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INTRODUCTION

Food allergy is an immune system-mediated adverse reaction to food proteins that can affect
multiple organs. Organ/systemic involvement includes cutaneous, gastrointestinal, respira-
tory, oral, and generalized reactions, including potentially lethal anaphylaxis (1,2). Reports of
anaphylactic episodes are updated in a registry of the American Academy of Allergy Asthma
& Immunology and the Food Allergy and Anaphylaxis Network (3). This registry has been
maintained continuously to represent a systematic, although incomplete, accounting of fatal
food-induced allergic reactions in the United States.

Similar reports from the United Kingdom stress the importance of identifying and
reporting fatal food reactions (4). Risk factors include a family history of atopic disorders
with environmental factors seemingly modulating the expression of food allergies (5,6). In
young children, the most common food allergies are cow’s milk, egg, peanut, wheat, soy, tree
nuts, fish, and shellfish. Early childhood allergies to milk, egg, soy, and wheat usually
resolve by school age (7). Adult food allergies primarily include shellfish, peanut, tree nuts,
and fish. However, individuals with known food allergies experience food-induced
anaphylaxis primarily because they are unaware that the food they eat contains the allergen
to which they are allergic (8). In the British Anaphylaxis Campaign, foods were implicated in
112 of 126 reported cases in children (aged 1-15.9 years) and adults (aged 16-72 years); 14 of
these reactions were to unidentified substances. There was a similar distribution among the
two groups for common allergenic foods; however, adults reported more reactions to more
unusual but internationally well-recognized allergenic foods (citrus foods, peas, bananas, kiwi,
sesame, mustard, and food additives) (9). In a multicenter airway research collaboration of
21 North American emergency departments, a chart review of a randomly selected cohort of
678 out of 5396 cases, documentation of a known food allergy was identified in 41% of patients
using food allergy or ICD-9 codes (10). Biphasic reactions, a recurrence of symptoms after
resolution of the initial presentation, occur in up to 25% of fatal or near-fatal anaphylactic food
reactions (11). '

Absorption of dietary protein is important in the development and elicitation of food-
induced allergic reactions. Investigations by Dirks et al. (12) were performed to determine the
absorption and kinetics of allergenic peanut proteins and a possible local uptake from the oral
cavity in healthy adults. In brief, donor mononuclear cells containing basophils from
nonallergic individuals were stripped of cell-bound IgE, subsequently sensitized by adding
serum IgE from double-blind, placebo-controlled food challenged (DBPCFC) positive peanut-
allergic subjects and challenged with peanut allergen to establish a histamine-releasing
standard curve. Individuals with negative case histories for peanut allergy, negative skin prick
test responses, negative specific IgE assay results for peanuts, soy, and pollen, and fasted
eight hours were asked to chew peanuts for two minutes and spit out the contents without
swallowing. Plasma samples were collected at various time points and used to determine
histamine-releasing capacity of the IgE-sensitized basophils. The histamine released was
determined by fluorometric analyses and expressed as the percentage of the total cellular
histamine content. Histamine release greater than 10% above negative serum controls was
considered positive. Assay sensitivity was determined to be 5 pg of peanut protein per
milliliter of serum. Results showed that peanut allergens with biologic activity can be
measured in the plasma of subjects as early as 10 minutes after chewing peanuts and spitting
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them out without swallowing. These findings demonstrate allergen absorption from the buccal
mucosa, which is regarded to explain the early onset of many systemic reactions (12).

In another sensitization scheme, Strid et al. (13) demonstrated that the epicutaneous
exposure to peanut proteins in a murine model prevents oral tolerance and enhances allergic
sensitization. In experiments to determine transepithelial transport of peanut proteins in a
murine model, ileal loops containing Peyer’s patches were filled with solutions containing
digested peanuts. Combined immunohistochemical analysis reveals both peanut allergens and
M cells at the highly inductive Peyer’s patch sites of the normal, presensitized mucosal
immune system (14).

In a discussion of the classification of digestion resistance of food allergens, Jensen-
Jarolim and Untersmayr (15) reported that both the quality and extent of clinical reactivity
to food allergens correlate with the following classification of food allergens. Class 1 food
allergens both sensitize and trigger allergic reactions via the oral route because they are
quickly absorbed and distributed to the systemic immune system. However, class 2 food
allergens do not sensitize orally because they are easily digested into small peptides and
lose their sensitization potential. They elicit allergy indirectly when ingested by the fact that
they cross-react with other allergens, typically inhalant allergens. Examples include birch
pollen, Bet v 1, and its numerous homologues in apple, Mal d 1; celery, Api g 1; and carrot,
Dau c 1.

Not all proteins in foods are allergenic of the more than 70 foods that cause food allergies
(16). Historically, major food allergens are water-soluble glycoproteins with molecular weights
ranging from 10 to 60 kDa. However, structural characteristics are important for a protein’s
allergenicity, and many food allergens occur naturally as dimers or trimers with molecular
weights of 150 to 200 kDa (17). These oligomeric forms might have a higher allergenic potential
than monomers because larger molecules have additional epitopes for IgE-mediated histamine
release. For example, inhibition experiments demonstrate extensive IgE cross-reactivity of
recombinant mugwort profilin and profilin from various pollens and food extracts (18). The
parvalbumin allergen, Gad m 1, of the Atlantic cod (Gadus morhua) forms oligomers consisting
of multiples of a single 12.5-kDa protein, in native (gel filtration) and under reducing
conditions that does not completely dissociate the oligomeric structure consisting of 24, 38, and
51 kDa (19). This is considered a novel finding as no aggregation of fish parvalbumins is
previously described, and work to determine whether oligomerization of this protein has an
influence on allergenicity is underway.

