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more, the digested allergen may be different from
the form that was originally ingested. This further
complicates establishment of a cause-and-effect
relationship necessary for allergen identification.

The gut-associated lymphoid tissue (GALT)
is unique in that it must mount a rapid response to
harmful foreign substances while remaining un-
responsive to enormous quantities of nutrient
antigens. GALT is composed of Peyer's patches
and the appendix, lymphocytes and plasma cells
of the lamina propria, intraepithelial lymphocytes,
and mesenteric lymph nodes.rs It may respond
differently from peripheral lymphoid tissue in the
spleen and lymph nodes from which most of our
information concerning the immune response is
obtained. Food antigens in such an environment
may have different properties, compared with
conventional antigens.

Exposure to foods also occurs through other
routes such as through contact (skin) and inhala-
tion (lungs). This has been well described in oc-
cupational reactions in food industry workers.16
The relationship of food allergic responses in-
duced through inhalation to those stimulated
through the gut and the similarities and/or differ-
ences of allergens that induce such responses need
to be studied. There is also a need to establish the
relationship of inhaled allergens to ingested aller-
gens with regard to food allergy pathogenesis,
and to determine other significant factors about
food allergies such as threshold levels of sensiti-
zatron for provocation, important in terms of es-
tablishing parameters for regulation. 17

C. Complexity of Foods

Food is a complex mixture containing a vari-
ety of allergenic and nonallergenic components.
Identifying, purifying, and charactertzing the al-
lergens in food can be a major challenge. Most
known food allergens are soluble in aqueous sol-
vents; there is essentially no information on aller-
genic components that are not soluble in aqueous
solvents. As noted above, digestive processes can
also affect food allergens. The nature of food
allergens that actually interact with the GALT
may be quite different from the form that was
ingested with foods.

Some food allergens may be present in trace
amounts, yet may be major allergens. Purifying
and charactertzing such trace allergens can be
especially difficult. Because of the exquisite sen-
sitivity of some allergic consumers, allergens may
be present in harmful amounts even as trace con-
taminants. This situation can easily lead to mis-
taken conclusions regarding the allergenicity of
specific foods.

Significant allergenic cross-reactivity has been
described among foods from closely related
sources as well as between foods and seemingly
unrelated or remotely related materials with es-
sentially no phylogenetic relationship.ts'to t.-
gumesre,20 and crustaceare are examples of foods
that cross-react within the same family. However,
the mere fact that members of these food families
cross-react does not necessarily mean that these
reactions are clinically significant. The substan-
tial cross-allergenicity for crustacea appears to be
clinically importan t,2 t'zz but cro s s-reactivity among
the legumes does not appear to be clinically sig-
nificant.23 These observations further complicate
our understanding of food allergen reactivity.

In an attempt to organize allergens with re-
gard to patient reactivity, the following classifica-
tion system has been developed to better describe
allergens. Allergens to which the majority of pa-

tients react are described as "major allergens,"
compared to other allergens, or "minor allergens,"
to which a minority of patients react2a (see Ar-
ticle 7). Generally, although not always, major
allergens tend to be predominant components
present in allergen extracts. There have been sev-
eral attempts to define major allergens based on
the number of individuals who react with these
materials, or on the intensity of the biological
reaction.25-27 Although major allergens are gener-
ally of greatest interest, we cannot ignore minor
allergens, which also sometimes cause serious
reactions in sensitized subjects (see Article 7).

Some extracts contain allergens, which al-
though having similar physical, chemical, and
immunochemical structures, differ slightly from
one another in isoelectric point.2a The term
isoallergens has been used to denote such mol-
ecules isolated from the same source. The slight
differences observed in these allergens are due to
minor structural differences in the carbohvdrate
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that can cause allergic reactions. They also act as

haptens by binding to macromolecules and subse-

quently as complexes that cause IgE bridging' It

has not yet been determined that this occuts in

vivo tn allergic disease and is a substantial factor

in allergic reactions.
Most known food allergens have mol wt be-

tween 10,000 and 70,000 Da.le Although smaller

molecules may be immunogenic, the mol wt of

10,000 Da probably represents the lower limit for

the allergenic response. The upper limit is prob-

ably a result of restricted mucosal absorption of

larger molecules.re However, some allergens such

as the peanut allergens Ara h 1 (mol wt 63'5 kDa)

