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SUMMARY
Much has been learned by identifying the molecules that can be recognized by IgE from patients
with allergies. Increasingly, by correlating patterns of sensitization with clinical features, it has
become possible to distinguish molecules responsible for primary sensitization (complete
allergens) from those that are more likely cross-reactive targets. In the case of animal allergens,
evolutionary distance seems to be an important factor in determining allergenicity. However, until
more is understood regarding the mechanistic details of primary sensitization, including the
participation of molecules that stimulate innate immune responses and the repertoire of T-cell
antigens, molecules that may or may not themselves be important B-cell antigens, we will not be
able to explain fundamental questions, such as why peanut allergy is more severe than soy allergy
or why tick exposure is associated with clinically relevant sensitization to a carbohydrate epitope.
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As of September 2011, there were 12,273 recognized protein families in the Pfam database,
yet only 255 (2.1%) of those families are represented among allergens. Among food
allergens, only 71 (0.6%) families are represented (from ~400 described allergens); and
among the top 20 families, a mere 0.16% of protein families, account for 80% of all
described food allergens (Table 1).1 At the same time, it is not the case that simple elements
(ie, primary or secondary structure) are constrained among allergens. For instance, examples
of all common polypeptide folds are found without apparent strong overrepresentation of
some.2,3 These observations suggest that there are determinants of food allergy, that is,
structural or functional properties of certain proteins that play a significant role in
determining what makes them allergens. In this review, the authors briefly review the
categorization of food allergens and then draw on 3 examples of food allergies with
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disparate clinical presentations to discuss the potential relationships between allergen
structure and function and the immune responses induced in humans.

WHAT IS A FOOD ALLERGEN?
The simplest definition of an allergen is a substance that causes an allergic reaction, broadly
speaking, a hypersensitivity immune response, but usually refers to a type I– or
immunoglobulin E (IgE)–mediated hypersensitivity response. This definition is vague,
allowing for both principal and proximate causes. In practical terms, allergens are defined by
being recognized by IgE from patients. Some allergens included by this definition are not
very potent inducers of primary allergic immune responses, in other words, they are weak
allergenic immunogens; but if IgE capable of binding them is present (perhaps because of
cross-reactivity with a strong immunogen), they can trigger effector responses. Other
structures (eg, some glycans discussed later) are inducers of IgE and are recognized by IgE
in binding assays but may be impotent triggers of allergic responses. A molecule with the
capacity to induce sensitization and trigger reactions has been termed a complete allergen3;
Ara h 2 from peanut seems to meet this definition. Mal d 1, by contrast, is an incomplete
allergen because it can trigger reactions by being cross-reactive with the dominant
aeroallergen from birch pollen, Bet v 1, but is not an important immunogen. It is important
to recognize that defining allergens purely by the IgE response may overlook the importance
of molecules that predominantly stimulate T cells or other immune cells and the potential
importance of that for the pathogenesis of both IgE- and perhaps non–IgE-mediated food
allergy.

Food allergens, for this review, include molecules, mostly proteins, that are recognized by
IgE and found in the diet, whether or not they are complete allergens. We recognize that
defining what is a food allergen is greatly influenced by culture and circumstance. Many
proteins that may not be important at all as food allergens in a particular culture may be
significant in another population, and proteins that are rarely or never described as food
allergens in patients may be capable of being an allergen under contrived conditions or
experimental models, particularly when combined with strong T helper (Th)-2 adjuvants.
That said, by recognizing that there is significant homology across many plant and animal
taxa that are sources of food, one can be impressed by the observation that some protein
families are significantly overrepresented (eg, prolamins) and that some species of plant or
animal are also overrepresented as strongly polarizing allergen sources in many cultures (eg,
crustaceans, peanut).

STRUCTURAL FEATURES
It seems intuitive that structural features, including stability during food processing and
digestion, are important factors in determining allergenic potency of ingested molecules.
The food-pollen syndromes, best represented by PR-10 sensitization, exemplify this concept
as the structural instability of those proteins correlates with the observation that cooking
destroys allergenicity and that ingestion of any form is rarely if ever associated with
systemic reactions. Digestibility, on the other hand, as a predictor of food allergenicity has
been tested empirically with mixed results.4-7 There are multiple potential explanations for
the weak correlation between digestibility and food allergenicity, including limitations of in
vitro systems used to mimic digestion, food matrix effects that are lost when assessing
purified proteins, alteration of protein structure during protein preparation, relative
abundance of proteins in whole food, and others. However, whatever the explanation, we
know that IgE-mediated activation of effector cells requires cross-linking and, therefore,
interaction with multivalent ligands that must, therefore, possess a complex structure. Food
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allergens, thus, must either survive or bypass digestion in sufficient amounts to provoke
immune responses.