Using size exclusion chromatography, Ara h 1, a major peanut allergen, appears to exist
in an oligomeric structure rather than its stable trimeric state (20). Hyrodrophobic interaction
chromatography causes the oligomers to partly dissociate into trimers, which leads to a change
in tertiary structure of the monomeric subunits of the allergen. Monomers of Ara h 1 oligomers
have a more compact tertiary structure compared with monomers in Ara h 1 trimers. Thus, as
indicated in both Gad m 1 and Ara h 1, structural characteristics of oligomerization may be
important for protein allergenicity.

There are no known unique biochemical or immunochemical characteristics for food
allergens versus other allergens. Comparisons of primary structure (amino acid sequences)
of allergenic proteins do not reveal typical patterns that could be related to allergenicity. Food
allergens tend to be resistant to the usual food processing and preparation conditions and are
comparatively resistant to heat and acid treatment, proteolysis, and digestion. For example,
treatment of food allergens with acid concentrations simulating stomach acid typically has
little effect on the specific IgE binding of the class 1 food allergens. There are, however,
important exceptions, such as the major IgE-binding allergens in fresh fruits and some
vegetables (class 2 allergens), which are affected by these physical conditions, resulting in
dissociation into smaller peptides and loss of allergenicity. For example, Mal d 1, Api g1, and
Dau c 1 are rapidly digested (15).

IgE immunogenicity is determined by factors that can be unrelated to the primary
structure (amino acid sequence) of the protein and must take into account secondary and
tertiary structure (folding, disulfide bonding, and oligomerization) and the food source from
which the allergen has been characterized, e.g., Ara h 1 from peanuts. Additionally, the way
allergens enter the body, epicutaneously or by ingestion, may have a significant impact on the
immune response. Essentially, the protein must induce B cells to produce IgE to be an allergen
and on reexposure induce an allergic response in sensitized individuals.
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Table 1 Plant and Animal Food Allergens

Plant food allergens
Prolamin superfamily 2S albumins, nsLTP
28 albumins Ber e 1 (walnut), Ses i 2 (sesame)
Nonspecific lipid transfer proteins  Pru av 2 (cherry), Mal d 2 (apple)
Cereal x-amylase/trypsin inhibitors  Tri a 19 (wheat), Sec ¢ 20 (rye), STl (soybean)

Cupin superfamily 7S and 118 seed storage proteins
Vicilins Ara h 1 (peanut), Jug r 2 (walnut)
Legumes Ara h 3/4 (peanut), Cor a 8 (hazelnut)
Profilin family Api g 4 (celery), Pru av 1 (cherry)
Bet v 1 family Gly m 4 (soybean), Ara h 8 (peanut), Pru av 1 (cherry)
Others Gly m Bd 30K (soybean), Act ¢ 1 (kiwi)
Animal food allergens
Mammalian milk a-lactalbumin, B-lactoglobulin, casein
Egg Gal d 1 (ovomucoid, hen’s egg)
Seafood Pen a 1 (tropomysins, shrimp), Gad c 1 (calcium-binding parvalbumins, cod)

Source: From Refs. 21,25,26.

TAXONOMY OF FOOD ALLERGENS

Food allergens, found in plants and animals, are classified as to their biologic function or
protein family group (21). Plant food allergens are contained in 31 of 8296 protein families (22)
with the most important animal food allergens present in milk, egg, and seafoods. Examples of
animal groups include birds (chicken and duck), crustaceans (crab and lobster), and red meats
(beef and veal). Examples of plant groups include the apple family (apple and pear), grass
family (corn and wheat), legume family (lentil and peanut), and walnut family (black walnut
and pecan). Allergy, because of cross-reacting allergens, to one member of some food groups
may result in a variable degree of clinical reactivity to other members of the same group.

Food allergens are named using the first three letters of the genus, followed by a single
letter for the species and a number indicating the chronologic order of allergen purification
(23). Standardization of food allergen nomenclature was proposed by the World Allergy
Organization and refers to food hypersensitivity reactions as “food allergy” only when
immunologic mechanisms are demonstrated. “The term hypersensitivity should be used to
describe objectively reproducible symptoms or signs initiated by exposure to a defined stimulus at a
dose tolerated by normal persons. An allergen is an antigen causing allergic disease. If IgE is
involved in a food-related reaction, the term IgE-mediated food allergy is appropriate.” As a
consequence, entities within the field of environmental medicine, such as multiple chemical
sensitivity, multisymptomatic reactions (amalgam in tooth fillings), and electrical waves do not
fulfill these criteria. All other reactions are described as “nonallergic food hypersensitivity”
(24). How nomenclature and structural biology play a crucial role in defining allergens for
research studies and for the development of new clinical products is reviewed in Ref. 25.
An abbreviated listing of the families and examples of plant and animal proteins is presented
in Table 1. A format with listed allergens is also available in the Allergome e-mail Newsletter
(Table 2).

MAJOR AND MINOR FOOD ALLERGENS

The most common foods that cause IgE-mediated reactions in childhood are cow’s milk, eggs,
peanut, soybean, wheat, fish, and tree nuts (Table 3). Approximately 80% of these reactions are
secondary to milk, eggs, and peanut alone. In adulthood, the most common food allergens are
peanut, tree nuts, fish, and shellfish. Worldwide, there are some differences in which foods
cause problems in both children and adults primarily based on different diets (29).

