generally cross-reactive’ (top panel), “often
cross-reactive” (middle panel), and “‘rarely cross-reactive” (bottom panel).

1 allergens are usually cross-reactive with family
members, whereas monoclonal antibodies are often
found to be more specific.

If IgE is more cross-reactive (still a big “if”’), why
is it so? One possible answer is that this phenomenon
is related to the number of antigenic contacts. In
general terms, microbiologists tell us that early
immune responses (disregarding the IgM response)
tend to be more specific. In line with this, birch-apple
cross-reactivity becomes more pronounced after long-
standing pollinosis (92). This may be partially related
to the phenomenon known as “‘the original antigenic
sin” (93). This metaphor has been used to describe
the lasting impression that the first influenza or HIV
infection appears to have on the immune system.
Upon subsequent infections with viral variants, the
antibody response to the common epitopes is
enhanced, whereas the response to new epitopes is
suppressed, presumably due to the above-mentioned
suppressive effects of pre-existing antibodies on naive
B cells via FcRgymmall. Therefore, the overall effect

will be not only the expected stimulation of cross-
reactive antibodies, but also suppression of non-cross-
reactive antibodies. This effect, however, would
explain only an increase in cross-reactivity via
contacts with antigenic variants, whereas even
repeated contact with the same antigen also seems
to result in increased cross-reactivity. Presumably, this
happens largely because of an increase in the
polyclonality of the immune response, as is illustrated
by the phenomenon called determinant spreading
(85). The effect of polyclonality on overall cross-
reactivity is a matter of statistics: the more diverse the
antibody repertoire, the more likely it is to cause
some cross-reactivity in an individual. If, for example,
20% of the antibodies to Bet v 1 are directed to cross-
reactive epitopes and a birch-allergic patient has, on
average, 10 B-cell clones activated by this allergen,
the majority of patients will have a cross-reactive
response, whereas most monoclonal antibodies would
be non-cross-reactive. This increase in polyclonality
following repeated exposure to the same antigen is a

485



Aalberse et al.

clear indication that downregulation of naive B cells
via FcRgammall is not an absolute effect, since some B
cells escape this downregulation. In a highly-selected
model system, the human IgE response was found to
be highly polyclonal (94).

In addition to the increase in polyclonality,
repeated antigen contact also results in an increase
in antibody affinity. Perhaps unexpectedly, this also
might result in an increase in cross-reactivity. The
relation between affinity and cross-reactivity is
bimodal, with higher cross-reactivity among anti-
bodies with a very low affinity as well as among those
with a very high affinity, whereas antibodies with an
intermediate reactivity are less cross-reactive. Low-
affinity interactions often reflect a general tendency
for interactions with a hydrophobic or highly charged
surface patch. This type of interaction does not
activate the immune regulatory circuits that result
in tolerance induction. Thus, such low-affinity anti-
bodies are often cross-reactive. As the affinity
becomes higher, immune regulation becomes relevant,
resulting in the downregulation of B-cell clones with
reactivity to common structural motifs present in the
autologous epitope repertoire. Cross-reactivity usually
implies a lower affinity for the cross-reactive antigen
compared to the primary antigen. Therefore, if the
affinity to the primary antigen is already fairly low,
the affinity for a related antigen will be even lower
and thus presumably be insignificant. However, if the
affinity for the primary antigen is very high, the
affinity for a related antigen is much more likely to be
significant.

If the formation of IgE antibodies requires repeated
antigenic stimulation, the three mechanisms described
above (original antigenic sin, polyclonality, and
affinity maturation) may explain a relatively high
prevalence of cross-reacting antibodies.

This is not an exclusive property of the IgE
response. It is to be noted that the unexpected
cross-reactivity pattern displayed by IgE antibodies
to CCD is also not an exclusive property of IgE
antibodies. Very similar cross-reactivity patterns have
been described for rabbit IgG antibodies and human
IgG4 antibodies (5, 95).

An interesting hypothesis has been put forward by
Virtanen et al. (96) in relation to a discussion of
whether proteins belonging to the lipocalin family are
more likely to be allergenic. The proposal put
forward was that the availability of human epitopes
eliminates part of the potential immune repertoire
and thus weakens the strength of the immune
response. This, in turn, would favor Th2 over Thl
responses.

It is still an open question whether prior contact
with an allergen via the airways increases or decreases
the chance for cross-reactive responses after oral
exposure to related antigens.
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Can cross-reactivity be predicted?