Protein glycosylation has been shown to contribute to protein stability,8,9 although it is also
likely to enhance immunogenicity in other ways. That glycosylation can enhance the allergic
immunogenicity of proteins has been demonstrated by creating neo-conjugates of specific
glycans to non-glycosylated carrier proteins.10 The immunogenicity of nonmammalian
glycans had already been suggested by the demonstration of ubiquitous glycan-specific
antibodies in humans from a variety of clinical contexts as well as in murine models.11,12

These structures are antigenic structures that are distinct from endogenous glycans. Much
like the glycans that underlie ABO blood group incompatibility, responses to them are
simply not edited out during immune development and can therefore induce immune
responses. Some glycans are recognized by specific innate immune pattern receptors within
the C-type lectin receptor (CLR) family, and this seems to enhance or modulate their
immunogenicity, as discussed later.

Lipid binding is a common feature of both food and respiratory allergens.13 Many prolamins
(the largest food allergen group, including nonspecific lipid transfer proteins, 2S albumins,
prolamin storage proteins, and α-amylase/trypsin inhibitors), lipocalins, and some cupins
interact with lipids; and this may protect them from degradation and enhance their
absorption from the gastrointestinal (GI) tract.14 The lipocalin milk allergen, β-
lactoglobulin, for example, is more stable when lipid bound.15

Macromolecular aspects of protein structure are also known to be relevant in the context of
food allergen immune responses and mucosal immunity more broadly. Particulate antigens
are predominantly processed and presented in Peyer patches via specialized microfold cell
uptake, and this can be a route of strong humoral immune induction. In contrast, soluble
antigens can be efficiently absorbed across the intestinal epithelium and tend to be less
immunogenic. Mammalian milk is a complex colloidal fluid in which caseins (α, β, κ) are
largely contained in large micelles that are in suspension and are predominantly presented to
the immune system via Peyer patches, whereas whey proteins (eg, β-lactoglobulin and α-
lactalbumin) are highly soluble and rapidly transported across the intestinal epithelium. One
functional consequence of this in an animal model of milk allergy is that caseins are more
potent inducers of antibodies, including IgE; but for animals sensitized to both casein and
whey proteins, it is the whey proteins that induce stronger systemic allergic reactions on
exposure, possibly because they are so rapidly absorbed.16 Many food allergens have a
tendency to aggregate because of the presence of repetitive sequences, rheomorphic
structures, or the ability to oligomerize.17 This tendency may favor their capacity to induce
sensitization in the gut by being preferentially presented in Peyer patches.

FUNCTIONAL FEATURES
In addition to passive aspects of structure, part of what may make an allergen potent may be
what immunostimulatory capacity it has intrinsically or by intimate association with other
molecules. Some of the same features that enhance immunogenicity by increasing stability
or aggregation (eg, glycosylation, lipid binding) might also stimulate innate immune
responses.

Examples of pathways that are directly stimulated by allergens are growing in literature. For
example, glycans in house dust mite extract induce Th2 differentiation via binding to the C-
type lectin Dectin-2 on dendritic cells (DC) and the subsequent production of cysteinyl
leukotrienes.18 The mannose receptor (MR), another CLR, binds to and mediates the
internalization of a variety of allergens, such as Der p1 and p2 (house dust mite) and Ara h1
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(peanut). MR also mediated Der p1–induced Th2 skewing by human monocyte derived DCs
(MoDC) through the upregulation of indoleamine 2,3-dioxygenase (IDO) activity.19

IDO has also been associated with immune tolerance, particularly, although not exclusively,
in models of Th1 inflammation. In fact, many pathways or mediators (eg, CLRs, thymic
stromal lymphopoietin (TSLP), OX40 ligand (OX40L), retinoic acid) that under some
conditions have been associated with Th2 induction have also been implicated in tolerance.
In both the induction of Treg and Th2, the suppression of interleukin (IL)-12 and other
features of alternative DC activation may be shared. As an example, the activation of the
CLR SIGNR1 (the murine paralogue of DC-SIGN) on lamina propria DC (LPDC) had a
tolerogenic rather than a Th2-skewing effect: bovine serum albumin (BSA) coupled with
mannoside (Man-BSA) selectively targeted SIGNR1-expressing LPDC and induced the
production of IL-10, which promoted the generation of CD4+ type 1 regulatory T cells. In
mice sensitized with BSA, treatment with Man-BSA substantially reduced the BSA-induced
anaphylactic response.20

Additional examples of functional allergen properties include the cystein protease allergens,
including both respiratory and food allergens from plants (see below), signaling via protease
activated receptors (PARs),21 and the functional mimicry of MD-2 by the dust mite allergen,
Der p 2, possibly modulating TLR4 sensitivity to natural ligands.22

PLANT FOOD ALLERGENS
About 65% of the plant food allergens belongs to one of the following classes of structurally
related protein superfamilies: (1) the prolamin superfamily; (2) the cupin super-family; and
(3) the pathogenesis-related proteins (PR-10) family, of which Bet v 1 is the best
known.23,24