Cow’s Milk
A number of milk proteins are allergenic and patients react to various cow’s milk proteins by
either skin prick tests or challenge. Caseins and B-lactoglobulin are the major allergens in cow’s
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Table 2 AllFam Allergen Family Chart

Protein family name Number of allergens
Prolamin superfamily 56
Profilins 44
EF hand domain 32
Tropomysins 27
Cupin superfamily 25
Expansins, C-terminal domain 23
Bet v 1-related proteins 22
PR-1 proteins 21
Lipocalins 20
Subtilisin-like serine proteases 17

Source: From Refs. 27,28.

Table 3 Major Food Allergens in Children and Adults

Children Adults
Milk Peanut
Egg Tree nuts
Peanut Fish
Soybean Shellfish
Wheat

Fish

Tree nuts

milk. Casein, a phosphoprotein, is the major protein of bovine milk that exists in equilibrium of
soluble and complex colloidal aggregates (micelles). Its heterogeneity has long been
recognized as consisting of o-, -, y-caseins (75%, 22%, and 3%, respectively). The major o-
and B-caseins have molecular weights of approximately 23 kDa, and there are several genetic
variants of each. B-Lactoglobulin (17 kDa), the most abundant whey protein, also has several
genetic variants. a-Lactalbumin (14 kDa) and bovine serum albumin (67 kDa), both whey
proteins, are minor cow’s milk allergens. The IgE-binding epitopes on the milk caseins (30),
lactalbumin and lactoglobulin, are identified (31). So too are specific IgE-binding epitopes that
may differentiate between patients with persistent and transient cow’s milk allergy (32,33).

Confusion can arise in the determination of cow’s milk allergy because of the different
forms of cow’s milk used in challenges, e.g., liquid cow’s milk, nonfat dry milk, and infant
formula. Similarly, reported incidences of inadvertent or unexpected exposure to different
milk proteins, e.g., casein in sausage equivalent to 60 mg of casein, have led to fatal
anaphylaxis (34). Reliable analytical results for milk allergens (casein, lactalbumin, and
lactoglobulin) in nondairy allergic reactions are needed for them to be temporally associated
with milk allergy. Data from Morisset et al. (35) suggest that in patients allergic to egg, peanut,
and milk, detection tests should show a sensitivity of 10 parts per million (ppm) for egg,
24 ppm for peanut, and 30 ppm for cow’s milk, respectively, when 110 g of a food source is
consumed. Wal’s (36) update on the biochemistry and immunochemistry of milk proteins
indicates that no single allergen or structure accounts for milk allergenicity or provides for a
predicted allergic response. The great variability in the polysensitization and IgE responses to
cow’s milk and potential immunologic cross-reactions to milk of other species, such as buffalo’s,
goat’s, ewe’s, and camel’s milk, will vary according to the characteristics of the population
studied. Any milk product that contains native or denatured milk proteins or fragments derived
thereof may trigger an allergic reaction, even those present in nondairy foods.

Egg
Several studies have identified the major egg allergens (37,38). Ovomucoid (Gal d D, a

glycoprotein with a molecular weight of 28 kDa and an acidic isoelectric point, is the major egg
allergen (39). In a study of 18 children with egg allergy, ovomucoid was found to be a more
potent allergen than purified ovalbumin as determined by skin prick test and radio-
allergosorbent test (RAST). While previous studies indicate that ovalbumin was the major egg
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z.lergen, this study demonstrates ovomucoid contamination of the ovalbumin, accounting for
-=:s discrepancy. Ovalbumin (Gal d 2) is a monomeric phosphoglycoprotein with a molecular
wveight of 43 to 45 kDa and an acidic isoelectric point. Purified ovalbumin has three primary
-ariants, Aj, Ay, and A, It is difficult to determine the exact role of this allergen because of
“vomucoid contamination of ovalbumin (39). Ovotransferrin (Gal d 3) or conalbumin has a
~olecular weight of 77 kDa and an acidic isoelectric point. It has antimicrobial activity and
-ron-binding properties. Lysozyme (Gal d 4) is a lower molecular weight allergen (14.3 kDa)
-hat in some studies appears to be a major allergen, but in other studies is thought to be a
minor allergen. Other minor allergens in eggs include apovitellin, ovomucin, and phosvitin.
Additional studies show that the carbohydrate portion of the glycoproteins in eggs,
narticularly in ovomucoid, does not play a primary role in specific IgE binding. B- and T-cell
epitopes for ovalbumin and ovomucoid are mapped in a limited way, as are the major IgE- and
1gG-binding epitopes of ovomucoid (40).

Four sets of distinct egg allergic groups (A, lysozyme and ovalbumin; B, ovomucoid; C,
ovomucin; and D, ovotransferrin and the yolk proteins apovitelenins | and VI and phosvitin)
were identified in 40 subjects that react to four discrete hen’s egg protein sets (1, egg white
proteins lysozyme and ovalbumin; 2, egg white ovomucoid; 3, egg white ovomucin; and 4, egg
volk proteins apovitelenins I and IV and egg white ovotransferrin) (41). Both lysozyme and
ovomucin bind significant amounts of IgE in the sera of patient groups A and C. Lysozyme
was statistically correlated with ovalbumin and was a significant allergen for group A. Other
differences in IgE binding were found that may explain why various investigators report
different allergens to be important in egg hypersensitivity.