and Ara h 2 (mol wt 17 kDa),a2'a3 exist in native

form as large protein polymers that are 200 to

300 kDa in size. It is not clear if such large mol-

ecules act as allergens or are disassociated during

the digestive process. Most food allergens are

glycoproteins with acidic isoelectric points' How-

ever, this is a property of most antigens and does

not necessarily represent a unique property for

food allergens. All allergens are proteins, but not

all proteins are allergens. Many allergens contain

posttranslational modifications, such as the addi-

tion of oliogosaccharides.
The biochemical structure of a few food aller-

gens has been determined (see "Food Allergens"

by Robert K. Bush and Susan L' Hefle in this

issue). when the biochemical structure of various

allergenic proteins is compared, there does not

appear to be any consistent pattern that is repre-

sentative of allergens in general, or food allergens

specifically. Comparisons of primary amino acid

,"qu.n..s of allergenic proteins have not revealed

unique or typical patterns. There also does not

uppèut to be any particular pattern to the protein

tertiary structure, such as an alpha helix, beta

strand, or loops.aa When the primary structure of

an allergen is compared to other proteins, amino

acid sequence similarities occur with a number of

proteins in our environment. In light of the evolu-

tion of all living organisms, this should not be

surprising, but illustrates that there may be certain

as yet undetected structural features of allergens

that render them different from other proteins'

The surface of an antigen/allergen that inter-

acts with cells of the immune system or specific

antibodies are defined as epitopes. Epitopes that

react with T cells are called T-cell epitopes'45

Those that react with antibody or antibody-pro-

ducing B cells are called B-cell epitopes'aa

Epitopes are either conformational or linear'

Conformational epitopes depend on the tertiary

structure of the protein or several amino acid

sequences on the protein surface. Linear epitopes

depend on the linear sequence of amino acids in

a protein. The general belief is that T-cell epitopes

are linear, whereas B-cell epitopes are conforma-

tional. However, there are also exceptions to this

rule.aa By definition, all B-cell epitopes must be

on an outer surface of the molecule (Figure 1)' If

an epitope is composed of a series of covalently

linked amino acids it is called a continuous epitope.

An epitope that is composed of two different

amino acid sequences which through their tertiary

structure form one epitope is called a discontinu-

ousepitope.Becauseinvestigatingdiscontinuous
epitopes is technically more demanding, there is

gèneially much more information available on

óontinuous epitopes. The minimum number of

amino acid residues is 8 for continuous epitopes'46

whereas discontinuous conformational epitopes

have l6 or more.al
T cells exclusively recognize protein antigens

that are processed by proteolysis into short pep-

tides. They are recogntzed by the T-cell receptor

(TCR) only after the allergen has been phagocy-

trzed by an antigen-presenting cell (APC)'ou By

structuial analysis with X-ray crystallography' it

has been shown that the peptides are set in an

extended form in a cleft of the presenting mol-

ecules between the cr-helices of the cr, and the u,

domain.a6 Antigen processing by an APC includes

proteolytic digestion of the antigen and presenta-

iion of the peptide fragments in the peptide bind-

ing groove of the HLA class II molecule on the

nÉc surface. The TCR then responds specifically

to theep i tope in thema jo rh is tocompat ib i l i t y
complex (MHC) II groove. Chemical analysis of

the peptides eluted from MHC molecules has es-

tablished that they are usually eight to nine amino

acids long.a6 Determination of the complete rep-

ertoire of T-cell epitopes of allergens remains a

formidable task due to their number and the vari-

abi l i tyinrecognit ionbydifferentindividuals.
Although our knowledge of T-cell epitopes

of food allergens is largely extrapolated from
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TABLE 1
Sequence of Some B-Cell Epitopes of Five Ailergens

Source Allergen/residue AA sequence

Ragweed pollen Amb a 3

Mite

Bee venom

Mi tk

Shr imp

residue 53-63 TrpArgGluGluValArgAsnGluGluAlaTyr
Der p 1 CysGlnlleProProAsnAlaAsnlyslleArg
residue 1 17-133 GluAlaleuAlaGln

A p i m 4
residue 20-26

Lactoglobulin
residue 124-134

Tropomyosin
res idue 153-161

I leLysArg LysArgGl nG I n

Ref.