The prolamin superfamily includes seed storage proteins of cereals, lipid transfer proteins
(LTPs), alpha-amylase/protein inhibitors and 2S albumins. Their 3-dimensional (3D)
structure consists of a compact tertiary structure with 4 alpha-helices stabilized by disulfide
bridges and a central cavity for lipid binding. There are 8 conserved cysteine residues with
cys-cys and cys-X-cys motifs. Despite their homologous structures, the sequence similarity
is low between members of the prolamin superfamily. The seed storage proteins/prolamins
of wheat are known to cause baker’s asthma and celiac diseases. The alpha-amylase/trypsin
inhibitors from several cereals, such as wheat, barley, and rice, are shown to be involved in
allergy. Some of the clinically relevant allergenic proteins that belong to this protein
superfamily are the following: Ara h 2, Ara h 6, Sin a 1, Ber e 1, Ses i 2, Jug v 1, and so
forth. The nonspecific LTPs are known to be major food allergens in fruits from the Rosacea
family. The presence of specific IgE to LTP is considered to be a significant risk factor for
allergy and may even serve as a diagnostic marker.25

The prominent allergens of the cupin superfamily of proteins are the 7S (vicilins) and 11S
globulins. The 7S globulins include Ara h 1, Jug r 2, and Ses i 3. Some examples of 11S
globulins are Ara h 3, soybean glycinins, Ber e 2, Cor a 9, and Fag e 1.14 The 3D structure
of proteins that belong to the cupin family consists of a series of antiparallel β-sheets
associated with α-helix and forms a cavity (cuplike structure, hence the name cupin; cupa in
Latin means “barrel”).26 This structure is also found in several proteins of the lipocalin
family involved in the transport of hydrophobic ligands, including β-lactoglobulin of milk.
Profilins are highly conserved, small, actin-binding proteins that are ubiquitously expressed
in all eukaryotic cells.27

Plant profilins share about 70% of the amino acid sequence homology among themselves.
Profilins consist of a compact globular structure with central 7 stranded antiparallel beta
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sheets enclosed by alpha helices.28 Because of its conserved amino acid sequences, about
20% to 30% of all patients with tree pollen allergies react to profilin.29,30 Moreover,
sensitization to profilin is considered a risk factor for developing multiple pollen-associated
food allergies.25

Bet v 1–related proteins are ubiquitously distributed and comprised of 8 superfamilies that
include PR-10, major latex proteins, and proteins involved in alkaloid biosynthesis. The 3D
conformation of the Bet v 1–related proteins provides a large, Y-shaped hydrophobic pocket
that binds to plant steroids.31

ANIMAL FOOD ALLERGENS
Although in theory all proteins have the potential to become allergens, this is not usually the
case. In fact, before an epitope can result in an allergenic response, it requires that the
human immune system has first discriminated self from nonself. This requirement is likely
to be particularly true when related to animal food allergens. For instance, any antibody
response in humans to vertebrate tropomyosins might be expected to cause autoimmune
disease.24 Others have alluded to the notion that allergy to mammalian proteins likely
approaches the limit of the human immune system to discriminate self from foreign
antigens.32 Thus, unlike most plant allergens, almost all the animal food allergen families
have an equivalent or counterpart in the human protein repertoire that may influence the
human immune system response. Recent work has classified animal food allergens into 3
main families: tropomyosins, EF-hand proteins, and caseins.24 In each of these 3 main
animal food allergen families, the ability to act as an allergen seems to be related to the
relative identity to human homologs such that proteins closely related to human homologs
are significantly less likely to be allergenic. In the 3 families of allergens analyzed, proteins
with a sequence identity of roughly 54% to human homologs were all allergenic, whereas
those with a sequence identity greater than 63% to human homologs were rarely
allergenic.24 In keeping with this finding, others have suggested that a low degree of
similarity to a host’s proteome is required for immunogenicity.33

Of the tropomyosin family, the animal food allergenic varieties are reportedly confined to
invertebrate groups, namely mollusks and arthropods.24 Although there are 4 types of
mammalian muscle tropomyosins, none of these have been reported to be sources of an IgE
response in humans.34 Likewise, no human IgE response has been identified to
tropomyosins from birds or fish. The absence of such a response might be expected because
these sequences are greater than or equal to 90% identical to at least 1 human
tropomyosin.24

EF-hand proteins compose the second largest animal food allergen family, and this is largely
made up of parvalbumins.24 Parvalbumins themselves are divided into α- and β-
parvalbumins. The α-parvalbumins, generally considered to be nonallergenic, are found
primarily in the muscle of fish and amphibians.24 On the contrary, β-parvalbumins are found
in a variety of fish species; retain allergenic potential; and, interestingly, are absent from
human muscle.35

Of the caseins that have been shown to elicit an IgE response in humans, the general
principle is that, again, the closer the sequence in homology to the human equivalent the less
likely an IgE response will occur. One exception worth mentioning in the setting of animal
food allergy is that of BSA. Sensitization to BSA is the main predictive marker of the cross-
reactivity to cow’s milk that is present in 73% to 93% of patients with beef allergies, despite
the fact that BSA shares 76% identity to its human homolog.24,36 Cross-reactivity to BSA is
frequently outgrown in children, and this may be caused by the high homology to human
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serum albumin, whereby BSA may elicit a less-effective immune response than other cow’s
milk proteins (ie, caseins).37,38

In sum, it may be that both the source of the food allergen and the route of sensitization are
important in determining which protein families predominate, with different families
represented in plant versus animal food allergen families.