Allen et al. (42) reviewed and identified key points of egg allergy. It primarily affects
preschool children. Life-threatening reactions are less common in egg than in peanut/tree
nut allergy, and heat and digestion alters the allergenicity of egg proteins. Heating reduces
the allergenicity of ovomucoid and ovalbumin, but does not affect lysozyme. Ovomucoid
allergenicity may also be reduced by gastric pH. It is possible that the age and/or the use of
inhibitors of gastric acid secretion in young children may be a factor that promotes egg
protein food sensitization.

Peanut

Peanut allergy in 14 of 22 preschool children in Southampton and South Manchester with a
history of mild-to-moderate peanut allergy spontaneously resolved with time (43). However,
the recurrence rate in patients who outgrow peanut allergy is 7.9%, and the risk is significantly
higher in patients who avoid known peanut foods following resolution of their peanut allergy
(44). Peanut proteins are customarily classified as albumins (water soluble) and globulins
(saline soluble). The globulin proteins are made up of two major fractions, arachin and
conarachin, also known as legumin and vicilin, respectively. Arachin, in its native state exists
as a molecule of at least 600 kDa and readily dissociates into a 340- to 360-kDa dimer and a
monomer of approximately 170 to 180 kDa. Conarachin can be divided by ultracentrifugation
into two fractions, 2S and 8.4S. .

Historically, peanut-1 and concanavalin A-reactive glycoprotein were some of the first
peanut allergens partially characterized using peanut-specific IgE from allergic subjects. With
the advent of more refined methods for allergen purification, allergens were named using a
systematic nomenclature—abbreviated Linnean genus and species names and an Arabic
number to indicate the chronology of allergen purification. Thus, Ara h 1, is a 63.5-kDa
glycoprotein identified as the first major peanut allergen using immunoblotting and enzyme-
linked immunosorbent assay (ELISA) (45). This allergen has an acidic isoelectric point and is
relatively resistant to enzymatic degradation. There are multiple [gE-binding sites in the amino
acid sequence of Ara h 1, which has at least 23 specific IgE-binding epitopes. Ara h 1 is a
member of the vicilin family of seed storage proteins. Ara h 2 is a 17-kDa allergen with an
acidic isoelectric point that has at least 10 specific IgE-binding epitopes along its amino acid
sequence and is a member of the conglycinin family of seed storage proteins. Ara h3isa
glycinin seed storage protein with a molecular weight of 60 kDa. Approximately 45% of
patients with peanut allergy have specific IgE to this allergen (46,47).

Ara h 2 is the most potent allergen in a functional IgE cross-linking assay using RBL
SX-38 cells with sera from 12 highly sensitive peanut-allergic individuals (48). Mechanistically,
soluble peanut antigen (PNAg) and Ara h 1 were prepared from defatted peanut flour and
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both induce the Erk1/2 phosphorylation of monocyte-derived dendritic cells consistent with
T helper 2 (Th2) adjuvant activity (49). Altogether, eight allergens are identified—Ara h 1 to
Ara h 8 (50), with Ara h 1, 2, and 3 considered to be the main allergens (51,52). Advances in
peanut allergy are reviewed in Ref. 53.

Soybean

Globulins are the major proteins of soybean. These globulins can be separated into
ultracentrifugation fractions 2S, 7S, 11S, and 15S. a-Conglycinin is a primary protein of the
2S fraction while B-conglycinin is the primary fraction of the 75 component. The glycinin
fraction is the primary component of the 11S ultracentrifugation fraction.

Soybeans, like peanut, are legumes that contain multiple allergens (54,55). When
examining specific IgE to ultracentrifugation components, the 2S or 7S fraction contain the
primary allergens. Gly m 1 is a 30-kDa allergen that is a component of the 7S fraction. The
majority of patients have soybean-specific IgE to Gly m 1 (56). Gly m 1 has an acidic isoelectric
point and sequence homology to a soybean seed 34-kDa oil-body-associated protein, soybean
vacuolar protein P34. There are at least 16 distinct soybean-specific IgE-binding epitopes along
the amino acid sequence of this allergen. The Kunitz soybean trypsin inhibitor binds soybean-
specific IgE in soybean-allergic patients, although only in a minority of patients, making it a
minor allergen. A comprehensive review is available for the identification and characterization
of soybean allergens with current techniques to reduce allergenicity including thermal,
enzymatic, chemical, traditional breeding, and genetic modification of the allergens (57).

Wheat

Wheat and other cereal grains are often implicated as food allergens, particularly in children
(58). The proteins of wheat include the water-soluble albumins, the saline-soluble globulins,
the aqueous ethanol-soluble prolamins, and the glutelins. Patients with wheat allergy have
specific IgE to wheat fractions 47 kDa and 20 kDa, proteins not recognized by the sera of
patients with grass allergy. Wheat a-amylase inhibitor (15 kDa) is also a major wheat allergen.
This protein does not bind IgE from wheat-tolerant control patients, including those with grass
allergy (59,60). Battais et al. (61) identified major wheat allergens in the water/salt soluble,
gluten fractions, and isolated wheat fractions by IgE-binding studies. IgE from wheat-
dependent exercise-induced anaphylaxis and urticaria reacts with sequential epitopes
(QQX1PX2QQ) in the repetitive domain of gliadins whereas IgE from atopic eczema/
dermatitis patients recognizes conformational epitopes (62,63).

Fish

Fish and shellfish allergy are extensively reviewed in Ref. 64 with parvalbumins and
tropomyosins identified as the major allergens, respectively. The clinical manifestations,
diagnosis, immunologic mechanisms, and molecular biology of seafood allergens are discussed
in Ref. 65.