47a

47b

47c
ArgTh rProG luValAspAspG I uAlaLeuG I u
Ala 47d

PheleuAlaGluGluAlaAspArgLys 39

TABLE 2
Continuous and Discontinous B-Cell Epitopes of Some Food Ailergens

Source Name

Egg Gal d 2
Gal  d4

Milk B- lactoglobut in
cr-lactalbumin

Wheat Amylase
inhibi tor

Fish Gad c t
Shrimp Pen a 1

lgE +  lgG 7
lgG
l g E  1
lgE 1
l g E  5

lgE +  lgG
l g E

Antibodies Continuous Discontinuous
tested epitopes epitopes Ref.

4Te
3 47t

47d

479

47e
39

3
2

epitopes, although they are not totally successful.
For example, algorithms based on the calcula-
tions of polar and nonpolar amino acid residues
have been used to predict those residues located
on the surface of the molecule. However, this
information is incomplete because host respon-
siveness determines those epitopes to which an
individual reacts.

C. Agronomic Considerations

Variations may occur in the type and amount
of individual proteins in foods as a result of agro-
nomic conditions. For example, the glycinin con-
tent of soybeansa8 and the arachin content of pea-
nutsae are affected by agronomic conditions.
However, no studies have been done to determine
if such condit ions have any effect on the
allergenicity of specific foods.

The type and amount of individual proteins in
foods may also vary from one variety or cultivar
to another. Very limited studies have been con-
ducted to determine if such conditions have any
effect on the allergenicity of specific foods. The
IgE-binding proteins of almonds are similar for
the three major varieties: Nonpareil, Mission, and
Carmel.s0 Florunner and Virginia peanuts are rea-
sonably equivalent in their abilities to bind pea-
nut-specific IgE in inhibition immunoassays.5r
Some individuals with allergies to fresh avocados
react to only one of two common varieties, al-
though most react to both varieties.s2 The amount
of a specific 27-kDa albumin in wheat, which is
a major occupational allergen in baker's asthma,
was variable among seven wheat cultivars used
commonly in Germany.53

The stage of development of a plant or animal
also affects the nature and amount of specific
proteins and perhaps allergens. Again, this possi-
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at 100'C than ovomucoid from fresh eggs.68 Ther-
mal denaturation of ovalbumin had little effect on
its allergenicityóe in one study, but heat-denatured
ovalbumin had substantially less binding to IgE
when compared with native ovalbumin in another
study.To

Some food allergens are quite sensitive to
heat denaturation. The allergens in fresh fruits
and many vegetables are a good example.3s With
apples, skin prick tests were positive with extracts
of fresh apples, but were negative with extracts of
apples heated at 175"C for 30 min.3a Other foods
also contain a mixture of heat-stable and heat-
labile allergens; peanuts as discussed are a good
example.ó5

Although food allergens tend to be resistant
to heat denaturation, this property is obviously
not universal. The use of heat denaturation in the
assessment of the potential allergenicity of a spe-
cific protein obtained through genetic engineer-
ing is problematic. The ability of the heat-treated
protein to induce immunogenic responses should
be evaluated in IgE-responsive systems. Assess-
ment of the heat stability of other biological ac-
tivities of specific proteins cannot be used to pre-
dict the heat stability of immunogenic or allergenic
responses.

2. Resistance to Digestion, Proteolysis,
and Hydrolysis

Most food allergens are resistant to proteoly-
sis or hydrolysis.Tr Although heat treatment leads
to protein denaturation and loss of conformational
epitopes, enzymatrc or acidic cleavage of the
polypeptide chains may destroy both conforma-
tional and linear epitopes. However, the amount
of information on the stability of food allergens to
digestion, proteolysis, and hydrolysis is relatively
limited.