WHAT CAN WE LEARN FROM 3 DISPARATE EXAMPLES OF FOOD
ALLERGY?
Peanut Allergy

In the United States, approximately 1% of the population is peanut allergic, and this
prevalence seems to have risen.39 In several studies, peanut allergen is also
disproportionately implicated as a trigger of severe reactions among those who are affected.
The humoral immune response to peanut allergens in susceptible individuals is more
strongly IgE biased, in comparison, for example, with the immune response to milk
allergens, against which atopic individuals tend to make both IgE and IgG. Although atopy
is clearly a risk factor for peanut allergy, isolated peanut allergy is common40 in part
because peanut allergy is more persistent than other common food allergies. Contrast that
with soy allergy, discussed later, which is rarely an isolated allergy.

There are 12 peanut allergens recognized in Allergome, although several of these include
isomers and some distinctly named proteins (eg, Ara h 2 and Ara h 6), are paralogs related
as tandem gene duplicates. The major plant allergen families are all represented. For
example, Ara h 1, 2, and 6 are prolamins, whereas Ara h 3 is a cupin, Ara h 8 is a PR-10
protein, and Ara h 9 is a profilin. Additional identified allergens include the lectin, peanut
agglutinin, and an 18kD oleosin. The most immunodominant allergens, at least in
populations with primary peanut allergy, are Ara h 2, Ara h 6 and Ara h 1. Geographic
variation in sensitization to specific peanut allergens has been recognized, but it is reactivity
to Ara h 2 and Ara h 6 that has increasingly emerged as the major risk factor for significant
clinical reactivity.41

The major peanut allergen and glycoprotein Ara h 1 induces activation of human DC and
enhances the induction of Th2 differentiation by these DC in naïve T cells. Ara h 1 was
further shown to bind to the CLR, DC-SIGN. De-glycosylated Ara h 1 lacked this Th2-
skewing effect, indicating that allergen-bound carbohydrate structures may act as a Th2-
skewing adjuvant.42 Correspondingly, other studies have reported that glycation of proteins
enhances their uptake by DC and their T-cell immunogenicity,43 as well as their ability to
induce Th2 differentiation.44,45 Incubation of DC with Lewis-x trisaccharides suppressed
the production of IL-12,45 which suggests one mechanism for the enhanced Th2 skewing
induced by these glycans.

Peanut extract has also been shown to activate complement in murine and human serum,
resulting in the formation of C3a. In susceptible mice, peanut extract induced anaphylactic
shock, which was dependent on C3a as well as on platelet-activating factor and histamine.
No involvement of DC was shown in this response46; however, complement split products
can activate DC and regulate adaptive immunity.47,48Both C3- and C3a-deficient mice are
resistant to asthma in an Aspergillus-induced model.49

Soy Allergy
Soy allergy usually manifests in childhood. The prevalence of soy allergy in adults is still
poorly described40 but estimated to be around 0.3% to 0.4%.50,51 Soy allergy is
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spontaneously resolved in about 50% of children with soy allergies by 7 years of age.52

Allergic symptoms to soy may include atopic dermatitis, enterocolitis, and other IgE-
mediated multisystem reactions.53,54 Even though soy is recognized as one of the big 8 food
allergens, it is rather uncommon to see allergic reactions exclusive to soy.55 Soy allergy is
often present in individuals who are allergic to multiple foods and birch pollen.56 About 6%
of atopic children57 and 10% to 14% of infants with a cow milk allergy also suffer from
concomitant soy allergy.58-60 Moreover, anaphylaxis caused by soy is very rare.57,61

Isolated soy allergy seems to be rare; for example, 88% of children with soy allergies also
have peanut allergies.52

Soybean Allergens and Their Cross-Reactivity with Other Allergenic Proteins
Soybeans contain allergens that belong to all the categories of the protein superfamilies
previously discussed. So far, about 28 potential allergens have been identified based on IgE
binding from patients with a soy allergy.62,63 Among them, 16 proteins are characterized as
allergens by the Allergome database. However, the reactivity of these allergens is highly
variable among individual patients with no correlation with severity of symptoms. Only a
few of them are recognized as major allergens by the International Union of Immunologic
Societies of Allergen Nomenclature Subcommittee: Gly m 1, Gly m 2, Gly m 3, and Gly m
4. Other dominant allergens in soy are the soybean Kunitz trypsin inhibitor, the thiol-
protease Gly m Bd 30k, the alpha subunit of β-conglycinin (BC, Gly m 5), the acidic chain
of the major storage protein glycinin (G, Gly m 6) G1 subunit, the basic chain of the G2
subunit,64 and 2S albumin. For a full list of allergenic proteins in soy, refer to article by
L’Hocine and colleagues.65