The consumption or inhalation of fish allergen is a common cause of IgE-mediated food
reactions. The incidence of fish allergy is believed to be much higher in countries where fish
consumption is greatest. For example, codfish allergy is common in the Scandinavian countries
(66). Red and golden snapper, local species of snapper consumed in Malaysia, commonly
cause food allergy with parvalbumin being considered as a minor allergen (67).

One of the most comprehensive descriptions of a food allergen is by Esayed and Apol of
codfish allergen, Gad c 1 (originally called Allergen M) (68). Gad c 1 belongs to a group of
muscle proteins known as parvalbumins. The parvalbumins control the flow of calcium in and
out of cells and are only found in the muscles of amphibians and fish. This allergen has an
acidic isoelectric point and a molecular weight of 12 kDa. The tertiary structure of Gad ¢ 1 has
three domains. There are at least five IgE-binding sites on the allergen and the carbohydrate
moiety does not appear to be important in its allergenicity. Fish consumed in India include
pomfret and hilsa, which contain heat-labile allergens, while bhetki and mackerel have more
heat-stable allergen characteristics (69).

Shrimp
Shrimp is the most studied of the Crustacea allergens (70,71). The IgE-binding epitopes of the
shrimp allergen Pen a 1 are now identified (72,73). Deduced amino acid sequence of 284 amino acids
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-rom recombinant allergens and amino acid sequences from allergenic and nonallergenic
~ertebrate tropomysins reveal 80% to 99% and 51% to 58% amino acid sequence homology,
-espectively. Analysis of secondary structure for natural and recombinant Pen a 1 shows that
~oth have a-helical conformation that is typical for tropomysins with essentially the same IgE-
~inding capacity as determined by RAST (74).

Tree Nuts

Tree nuts cause food-allergic reactions in both children and adults. Just as allergic reactions to
fish and peanuts can persist for life, so too can reactions to tree nuts. Hazelnut, walnut, cashew,
and almond are the most common tree nuts responsible for allergic reactions with less frequent
reactions to pecan, chestnut, Brazil nut, pine nut, macadamia nut, pistachio, coconut, and
Nangai (75). Clark and Ewan (76) reviewed the development, sensitization, and clinical impact
of tree nut allergens suggesting that multiple nut sensitizations and allergies can take place in
utero or soon after birth. Findings from the study reveal that a large proportion of children
aged 0 to 1 year were already sensitized (nut-specific IgE) to almond, Brazil, hazel, and walnut.
Potential sensitization routes included breast milk, peanut- or soya-containing infant formula,
and trace contamination of infant diet and use of peanut- or soya-containing eczema creams.
Two major allergens in almonds are identified: 70-kDa heat-labile and 45- to 50-kDa heat-stable
proteins. Although several different Brazil nut proteins are allergens, the major one, Berel,is
a high-methionin-containing protein (77). This 12-kDa protein has two subunits, a 9-kDa and a
3-kDa protein. A major walnut allergen is a 65-kDa glycoprotein, Jug r 2, similar to other plant
vicilins, as well as another walnut allergen, Jug r 1, a 2S albumin seed storage protein (78).

OTHER ALLERGENS

Protein and oil components of sesame seed cause immediate and delayed hypersensitivity
reactions (79). Lupine allergens extensively cross-react with other legume species (80,81). Kiwi
allergy is increasing (82,83) with kiwellin, a cysteine-rich 28-kDa protein, isolated as the
important allergen (84). Apple peel extract from 10 different apple varieties show both
antigenic and allergenic activity associated with the oral allergy syndrome (85). Oilseed rape
and turnip napin 2S allergens have been identified (86). An N-linked glycan from oranges has
specific IgE-binding properties (87). Examples of pollen-food related syndromes are listed in
Table 4.

HIDDEN ALLERGENS

Hidden allergens are protein sources that often are not recognized or included on product
labels. In a United States study, there was a known allergy to the triggering food in 41% of
emergency department visits for allergic reactions to foods (10). Of the 32 food-related fatalities
reported in Ref. 95, at least 87% of subjects had a prior history of a reaction to the responsible
food allergen. In a retrospective study of the 530 food-allergic reactions, 22.4% were considered
to be due to hidden allergens (96) (Table 5). Although food-induced anaphylaxis is well
known, continued ongoing research seeks to improve both diagnostic tools and to improve
predictors of anaphylaxis risk.

Table 4 Pollen- and Respiratory Food—Related Syndromes

Reference
Pollen
Pollen/food allergy syndrome 88
Ficus fruit syndrome 89
Latex fruit syndrome 90,91
Oral allergy syndrome 92
Respiratory
Flour 93
Seafood 94
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Table 5 Source of Hidden Food Allergens

Food group Food source

Shellfish Oil, contaminated equipment

Fish Cooking oil, salmon cream canape
Nuts Chocolates, cookies, pastries, cakes
Fruits Ice creams

Legumes Ham, sausage, cheese puffs

Egg lce cream, pastries

Other examples of hidden allergens include uncooked anchovy, fish, and shellfish,
contaminated with Anisakis simplex larvae, a fish worm truly responsible for the allergic
reactions, accounting for the majority. of anaphylactic reactions in a Spanish geographical area
(96). In another case, a lupine allergen with a molecular weight close to 14 kDa was detected in
extracts from cookies, a chicken bouillon cube, and a chicken dehydrated soup (97). Similarly, a
human sera-based immunoassay identified the presence of unknown peanut allergens in
products belonging to various food categories, such as cereals, cookies, cakes, and snacks (98).
In most cases, food producers are able to detect and eliminate this sort of contamination and
implement measures to prevent the presence of hidden allergens in their products, thereby
increasing food safety for sensitized persons.