A few studies have even suggested that diges-
tion might enhance the allergenicity of food pro-
teins. Haddad et a1.72 reported that the IgE, from
the serum of some patients with cow's milk al-
lergy is actually more reactive with proteolytic
digests of B-lactoglobulin than to its undigested
form. Schwartz et a1.13 reported that pepsin diges-
tion did not diminish the leE-binding abilitv of
B-lactoglobulin.
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Limited proteolytic digestion of cow's milk
proteins does not diminish their ability to bind to
IgE, although complete hydrolysis does result in
a substantial loss of allergenicity.74,75 The hy-
drolysis of whey proteins with trypsin resulted in
a partial hydrolysate that had no sensitizin g ca-
pacity in guinea pigs.te'tt A commercial infant
formula made with this hydrolysate was deter-
mined to contain less than 20Vo free amino acids,
detectable peptides with chain lengths of up to 10
to 15 amino acids, and a small amount (about l7o)
of proteins with mol wt up to 3000 indicating the
presence of proteins of 2l amino acids in length.78
These proteins are apparently reactive with cow's
milk specific IgE based on the occurrence of ad-
verse reactions to this formula among milk-sensi-
trzed infsnlsz0's0 and the demonstration of signifi-
cant IgE binding to these partial whey hydrolysates
using the sera of certain cow's milk-allergic sub-
jects.8r

The combined effects of pepsin and trypsin
on whey proteins resulted in a greater degree of
hydrolysis and abolished the binding to lgE.tt
The hydrolysis of whey proteins has also been
conducted with an alkaline protease from Bacil-
Ius lichenformis and the resulting peptides sepa-
rated according to their mol wt by gel filtration.s3
The peptides having mol wt above 6 kDa were
capable of eliciting local hypersensitivity reac-
tions in mice while the smaller peptides did not,83
suggesting that extensive hydrolysis may be nec-
essary to eliminate allergenic peptides derived
from whey proteins. The partial hydrolysis of
whey proteins with a mixture of commercial pro-
teases produced two hydrolysates with 20.8 and
12.47o degrees of hydrolysis, respectively.8a Al-
though these hydrolysates displayed substantially
reduced IgE binding, their IgE reactivity was not
completely destroyed.to Ultrafiltration of the hy-
drolysates did produce a hydrolyzed whey perme-
ate with no detectable lgE-binding activity.s4

The effect of digestion and partial hydrolysis
of casein on its allergenicity in humans has not
been investigated. In rabbits, casein peptides with
mol wt between 3500 and 5000 were as immuno-
genic as the intact protein, whereas smaller pep-
tides were 1000-fold less immunogenic.85 While
partial casein hydrolysates tend to retain some
immunogenicity, the specificity of the proteolytic
enzymes used in the generation of these hydroly-
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mine the utility of this tool for the assessment of
the potential allergenicity of specific proteins.

3. Solubility

Most food allergens are soluble in water andl
or saline solutions, thus belonging to the classes
known as albumins (water soluble) and globulins
(salt soluble).tou However, many food proteins
fail into these two solubility categories, so these
features are not particularly distinguishing. Food
proteins may also be either alcohol soluble (pro-
lamines such as gliadin from wheat) or alcohol
insoluble (such as glutelin from wheat). Proteins
in these two categories have not been frequently
classified as allergens. However, these two cat-
egories of proteins have been less frequently ex-
amined for their allergenic potential. Occasion-
al ly, these proteins have been implicated in
IgE-mediated allergies. For example, IgE anti-
bodies to wheat gluten have been identified in a
few wheat-allergic patients.r03 Also, celiac dis-
ease, which involves a cell-mediated immune re-
action associated with an intolerance to wheat,
rye, barley, and oats, is caused by certain gliadin
peptides.r0a Recently, a codfish allergen was iden-
tified in codfish surimi from which the soluble
proteins, including Gad c l, had been removed by
extensive washing.ros

4. Acid Stability

Food allergens are usually quite stable to
moderate acid treatments.33 The treatment of food
allergens with acid concentrations simulating
stomach acid conditions typically has little effect.
The lability of the allergens in fresh fruit to such
acidic conditions has already been noted as an
exception to this statement. More typically, one
of the major peanut allergens, the 65-kDa con-
canavalin A-reactive glycoprotein, is stable at pH
2.8.64 Ovalbumin, one of the major eggwhite al-
lergens, is stable at pH 3.0.70 A demonstration of
a lack of immunogenic stability under simulated
stomach acid conditions could be an additional
criterion to apply in the assessment of the poten-
tial allergenicity of a given protein. Again, rather

limited information exists on the comparative acid
stability of food allergens. Gathering additional
data would be an important consideration.