Gly m1 and Gly m2 are soybean hull proteins and have been shown to be aeroallergens.
These proteins, in addition to the Kunitz trypsin inhibitor, have been implicated in the
development of allergic asthma.66 Gly m 1 (also known as Gly m Bd30K/P34 or P34) is a
soybean vacuolar protein.67,68 Gly m Bd30K shares a high sequence similarity to thiol
proteinases of the papain family. Another notable member of this group is Der p 1, which is
the major allergen in the dust mite. Birch pollen–related allergens, Gly m 3 and Gly m 4,
belong to the profilin family of proteins. Gly m 3 is highly homologous with Bet v 2, with
an amino acid sequence identity of 73%. The IgE-binding epitopes of Gly m 3 are highly
conformational because fragments of Gly m 3 fail to bind IgE.69 Gly m 4, also called as
PR-10 protein, and starvation-associated message 22, is a stress-related protein with a 50%
homology with Bet v 1. Gly m 4 is a major cross-reactive allergen in patients with a birch
pollen allergy.70 Serum IgE from 85% of patients with birch pollen allergies reacts to Gly m
4.71 About 10% of Central European patients sensitized to birch pollen are reported to have
concomitant soy allergy, mainly caused by cross-reactivity to Gly m 4.56

Major seed storage proteins Gly m 5 (β-conglycinin, 7 S) and Gly m 6 (glycinin, 11 S) were
found to be major allergens in a cohort of 30 patients with Double-blind, placebocontrolled
food challenge (DBPCFC)-confirmed soy allergy, which suggests that these molecules are
good diagnostic markers of component-resolved in vitro testing.64 However, another study
by Vissers72 found high IgE binding to Gly m 4 but not Gly m 5 and Gly m 6. Patients who
are allergic to peanuts but clinically non–soy allergic tested positive for Gly m 5 and 6.

Glycinin (11S) and β-conglycinin (7S) belong to storage proteins that belong to the cupin
family.73 Burks and colleagues,74,75 Ogawa and colleagues,76 and Beardslee and
colleagues77 all have identified IgE binding to different subunits of β-conglycinin. Changes
in the ionic strength and pH alter the conformation structure of glycinin and have significant
effect on the immunogenicity in terms of IgG1 binding.78
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Because soy proteins are considered to be less immunogenic than cow milk protein,79 soy-
based formula is usually used as an alternative in infants with a cow milk allergy. However,
it is common to see coexisting soy allergy in patients with a cow milk allergy. Osterballe
and colleagues80 have shown that about 17% of patients with a cow milk allergy are also
sensitized to soy. In a study with 10 patients with a cow milk allergy but never exposed to
soy, their serum reacted to components in soy extract by competitive inhibition enzyme-
linked immunosorbent assay. The authors have identified the cross-reactive protein to be a
30 KD fraction of 11S globulin in soy.81

Similarity of Soybean and Peanut Allergens: Why Soy is Less Allergenic than Peanut
Several soy allergens share high sequence homology to their counterparts in peanut (Table
2). Soybean β-conglycinin Gly m 5 is the closest homolog of Ara h 1, with 51% amino acid
sequence identity and a similar 3D structure. In addition, Ara h 3 and soybean glycinin Gly
m 6 share similar 3D structure to that of Ara h 1 despite less sequence homology.82

However, the incidence of soy allergy is much less than that of peanut.83 Although fatal
events after consumption of soy have been reported,84,85 those patients also had severe
peanut allergies. In a double-blind, placebo-controlled food challenge study in 30 European
patients, 67% of patients with a soy allergy reported concomitant peanut allergy.86 Because
of the high amino acid homology between peanut and soy, soy protein has been tried as an
immunotherapeutic agent for peanut allergy in mouse models.87 In this study, peanut-
allergic mice were able to get desensitized with crude soy extract. Intraperitoneal injection
of peanut-sensitized mice with soy extract resulted in suppressed immune response to peanut
and markedly reduced clinical symptoms on peanut challenge.87

Soy protein is potentially allergenic. However, the reaction threshold (ie, safe for 90% of
allergic patients) to soy is as high as 400 mg compared with 0.1 mg for peanut.88,89 In a
retrospective study of DBPCFC, Sicherer and colleagues90 reported that about 28% of
children with a soy allergy reacted to an initial dose of 500 mg of soy (200 mg soy protein).
Ballmer-Weber and colleagues86 reported a range of 454 mg to 50 g of soy required to
achieve objective allergic symptoms, is at least one order of magnitude higher than observed
in peanut allergy. It is not clear why soy protein showed a low reaction threshold and
diminished immunoreactivity.