DIAGNOSIS

Food allergy often manifests as gastrointestinal symptoms, and patients therefore often consult
a family physician or a gastroenterologist who may not be sufficiently knowledgeable to
diagnose food allergy (99-101). Allergic reactions to foods are the most common cause of life-
endangering anaphylaxis (102). Asero et al. (103) in a review of food allergy identified a major
problem in the diagnosis of food allergy, i.e., the relatively poor “clinical specificity” of both
skin and in vitro tests. Another major problem in appropriately diagnosing food allergy is the
fact that there are no standardized food allergen extracts (104).

A detailed medical history, physical examination, and appropriate laboratory tests are
necessary to diagnose food allergy (Table 6). Skin prick test and RAST are sensitive indicators
of food-specific IgE; however, they are not very predictive of clinical sensitivity (105). A
positive skin test to a food indicates the possibility that the patient has symptomatic reactivity
to that specific food, although overall the positive predictive accuracy is less than 50%. A
negative skin test confirms the absence of an IgE-mediated reaction with an overall negative
predictive accuracy of greater than 95%. The definitive diagnosis of food allergy is based on
standardized oral challenges.

On the basis of previously established 95% predictive decision points for egg, milk,
peanut, and fish allergy, greater than 95% of food allergies diagnosed in prospective study of
100 children were correctly identified by quantifying serum food-specific IgE concentrations
(106). Using allergen-specific IgE values for egg, 6 kUA /L; milk, 32 kUA /L; peanut, 15 kUA/L;
and fish, 20 kUA/L as diagnostic decision points, the positive predictive values in this
prospective study ranged from 96% to 100%. By using decision points of 100 kUA /L for wheat
and 65 kUA/L for soy, the predictive accuracy was 100% and 86%, respectively. Using these
predictive values, the authors have been able to reduce DBPCFC by 40% to 50%.

Table 6 Important Information from Medical History

The food suspected to have provoked the reaction

The quantity of the food ingested

The length of time between ingestion and development of symptoms

A description of the symptoms provoked

If similar symptoms developed on other occasions when the food was eaten
If other factors (e.g., exercise) are necessary

The length of time since the last reaction
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Over a nine-year period in a tertiary clinic in Australia, infants and young children with a
large skin prick test wheal (mean size 8-10 mm) was associated with a >95% likelihood of
clinical reactivity to cow’s milk, egg, and peanut, as confirmed by an open food challenge
(107). For each food it was possible to identify a skin wheal diameter at and above which
negative reactions did not occur: cow’s milk, 8 mm; egg, 7 mm; and peanut, 8 mm. In contrast,
positive reactions could occur even with a skin wheal diameter of 0 mm. Therefore, the
DBPCFC remains the gold standard to determine food allergy.

A retrospective chart review of 584 food challenges where 253 (43%) resulted in an
allergic reaction, the median food-specific IgE for a failed challenge was 2.0 kUA/L for milk,
1.2 KUA/L for egg, 1.9 KUA/L for peanut, 9.3 kUA /L for soy, and 19.6 kKUA /L for wheat (108).
Celik-Bilgili S et al. (109) calculated a 90% positive predictive serum-specific IgE level for cow’s
milk to be 88.8 kU/L and for hen’s egg to be 6.3 kU/L that correlated with positive challenge
studies. In each case, caveats include the age of the population under investigation and
sensitivity and specificity of the allergen-specific IgE.

A newer method to confirm food allergy is by food allergen epitope recognition patterns,
conformational versus sequential and number of epitopes recognized, combined with the
intensity of IgE binding by microarray analysis. They are considered to be important
determinants of severity and duration of food allergy (51).

Food challenges, when necessary, should be administered with the patient in a fasting
state, starting with a challenge dose of the food in question unlikely to provoke symptoms,
generally 125 mg to 500 mg of lyophilized food. This dose is then increased every 15 to
60 minutes depending on the historical reaction. A similar scheme is followed with the placebo
portion of the study. Clinical reactivity can be ruled out when the blinded patient tolerates up
to 10 g of lyophilized food in capsules or liquid. If the blinded portion of the challenge is
negative, it must be confirmed by an open feeding under observation to rule out rare false-
negative challenges (Table 7). Retrospective studies have been investigated to determine
serum-specific IgE concentrations in subjects that underwent oral food challenges (Table 8).

Shreffler et al. (51) demonstrated that 97% of subjects with peanut allergy have IgE that
reacts to at least one peanut allergen, whereas 77%, 75%, and 77% recognized rAra h 1, rAra h 2,
and rAra h 3, respectively. Subsequently, Astier et al. (118) showed that cosensitization with
rAra h 1, 2, and 3 is more predictive of clinical reactions and even more severe reactions.

Table 7 Sample Schedule for Double-Blind, Placebo-Controlled Food Challenge®

Time (hour of day)

Time (min) Food (PM) Placebo
0:00 125-500 mg 3:00 500 mg
0:15 19 3:15 1g
0:30 29 3:30 2q
0:45 39 3:45 ’ 39
60 35¢ 4:00 35¢g

2For a review of DBPCFC recipe validation of food challenge materials for children,
the reader is referred to the Journal of Allergy Online Repository (http:/www
.jacionline.org/article/S0091-6749(03)02481-3/fulltext).