5. Effect of Chemical Modification of
Amino Acids on Allergenicity

Chemical modification may also involve the
modification of the amino acids in the IgE-bind-

ing epitopes, decreasing binding to allergen-spe-
cific IgE. These approaches occasionally have
value in identifying the amino acids involved in

the IgE-binding epitopes, but do not generally
have much practical value in the processing of
foods. In one of the earliest attempts to use this
strategy, Lee and Sehonroó observed a decrease in

the IgE, binding of ovalbumin after treatment with
polyethylene glycol. The chemical modification
of the lysyl, tyrosyl, tryptophyl, or arginyl side
chains of Gad c 1, or the release of the two cal-

cium ions associated with this protein also re-

sulted in a significant reduction in IgE binding.r0T
The polymerization of Gad c 1 similarly resulted

in diminished allergenic activity. r07'r08

Other approaches also diminish the IgE bind-
ing of some food allergens, but these are the

exception rather than the rule. In contrast, the

reaction of lactose with B-lactoglobulin increased

the skin reactivity of this milk protein in cow's
milk-allergic individuals,r0e suggesting that the

browning reaction may enhance allergenicity in

some situations.
The effect of chemical modifications on the

allergenicity of various food proteins is likely to
be highly specific and related to the amino acid

sequence in the epitope of the allergen. The use of

such approaches in the general assessment of the
potential allergenicity of genetically engineered
proteins would be impossible.

I I I .  EFFECT OF PROCESSING ON FOOD

ALLERGENS

A. Thermal Processing

Because food allergens are generally resistant
to heat and proteolytic enzymes, food processing

s l00
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bean-allergic individuals,sa probably because the
degree of hydrolysis was insufficient to destroy
the IgE-binding epitopes on the soybean aller-
gens. Fermented soy products, such as mold-
hydrolyzed soy sauce, tempeh, tofu, and miso,
also retained their allergenicity, although the level
of IgE-binding ability was diminished by com-
parison to extracts of raw soybeans.sa

A hypoallergenic wheat flour has been devel-
oped through the treatment of solubilized wheat
proteins with actinase, collagenase, and trans-
glutaminase.e6 Similarly, a hypoallergenic rice has
been developed through the treatment of rice with
proteolytic enzymes.e8 This preparation was quite
effective in the treatment of rice-allergic pa-
tients.l3r'r32 The selective digestion of B-lactoglo-
bulin from a whey protein concentrate was ac-
complished by using thermolysin under high
hydrostatic pressure (1000 to 3000 kg/cm2). The
resultant product was devoid of B-lactoglobulin,
but was enriched in cr-lactalbumin, another com-
mon cow's milk allersen.r33

C. Oil Extraction

Removal or exclusion of either all proteins or
only the allergenic proteins during processing
would obviously eliminate the allergenicity of a
resulting food. The extraction of edible oils from
oilseeds, such as peanut, soybean, and sunflower
seeds, by the hot solvent extraction procedure
eliminates all traces of protein. This makes the
resultant oils safe for consumption by allergic
individuals.l34-136 However, Porras et aI.137 identi-
fied soy protein in some, but not all, samples of
soybean oil from Europe, indicating that oil ex-
traction may not always eliminate the proteins or
the allergens entirely. Soy protein was also de-
tected frequently in samples of soya lecithin, a
common food ingredient. 137 Similarly, nonprotein
ingredients from cow's milk may contain traces
of the cow's milk allergens. For example, lactose
can contain allergenic contaminants.l3s