Soy has been a part of staple food in Asia for centuries. Anecdotal evidences suggest that
high consumption of traditional soy food, particularly fermented soy food in Far Eastern
countries, could account for the lower incidence of several chronic health conditions.
Comparatively, much of the soy-food in the Western world is in the form of processed
protein isolates and subtle food additives. Investigation of why the incidence and severity of
soy allergy is low compared with peanut and other foods would be informative in designing
a therapy for other food allergies. It is possible that the intrinsic allergenicity of soy could be
different in terms of glycosylation91,92 and IgE binding.93 Kroghsbo and colleagues93 have
compared immune response with 7S globulins of peanut, hazelnut, soy, and pea in Brown
Norway rats. Peanut 7S globulins induced IgE of higher avidity than other related proteins.
Soy induced IgE of least avidity. Susceptibility to heat74,94 and hydrolysis95,96 have been
shown to result in the reduced allergenicity of soy.

Emerging evidence suggests that the presence of anti-inflammatory phytochemicals in soy
could be one of the reasons for their reduced allergenicity. Several phytochemicals are
present in soybean: isoflavones, saponins, phytates, sterols, lignans, and so forth. Most of
them present as glycosides in soybean. The microbiota in the gut converts glycosides to
active aglycones, which have antiinflammatory and immunomodulatory properties. The
levels of bioactive phytochemicals are increased in fermented soy food as a result of the
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hydrolysis of isoflavone glycosides. These immunomodulatory phytochemicals are well
known to have beneficial properties in various disorders, including food allergy.97-99

MAMMALIAN MEAT ALLERGY
Carbohydrates Induce and Bind IgE

Although the most frequent allergens involved in anaphylactic reactions are proteins found
in peanuts, tree nuts, fish, shellfish, bee and wasp venoms, and haptens in drugs and
latex,100-103 carbohydrate moieties are also present in many foods and can induce antiglycan
IgE responses.11 Because carbohydrate moieties can share significant structural homologies
beyond that of proteins, they are prone to extensive cross-reactivity. These cross-reactive
epitopes are called cross-reactive carbohydrate determinants (CCDs); however, the clinical
significance of IgE antibodies directed against them is unclear.104-106

The study of carbohydrates as food antigens began in the 1970s when a Japanese group
reported the structure of a protease from pineapple stems.107 It was subsequently shown that
this protease, bromelain, contained an oligosaccharide with 2 structural features that had not
been found in mammalian glycoproteins: core α1,3-fucose and xylose (Fig. 1).108 In fact,
xylose and core-3-linked fucose may be the most common carbohydrate epitopes recognized
by human IgE antibodies.109

CCDS in Allergy: A Review of the Controversy
The link between plant-based glycans and allergy was made by Aalberse and colleagues104

in 1981. They showed that IgE from patients’ sera cross-reacted with extracts from several
foods and insect venoms. This work laid the foundation for later studies, which indicated
that asparagine-linked (N-glycans) were involved in IgE binding to honeybee venom
phospholipase A2 (PLA2; Api m 1).110 Ultimately, the structural basis for the cross-
reactivity of IgE with insect and plant glycoproteins was shown to be core α1,3-fucose.111

The binding to Api m 1 from sera of patients with a bee allergy was inhibited by
glycopeptides from pineapple stem bromelain.111

Current estimates are that 15% to 30% of allergic patients generate specific antiglycan
IgE.105,106,112,113 This frequent occurrence of sensitization to CCDs contrasts with their
apparent inability to produce clinical symptoms. Evidence against a significant clinical
impact of carbohydrate-directed IgE comes from several aforementioned studies and was
recently reviewed.106,113,114 A clinically benign role for CCDs is now being questioned
because several studies have shown the ability of anti-CCD IgE to trigger mediator release
from basophils.115-118 Although preliminary studies in the authors’ laboratory using
basophils isolated from patients with IgE to alpha-gal showed evidence of activation in
response to a carbohydrate antigen, the ability of this IgE antibody to trigger a mediator
release in vivo remains an area of active investigation. In the aforementioned study by
Mari113 that examined bromelain sensitization, skin testing to bromelain revealed few
positives. This finding may be expected, though, given that degranulation requires cross-
linking on the surface of the mast cell and that bromelain contains only one oligosaccharide
chain.119 It has also been suggested that antibodies to uncharged carbohydrate epitopes
would have low affinity,120 rendering skin testing less reliable. However, the evidence that
IgE antibodies to CCDs are of low affinity is poor, and recent work has indicated that these
antibodies have affinities comparable with IgG antibodies.121

Adding to this growing literature, recent work from the authors’ group has shown that IgE
antibodies specific for the carbohydrate alpha-gal are capable of eliciting serious, even fatal,
reactions.122 The authors subsequently extended that observation by confirming that IgE
antibodies to alpha-gal are associated with an unusual form of delayed anaphylaxis, which
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follows 3 to 6 hours after eating meat that carries alpha-gal (eg, beef, pork, or lamb).123 In
contrast to previously described CCD motifs of xylose and core-3-linked fucose, which
populate plants and insects, the alpha-gal epitope is abundantly expressed on cells and
tissues of nonprimate mammals.124,125 This expression pattern makes alpha-gal potentially
clinically relevant either as a food allergen (eg, beef, pork, lamb) or as an inhaled allergen
(eg, cat, dog).123,126

