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them out without swailowing. These findings demonstrate allergen absorption from_the buccal

mucosa, which is regarded ó explain the elrly onset of many systemic reactions (12).

In another sen"sitization ,.il"*", Strid et al. (13) demonstrated that the epicutaneous

exposure to peanut proteins in a murine model prevents oral tolerance and enhances allergic

sensitization. In e*periments to determine transepithelial transport of peanut proteins in a

murine model, ileaì loops containing Peyer's patches were filled with solutions containing

digested peanuts. Combined immunòhistóchemical analysis reveals both peanut allergens and

M cells àt tt-," highly inductive Peyer's patch sites oî the normai, presensitized mucosai

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

io food allergens .nrrélut" with the following classification of food allergens. Class 1 food

allergens bot"h sensitize and trigger allergic ieactions via the oral route because they are

quiclly absorbed and distribute-J io the éystemic immune system. However, class 2 food

uìl"rgér1, do 1ot sensitize orally because they are easily digestecl into small peptides and

lose lheir sensitization potential. They elicit uil".gy indirectly when ingested by the fact that

they cross-react with oiher allergené, typicalty i lhatant allergens. Examples include birch

polien, Betv 1, and its numero.,r ho.t-tuiógues-in apple, Mal d 1; celery, Api g 1; and carrot,

Dau c  1 .
Not all proteins in foods are aliergenic of the more than 70 foods that cause food allergies

(16). Historicàlly, major food allerg"rl, à.e water-soluble glycoproteins with molecular weights

ranging from tb to 60 kDa. Howéver, structural characteristics are important for a protein's

alleigelicity, and many food allergens occur naturally as dimers or trimers with molecular

weigits or iso t9 200 kDa (17). Thesle oligomeric forms might have a higher allergenic potential

than monomers because larger molecules have additional epitopes for IgE-mediated histamine

release. For example, inhiÈ'ition experiments demonstrate extensive IgE,cross-reactivity of

recombinant mug#ort profilin and profilin from various pollens and food extracts (18). The

parvalbumin alieigen, Óad m 1, of tÉe Atlantic cod (Gsdus morhun) forms oligomers consisting

àf muitiples of a'single 12.5-kDa protein, in native (gel f i l tration) and under reducing

conditions that does r-,oi completely dìssociate the oligomeric structure consistingof 24,38, and

51 kDa (19). This is considéred a novel finding as no aggregation of fish parvalbumins is

previouslv described, and work to determine wlether oligomerization of this protein iras an

influence on allergenicity is underway.
Using size eiclusión chromatogiaphy, Ara h 1, a major peanut allergen, appears to exist

in an oligJmeric structure rather ttran lis étubl" trimeric state (20). Hyrodrophobic interaction

chromatógraphy causes the oligomers to partly dissociate into trimers, which leads to a change

in tertiary structure of the monòmeric 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 ànd Ara h 1, stiuctural characteristics of oligomerization may be

important for protein allergenicity.
There are no knor.triunique biochemical or immunochemical characteristics for food

allergens versus other allergens. Comparisons of prin'rary -structure 
(amino acid sequences)

of alÌórgenic proteins do rloi.en"ul typical patterns that could be related to allergenicity' Food

allergeis tenà to be resistant to the uiual fòod processing and preparation conditions and are

comiaratively resistant to heat and acid treatment, proteolysis, atrd digestion. For example,

treathent of food allergens with acid concentrationi simulating stomach acid typicaliy has

little effect on the speófic IgE binding of the class 1 food allergens-. There are, however,

important exceptionà, such is the ^à1or lgE-binding allergens in fresh fruits and some

vegetables (class 2 allergens), which are affécted by these_physical conditions, resulting in

dissociation into smaller"peptides and loss of allergeiricity. Fór example, Mal d 1, Api 91, and

Dau c 1 are rapidly digested (15).

IgE immunog"rl[ity is determined by factors that can be unrelated to the primary

structure (amino u".ia r"q.,ence) 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 b"eet-t characterrzed, é.g., Ara h 1 from peanuts. Additionally, the way

allergens enter íh" body, epicutaneouslv or by ingestiory may have a significant impact on the

immune response. Esséntiillv, the protéin must induce B cells to produce IgE to be an allergen

ancl on reexposure induce an allergic response in sensitized individuals.
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Table 2 Al lFam Allergen Family Chart

Helm and Burks Food All
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:equen(
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Protein familv name Number of al lergens

Prolamin supedamily
Profi l ins
EF hand domain
Tropomysins
Cupin superfamily
Expansins, C-terminal domain
Bet v 1-+elated proteins
PR-1 oroteins
Lipocal ins
Subti l is in-l ike serine proteases

56
44
32
27
25
23
22
2 1
20
1 7

Source: From Refs. 27,28.

Table 3 Major Food Allergens in Children and Adults

Children Adults

Mi tk
Egg
Peanut
Soybean
Wheat
Fish
Tree nuts

Peanut
Tree nuts
Fish
Shell f ish

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 u-, p-, i'-casetns (75Vo,22o/o, and3o/a, respectively). The major a-
and B-caseins have molecular weights of approximately 23 kDa, and there are several genetic
variants of each. p-Lactoglobulin (17 kDa), the most abundant whey protein, also has several
genetic variants. r-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 (32,39.