It is tempting to try to extract rules for cross-
reactivity from examples of homologous proteins with
or without known IgE cross-reactivity (Fig. 3). Data
on IgE cross-reactivity are, however, not always as
clear-cut as one might wish. As mentioned before,
complete absence of cross-reactivity cannot be
proven, but theoretically a cross-reactivity scale
could be made, ranging from ‘“highly cross-reactive”
(i.e., more than 50% of the IgE antibodies in a large
serum pool are cross-reactive) to virtually not cross-
reactive (i.e., less than 1% of the IgE antibodies are
cross-reactive). For this classification to be useful,
some relative affinity criterion needs to be included as
well, preferably tested with soluble allergens. One
approach is to use IgE binding to the cross-reactive
allergen as the test system and compare the inhibition
dose-response curves of the primary allergen with that
of the cross-reactive allergen. If the dose required for
50% inhibition by the cross-reacting allergen were less
than five times the dose required for the primary
allergen, the cross-reactivity would be classified as
high affinity. If the relative efficiency in this inhibition
test were more than 25-fold lower, the cross-reactivity
would be classified as low affinity. This is just an
example of a possible approach, with a regrettable
lack of scientific arguments for the factors 5 and 25.
Some justification is found in the data presented for
grass groups 1 and 5 (79). In this study, as in most
other similar studies, no information was available on
the absolute concentration of the cross-reacting
allergens; therefore, differences in inhibitory efficiency
could partially be explained by differences in allergen
concentration.

This type of quantitative information is not
available yet for most combinations of homologous
allergens. Yet, qualitative information on cross-
reactivity and lack of cross-reactivity is of interest
as well. From the practical point of view, it is
important to know whether cross-reactivity may be
significant between proteins that belong to different
protein-fold families. As discussed before, if two such
proteins share a stretch of amino acids, this is
unlikely to result in cross-reactivity unless these
shared sequences both happen to be in unrestrained
positions (C- or N-terminus, or perhaps a flexible
loop). Within the field of allergy, no such cross-
reactivity between proteins with different backbone
folds has been found to result in relevant biologic
effects.

Amino-acid homology is an imperfect substitute for
epitope similarity. Epitopes are surface structures,
whereas the most conserved part of the structure of
proteins is the core. Moreover, mutations do not
occur at random. Some features of a protein molecule
are important for stability or function and are thus



less likely to be mutated. Yet, homology of less than
35% (less than one out of every three amino acids is
identical) is unlikely to result in high-affinity cross-
reactivity. High homology between two proteins is
obviously more likely to result in cross-reactivity, but
there is an additional factor to consider: the effect of
tolerizing cross-reactivity.

The relevance of tolerizing cross-reactivity

The first contact with an antigen does not necessarily
enhance the reaction following a subsequent contact.
The most obvious factor shaping the immune
repertoire is the spectrum of autologous epitopes.
As a first approximation, autologous epitopes delete
reactivity to epitopes on cross-reactive extraneous
antigens. This tolerance is clearly not always com-
plete, as immune reactivity to human proteins is well
established (7, 97-99). Most likely, these autologous
epitopes are (largely) hidden from the immune
system. For the discussion of cross-reactivity patterns
in general, the contribution of autologous epitopes is
likely to be a strongly negative factor, i.e., a factor
that limits the immunologic recognition of potentially
cross-reactive  structures in extraneous allergens.
However, an interesting observation was made by
Bernard et al. on the IgE response to B-casein (99). In
7/20 serum samples with high levels of IgE to this
protein, some reactivity with the human homolog was
found. This reactivity was inhibitable by the native
bovine protein in solution, indicating that, in this
case, the epitopes were not cryptic.

Another factor to consider is the role of tolerizing

Cross-reactivity of IgE antibodies to allergens

however, not much information on food antigens
suppressing sensitization to cross-reactive airborne
allergens. Some potential examples exist, such as the
effect of oral exposure to bovine serum albumin in
milk in relation to cat (or dog) serum albumin.

Conclusions

Cross-reactivity has a clear structural basis: no
relevant cross-reactivity without structural similarity.
For globular proteins (i.e., for most allergens),
structural similarity requires similarity in folding.
Homology between two proteins that is limited to a
small stretch of amino acids in the linear sequence is
unlikely to result in significant cross-reactivity unless
there is a similarity in the 3-D folding pattern.

Cross-reactivity means different things in different
situations. Biologically, it makes a marked difference
whether the cell involved is a T cell, B cell, or mast
cell. More information is needed on the quantitative
aspects: what is the relative avidity of the antibody
toward the two antigens and what is the threshold
avidity for biologic relevance of the cross-reactivity?
This information is needed in order to translate
immunochemically defined cross-reactivity into clini-
cally relevant information.
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