Galactose-α-1,3-Galactose (Alpha-Gal): Epitope Characteristics and Clinical Relevance
Although alpha-gal has not had a long history within the allergy literature, the alpha-gal
epitope and its naturally occurring IgG antibody have been the subject of much important
and thoughtful work from other scientific perspectives. Karl Landsteiner speculated about
the existence of a blood-group-B–like substance on mammalian cells in the 1930s, and this
was likely to be alpha-gal. One can reason this because blood group B antigen and the alpha-
gal epitope differ only in that blood group B antigen has a fucose-linked α-1,2 to the
penultimate galactose (Fig. 2). Likewise, medical and surgical transplant communities are
familiar with alpha-gal: the naturally occurring antibody to alpha-gal in humans, apes, and
Old World monkeys is responsible for the hyperacute rejection of pig xenografts by binding
alpha-gal epitopes on the porcine cells.

The alpha-gal epitope induces the production of a highly specific antigal IgG antibody
through continuous antigenic stimulation by carbohydrate antigens on GI bacteria of the
normal flora,127 much akin to the production of antibodies to blood group A or B antigens
(Fig. 3).128 Inactivation of the α1,3GT gene is thought to have occurred roughly 28 million
years ago,129 such that humans, apes, and Old World monkeys possess a pseudogene found
on chromosome 9. The exon that codes for the main catalytic domain contains 2 point
mutations (deletions) that produce a frame-shift and a premature stop codon.130 The result is
that although all lower mammals make alpha-gal as a glycosylation product, humans do not
and instead produce antigal antibodies.

Recently Identified IgE to Alpha-Gal
While investigating IgE antibodies in the serum of patients who experienced a
hypersensitivity reaction to the chimeric monoclonal antibody cetuximab, Chung and
colleagues122 identified control patients without cancer who also had serum IgE antibodies
that bound to cetuximab. These IgE antibodies were shown to be specific for an alpha-gal
moiety found on the asparagine at position 88 in the murine heavy chain portion of
cetuximab. The authors have recently broadened this work and described a cohort of patients
with IgE antibodies to alpha-gal who experience delayed symptoms of anaphylaxis,
angioedema, or urticaria after eating mammalian meat.123 This report was the first to
identify food allergy related to IgE antibodies to the alpha-gal carbohydrate epitope.
Whether IgE to alpha-gal is specific for this moiety only or, as with CCDs, has the ability to
bind other epitopes is currently unknown (ie, whether this is actually IgE directed against
alpha-gal or IgE that binds alpha-gal and other closely related epitopes). The authors’
experience is that patients with IgE to alphagal describe no oral allergy syndrome-type
symptoms; report generalized urticaria or frank anaphylaxis starting 3 to 6 hours after eating
beef, pork, or lamb; and have a consistent pattern of both skin testing and serum IgE
antibody results.114,123

The elucidation of IgE to alpha-gal has reversed the conclusion of prior work showing that
binding of cat IgA and IgM was caused by an IgE-independent cross-linking with the
patients’ anti-glycan IgM.131 In fact, this antiglycan IgM has now been shown to be IgE to
alpha-gal.132 Recent work by Wong and colleagues133 hinted at the existence of another
CCD in mammalian tissue. The authors’ description of IgE to alpha-gal in a cohort of
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patients who report delayed symptoms after eating mammalian meat fits the notion of Wong
and colleagues, and alpha-gal may well be a clinically relevant CCD that is specifically
found in mammalian tissue.

Evidence for the Role of Tick Bites
Since establishing the assay for IgE antibodies to alpha-gal, large numbers of sera have been
screened. The results showed that these IgE antibodies were regionally distributed and that
they were also associated with a novel form of anaphylaxis.122,123 As mentioned, these
patients reported delayed symptoms after eating mammalian meat, but they had had no
trouble with chicken, turkey, or fish.114,123 Thus, their symptoms matched the specificity of
IgE antibodies present in their serum, which accurately reflected the known distribution of
alpha-gal in mammals.120,123 In most cases, these patients were adults who had consumed
red meat for many years before they developed the delayed reactions. The implication was
that some new exposure had triggered the production of IgE antibodies to alpha-gal.