Confusion can arise in tl"re 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,
24ppm 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 (Cal d 1), a
glycoprotein with a molecular weight oî 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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Helm and Burks

both induce the ErkT/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 h7,2, and 3 considered to be the main allergens (57,52). 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 25,75, 11S, and 155. cr-Conglycinin is a primary protein of the
25 fraction while B-conglycinin is the primary fraction of the 75 component. The glycinin
fraction is the primary component of the 115 ultracentrifugation fraction.

Soybeans, like peanut, are legumes that contain multiple allergens (54,55). When
examining specific IgE to ultracentrifugation components, the 25 or 75 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 t 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 lgE-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 u-amylase inhibitor (15 kDa) is also a major wheat allergen.
This protein does not bind IgE from wheat-tolerant control patier-rts, 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
(QQXIPX2QQ) in the repetitive domain of gliadins whereas IgE from atopic eczemaf
dermatitis patients recognizes conformational epitopes (62,69.

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 lgE-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, commonlv
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 or
muscle proteins known as parvalbumins. The parvalbumins control the flow of calcium in antl
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 72 kDa. The tertiary structure of Gad c 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 morr
heat-stable allergen characteristics (69).

Shr imp
Shrimp is the most studied of the Crustacea allergens (70,77). The IgE-binding epitopes of the
shrimp allergen Pen a 1 are now identified (72,73). Deduced amino acid sequence of 284 amino acitls
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Table 5 Source of Hidden Food Allergens
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Table 7

Food group Food source

Shell f ish
Fish
Nuts
Fruits
Legumes
Egg

Oil,  contaminated equipment
Cooking oi l ,  salmon cream canape
Chocolates, cookies, pastries, cakes
lce creams
Ham, sausage, cheese puffs
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 74 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 (99-701). 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 clinicai 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 lgE-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, 6ktJA/L; milk, 32kUA/L; peanut, 75kUA/L;
and fish, 20 kUA/L as diagnostic decision points, the positive predictive values in this
prospective study ranged from 967o to 700%. By using decision points of 100 kUA/L for wheat
and 65 kUA/L for soy, the predictive accuracy was 100% and86%, respectively. Using these
predictive values, the authors have been able to reduce DBPCFC by 40% to 50%.

Table 6 lmportant 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
lf similar symptoms developed on other occasions when the food was eaten
lf other factors (e.9., exercise) are necessary
The length of time since the last reaction

Time (m

0:00
0 : 1 5
0:30
0:45
60

-FOr a r€
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.jacionl in

Table 8

Therapy

TNX-901
Chinese
Birch pol
Peptide(s
Chimeric
Probioticr
Dietary n

Source: I
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Table 9 Published Values for Diagnosis ( lgE), Exposure, and Threshold Response Concentrat ions

Food
Diagnosis (kUA/L
specif ic antibody) Exposure (grams food/protein)

Threshold response
(mil l igrams protein)

Egg
Mi t k
Peanut
Fish

a3 g (a.3 g protein) (122)
226 g (7.2 g protein) (122)
14 g (3  g  prote in)  (122)
NA,

uNot avai lable.

THERAPIES

Nowak-Wegrzyn and Sampson (119) reviewed novel therapies for food allergy (Table 9). The

immunotheiapeutic strategies to treat peanut allergy suggest that a combination therapy of
anti-IgE and other therapies could work (125). In a randomized, uninterrupted avoidance
,re.sré 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 lo*er threshold of reactivity to the incriminated food as evidenced by single-
blind, placebo-controlled food cl-rallenge (SBPCFC) (126). A SBPCFC to milk was positive in

77.77c, of those following oral desensitization versus 40% after avoidance, whereas for egg
allergy, a SBPCFC was positive in 30.6Vo after oral desensitization versus 48.6% for avoidance.

THRESHOLD DOSES

A better knowledge of ciinical 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% (wtlwt) (727). 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. (729) 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 positiveóial challengesto egg, 103 to peanut,59 to milk, and12 to sesame were 2 mg of

egg, 5 mg of peanut, 0.1 mL of milk, and 30 mg of sesame seed, respectively.
Faciors that are likely to modify threshold or response levels include the allergen(s) in the

food, exercise, simultaneous intake of aspirin, regular treatment with p-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

sr-rmÀa.y 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 iJpredominantly from CD4+ CD4SRO+ cells, whereas IL-4 and IFN-7 secretion of
nonallergic òontrols involves CD4+ and CDB* CD45RO+ cell populations (132). Food-allergic
IL-4 cytokine response to relevant allergens is predominantly from a memory population of

CD4+ CD4SROf 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 antigén-specific T-cell responses in peanut-allergic and nonallergic children and children

27 (12o) ;  6  (121)
32 (121)
1 5  ( 1 2 1 )
20 (121)

1l2O (2000 mg protein) (123)
30 mL(965 mg protein) (123)
11/z (500 mg protein) (124)
NA
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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 (740),
site-directed mutagenesis using mismatched oligonucleotides prepared by polymerase chain
reaction to alter the amino acid sequences (747,742), 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 l-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) (744). 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 witl-r in vitro IgE antibody assays (145).
Using peptides or mimotopes for allèrgen 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

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

o 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 22.4o/o are due to hidden
allergens.
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