Table 8 Novel Food Therapies

Therapy Mode of action Reference
TNX-901 Anti-IgE antibody 111
Chinese herbal medicine Unknown 112
Birch pollen immunotherapy Tolerance 113
Peptide(s) Tolerance 110
Chimeric antibodies Tolerance 114
Probiotics and Th adjuvants Tolerance/Th switch 115
Dietary manipulation Avoidance 116,117

Source: From Ref. 110.
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Table 9 Published Values for Diagnosis (IgE), Exposure, and Threshold Response Concentrations

Diagnosis (KUA/L Threshold response
Food specific antibody) Exposure (grams food/protein) (milligrams protein)
Egg >7 (120); 6 (121) 43 g (4.3 g protein) (122) 1/20 (2000 mg protein) (123)
Milk 32 (121) 226 g (7.2 g protein) (122) 30 mL(965 mg protein) (123)
Peanut 15 (121) 14 g (3 g protein) (122) 1% (500 mg protein) (124)
Fish 20 (121) NA® NA

2Not available.

THERAPIES

Nowak-Wegrzyn and Sampson (119) reviewed novel therapies for food allergy (Table 9). The
immunotherapeutic strategies to treat peanut allergy suggest that a combination therapy of
anti-IgE and other therapies could work (125). In a randomized, uninterrupted avoidance
versus oral desensitization protocol of children with IgE-dependent milk or egg allergy, oral
desensitization helped children overcome their food allergy while those on avoidance diets
often develop a lower threshold of reactivity to the incriminated food as evidenced by single-
blind, placebo-controlled food challenge (SBPCFC) (126). A SBPCFC to milk was positive in
11.1% of those following oral desensitization versus 40% after avoidance, whereas for egg
allergy, a SBPCFC was positive in 30.6% after oral desensitization versus 48.6% for avoidance.

THRESHOLD DOSES

A better knowledge of clinical reactive thresholds in still needed (123). Small quantities of
hidden allergens in foods and their concentrations are calculated to be in the range of 0.003% to
2.3% (wt/wt) (127). Taylor et al. (128) presents a comprehensive review of problems
encountered by industry and the rational link with the determination of threshold doses as
well as a thorough report of the experience of several clinical groups with a daily practice
of standardized food diagnostic challenges. Morisset et al. (129) reports minimal reactive
quantities that guarantee a 95% safety for patients who are allergic to egg, peanut, or milk. On
the basis of consumption of 100 g of food, the detection tests should ensure a sensitivity of
10 ppm for egg, 24 ppm for peanut, and 30 ppm for milk. Lowest reactive threshold doses from
125 positive oral challenges to egg, 103 to peanut, 59 to milk, and 12 to sesame were 2 mg of
egg, 5 mg of peanut, 0.1 mL of milk, and 30 mg of sesame seed, respectively.

Factors that are likely to modify threshold or response levels include the allergen(s) in the
food, exercise, simultaneous intake of aspirin, regular treatment with B-blockers or
angiotensin-converting enzyme inhibitors, association with other food/pollen allergens,
alcohol, and content of fat in the food or meal. Additional problems include processing,
storage, and genetically modified food technologies that may alter a protein or food itself
exposing neoallergens (130). Guidelines to assist clinicians and allergic individuals continue to
be challenging in light of these many variables.

MECHANISMS

Allergen-reactive Th2 cells play a central role in the pathophysiology of allergic diseases. A
summary of food allergens mapped for T-cell epitopes indicates that T-cell activating peptides
also bind IgE antibodies (131). T-cell subset patterns reveal that the childhood IL-4 cytokine
response is predominantly from CD4-+ CD45RO+ cells, whereas IL-4 and IFN-; secretion of
nonallergic controls involves CD4+ and CD8+ CD45RO+ cell populations (132). Food-allergic
IL-4 cytokine response to relevant allergens is predominantly from a memory population of
CD4-+ CD45RO+ cells, whereas INF-; and IL-4 of nonallergic controls is predominantly from
mixed CD4+ and CD8+ CD45RO+ cells.

Using carboxyfluorescein succinimidyl ester labeling and cloned T cells to investigate
food antigen-specific T-cell responses in peanut-allergic and nonallergic children and children
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who outgrew their food allergy, nonallergenic foods (B-lactoglobulin, ovalbumin) induce a
Thi-skewed cytokine profile regardless of the allergic status of the donors (133). This
Th1-skewing induced by nonallergenic food antigens is characterized by a high production of
IFN-7y and TNF-a, almost undetectable production of 1L-4 and IL-5, and relatively low
production of 1L-13. Peanut-allergic donors show a Th2 polarization of cytokine production by
peanut-specific cells (IFN-'°%, TNF-o/*%, IL-4"8", IL-5M#h [L-13M8"), confirming that these
cells are indeed peanut specific by cloning.

Children, age two to five years, with active egg allergy atopic dermatitis and those who
had outgrown their egg allergy, were used to detail their peripheral blood lymphocyte
immunologic response (134). A marked increase in IL4 and a decrease in IFN-; synthesis by
peripheral blood lymphocytes following ovalbumin specific in vitro stimulation were observed
in active atopic dermatitis. In contrast, ovalbumin-induced IL4 synthesis in patients in
remission was comparable to that in normal individuals. Children with clinically resolving
milk allergy had a persisting Th2 cytokine response. Th2-cell-dependent, peanut-specific IL-5,
[L-13, and CCL22 were common in peanut-tolerant individuals regardless of whether they had
a positive or negative skin test (135). This led the authors to suggest that the continuum and
spectrum of Th2 responses among individuals with negative and positive skin tests might be
more important than the Th1/Th2 balance.