Not only did the known distribution of the immediate reactions to cetuximab match to the
area of the highest prevalence of Rocky Mountain spotted fever, the authors also heard
histories from patients that their reactions to red meat started after receiving multiple tick
bites.134 The authors have reported the evidence that tick bites in the United States can
induce IgE antibodies to alpha-gal, and the evidence included, following the response
prospectively in 3 cases, a strong correlation with histories of tick bites, epidemiologic
evidence that these antibodies are not found in regions where tick bites are rare, and the
correlation with IgE antibodies specific for tick proteins.134 In addition, there is
epidemiologic evidence that these IgE antibodies are found in areas where tick bites are
common, that the responses correlate with prolonged pruritic reactions to tick bites, and that
IgE antibodies to alpha-gal correlate with the presence of IgE antibodies to tick proteins.134

Furthermore, the currently known distribution of delayed anaphylactic reactions to red meat
fits the known distribution of the lone star tick, Amblyomma americanum.134 As the deer
population expands, it will be interesting to follow whether there is an increase in the
incidence of diagnosed mammalian meat allergy.

Summary of Allergy to Glycans
The discovery of IgE antibodies to the oligosaccharide galactose alpha -1, 3-galactose has
made it possible to investigate several novel aspects of allergic disease. The obvious thing is
that the glycosylation of therapeutic recombinant molecules, particularly monoclonal
antibodies, can create a risk for severe hypersensitivity reactions. In addition, because these
IgE antibodies also bind to a wide range of mammalian proteins, the authors recognized the
syndrome of delayed anaphylaxis to mammalian meat.123 However, the most interesting
feature of their reactions may be that first symptoms (ie, itching or urticaria) occur 3 to 6
hours after eating meat and would normally be regarded as spontaneous or idiopathic
anaphylaxis. Understanding the factors that control the delay may provide real insight into
the factors that control anaphylaxis. Moreover, understanding how ticks induce this form of
response will be important as we explore the control of IgE antibody responses in general.
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Fig. 1.
Protein families present among allergens (255) and food allergens (71) relative to the total
number of described family members in the Pfam database. (Data from Radauer C, Bublin
M, Wagner S, et al. Allergens are distributed into few protein families and possess a
restricted number of biochemical functions. J Allergy Clin Immunol 2008;121(4):847–52.)
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Fig. 2.
Bromelain showing the core α1,3-fucose (red triangle) and xylose (orange star) as
referenced in the text. NB The oligosaccharide structures are shown in the symbols
suggested by the Consortium of Functional Glycomics, such that the blue squares represent
N-acetylglucosamine, green circles represent mannose, yellow symbolizes galactose,
whereas orange star and red triangle are xylose and fucose, respectively. R, an organic
molecule.
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Fig. 3.
Comparison of blood group A antigen, blood group B antigen, and galactose-α-1,3-galactose
(alpha-gal). Note that the lack of a core fucose residue separates the structure of blood group
B antigen from alpha-gal.
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Table 1
Common food allergy protein families ranked by number of identified allergens in each
family

Family Source

Rank by Number of
Identified Family
Members Associated
with Food Allergy

Rank by Number of
Identified Family
Members Associated
with Aero/Contact Allergy Additional Notes

Prolamin superfamily Plant 1 4 Includes cereal storage
(gliadins), 2S albumin
(eg, Arah 2/6), LTPs

Tropomyosin Animal 2 5 Dominant crustacean
allergen

Cupin superfamily Plant 3 Rare; 1 described inhalant, 1
described contact

Dominant family of
legume and nut allergens

Profilin Plant 4 1 Highly cross-reactive

EF-hand domain Plant, animal 5 2 For ingestion, exclusively
associated with fish, shellfish

PR-10 Plant 6 18 Bet v 1 related

Alpha/beta-caseins Animal, mammal 7 Not described Milk allergens

Heveinlike domain Plant 8 Latex allergy only Includes some chitinases; latex,
banana, avocado

Class I chitinases Plant 9 Latex allergy only Latex, banana, avocado (also
chestnut, grape, corn)

Oleosins Plant 10 Not described ?Major sesame, minor peanut,
hazelnut allergens

Lipocalin Animal: arthropod and
mammalian

11 6 Beta-lactoglobulin from milk
in this family

Beta-1,3-glucanase Plant 12 Latex (Hev b 2) olive tree
pollen

Described in tomato, potato,
banana, bell pepper

Papainlike cysteine
protease

Plant 13 Der p 1, Der f 1 Kiwi, pineapple, papaya (fairly
rare)

Thaumatinlike
protein

Plant 14 Cedar/cypress pollen Apple, cherry, grape, kiwi,
pepper

Expansin, C-term Plant: all grasses Not described 3 Major allergens of grass pollen

Trypsinlike serine
proteases

Animal: arthropod and
mammalian

Not described 9 Bee and bumblebee sting, mite
and roach inhalant

Enolase Fungi and plants Not described 10 —

Expansin, N-term Plant: all grasses except 1 Very low; 1 food
allergen
described from kiwi

8 —

Subtillsinlike serine
protease

Fungi (1 identified from
bacteria)

Very low; 1 food
allergen
described from musk
melon

7 —

Data from Radauer C, Bublin M, Wagner S, et al. Allergens are distributed into few protein families and possess a restricted number of
biochemical functions. J Allergy Clin Immunol 2008;121(4):847–52.
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