Children who outgrew their milk allergy (tolerant children) had higher frequencies of
circulating CD4(+)CD25(+) T cells and decreased in vitro proliferative responses to bovine
p-lactoglobulin in peripheral blood mononuclear cells (PBMCs) compared with children who
maintained clinically active allergy. Clearly, there is additional research needed to address the
significance of Th1/Th2 cytokine balance, T regulatory cells defined as regulatory T (Treg)
cells, and allergen-specific IgE and skin test responses that could be related to the allergen and
mucosal response.

Comparison of phenotypic and functional characterization of PBMCs before and after in
vivo milk challenges from children with clinical active or resolved cow’s milk allergy suggests
a possible mechanism for mucosal induction of tolerance against PB-lactoglobulin (136).
Gastrointestinal lymphoid tissue activation and expression of specific effector T cells and
CD4+CD25 + Treg are thought to be responsible for the reduced in vitro proliferative response
to B-lactoglobulin in children who outgrow their cow’s milk allergy.

Factors necessary for a food protein antigen to function as an allergen remain
unidentified, even though structural and biochemical characteristics that provoke allergic
responses continue to be discovered. Allergen-specific antibody-binding sites are routinely
limited to short amino acid sequences of proteins identified as sequential or conformational.
Specific cross-reactivity with proteins sharing sufficient sequential and/or conformational
homology can exist with the original immunogen/allergen as well as other related proteins
(137). Continuous epitopes of allergens consist of amino acids in the primary sequences, while
conformational epitopes exist as a consequence of three-dimensional folding of the proteins.
Therefore, divergent patterns of cross-reactivity and clinically relevant allergic reactions to
foods can occur in individual patients (138) (Table 10).

To trigger an allergic reaction, at least two different epitopes on the surface of the
allergen must cross-link IgE to result in a biologic response. Sequential epitopes, consisting of
linear amino acid sequences, have been characterized by preparing overlapping peptides
derived from the primary allergen sequence (139). Conformational epitopes have nonlinear

Table 10 Food Allergen Cross-Reactivity

Specific IgE to multiple

members of the family Clinical reactivity
Milk Common Common
Legumes Common Uncommon
Wheat Common Uncommon
Fish Common Uncommon
Crustacea—mollusks Common Unknown or questionable
Tree nuts Common Uncommon
Egg—chicken Occasional Rare
Milk—beef Occasional Uncommon
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amino acid sequences due to secondary and tertiary structure. Evidence for conformational
epitopes have been determined using resolution of antigen-antibody complex structures (140),
site-directed mutagenesis using mismatched oligonucleotides prepared by polymerase chain
reaction to alter the amino acid sequences (141,142), and peptide mimics (individual peptides
isolated from peptide libraries that frequently yield peptides mimicking the binding site of the
cognate antigen for the specific antibody but does not correspond to the linear sequence) (143).
Using a Bet v 1-related food allergy as a model, five patients were investigated by cross-
competitive ELISA for specific and cross-reacting IgE to Bet v 1 and its homologues, Gly m 4
(soybean), Ara h 8 (peanut), and Pru av 1 (cherry) (144). By competitive immunoscreening and
epitope mapping of these birch pollen-related food, the model revealed patient-specific IgE
epitopes; however, one surface binding area was recognized by all patients and two areas were
recognized by three patients. Cross-reactivity can further be assessed by structural similarity
using an in silico homology search in combination with in vitro IgE antibody assays (145).
Using peptides or mimotopes for allergen molecules, epitopes in a three-dimensional format
can be studied by crystallographic comparisons. IgE epitopes identified in this manner were all
conformational and responsible for high-affinity interactions with specific IgE preferentially
forming di-, tri-, or multimers that display repetitive IgE epitopes (146). As B lymphocytes are
pattern recognizers, this feature is essential for a memory response, but may also be critical for
the very first allergen contact and initiation of the IgE response.

CONCLUSION

The incidence of food-allergic-induced anaphylaxis is increasing. The natural history of food
allergy varies; some go away with time while others are lifelong. New food allergens continue
to be recognized, identified, and characterized at the molecular level, and the immunologic
mechanisms responsible for both food tolerance and hypersensitivity are under investigation.
Although several experimental treatments are promising, none are currently clinically
available for the practicing physician.

Detailed studies on how foods sensitize will become more feasible as the structure and
molecular properties of food allergens are finalized and more standardized food allergens
become available for diagnosis. Continuing studies on the patterns of sensitization will give
more insight into the development and possible treatment of protein-related food allergy.

SALIENT POINTS

¢ Food allergens, found in plants and animals, are classified on the basis of their biologic
function or protein membership families.

* A complete medical history and physical examination combined with laboratory
testing is essential to diagnose food allergy.

¢ Many food allergens occur naturally as dimers or trimers often making their molecular
weight 150 to 200 kDa.

¢ IgE immunogenicity is accurately determined by factors unrelated to the primary
structure of the protein and must take into account the food source and how the
allergen enters the body—essentially, the protein must induce B cells to produce IgE.

* Food allergies are different throughout the world because of different foods and diets.

® A retrospective study of food-allergic reactions reveals that 22.4% are due to hidden
allergens.
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