D. Other Processes

Other approaches may diminish the IgE bind-
ing of some food allergens, but these tend to be

s102

the exception rather than the rule. The apple aller-
gen is inactivated by phenolic browning.rl0 Lyo-
philization may diminish the allergenicity of cer-
tain fish extracts. Fish-allergic patients reacted
positively to open challenges with nonlyophthzed,
cooked fish but negatively to double-blind, pla-
cebo-control led chal lenges with lyophil ized
cooked fish.32 However, lyophilizatron is a fairly
unusual food processing operation, and freeze-
dried fish are seldom marketed. Gad c I appears
to be removed from codfish along with other
soluble sarcoplasmic proteins in the production of
surimi.r05 (Surimi is minced and extensively
washed fish which has a gelatinous nature.) How-
ever, another codfish allergen remains in the
surimi, making this product nonhypoallergenic. 105

The effect on food allergenicity of other pro-
cesses used in food manufacturing has not
been evaluated. Homogenization has no notice-
able affect on the allergenicity of cow's milk.117
This is despite theories that homogentzatron re-
sults in an enhancement of availability of aller-
genic epitopes on cow's milk proteins. Most al-
lergenic  food prote ins l ike ly  reta in the i r
allergenicity during food processing and prepara-
tion.

E. Approaches to Hypoallergenic
Processing of Foods

Because of the lack of research and develop-
mental interest, little progress has been made in
formulating hypoallergenic foods. The only
widely commerc tahzed, hypoallergenic foods are
certain infant formulas intended for babies who
develop allergies to cow's milk and soy proteins
used in formulas. These hypoallergenic infant
formulas are based on extensively hydrolyzed
casein and/or whey. Because the proteinaceous
allergens are hydrolyzed to amino acids and very
small peptides, these formulas are relatively safe
for ingestion by most cow's milk-allergic infants.

A few other foods, such as peanut oil, could
be characterrzed as hypoallergenic because they
lack the allergens from the source foods. How-
ever, these products are not marketed in this man-
ner, and it might be unwise to take this approach
unless each preparation is verified to be reproduc-
iblv free of allergens.
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off-ending food including milk in nine incidents at
levels ranging from 0.04 to l.l%a, egg in three
incidents at levels ranging from 0.003 to 0. 16To,
wheat gluten in three incidents at levels ranging
from 0.3 to 71.97o, soy protein in three incidents
at levels ranging from 0.5 to i.0To, and hazelnut
in one incident at a level of 0.2Vo. euantitative
exposure information was available in several of
these cases. Fatal anaphylaxis occurred in a milk-
allergic consumer after eating approximately 100 g
of a sausage product containi ng 0.067o undeclared
casein that equated to 60 mg of casein.rs0 An
asthmatic reaction occurred tn ahazelnut-allergic
consumer following the ingestion of about 3 to
6 g of a chocolate confectionery product contain-
ing0.2Vo of undeclaredhazelnut that equated to 6
to 12 mg of hazelnut.r-50

Perhaps the best estimates of the lowest toler-
ated dose can be obtained from DBPCFC. These
challenges have been conducted for diagnostic
purposes rather than for determining the lowest
tolerated dose. The typical protocol involves start-
ing at a dose that is one half or less than the
amount of the offending food estimated by the
patient to provoke symptoms. 15r A typical starting
dose is often 400 to 500 mg,rs2 although consid-
erable physician judgement is always involved in
the selection of the starting dose. In fact, some
physicians choose not to perform blinded food
challenges on patients with histories of life-threat-
ening anaphylactic reactions.r52 Therefore, these
estimates of the lowest tolerated dose may ex-
clude some of the most sensitive patients. Atkins
et al.r53 demonstrated that cottonseed meal pro-
tein elicited adverse reactions in sensitive indi-
viduals at doses ranging from 100 to 350 mg.
SampsonraO indicated that 50 to 100 mg of peanut
protein elicited adverse reactions in some allergic
children in DBPCFC. In their pioneering studies
on the use of rush immunotherapy to decrease the
severity of peanut allergy, Oppenheimer s1 3l.rs+
elicited adverse reactions in peanut-allergic pa-
tients at doses as low as 30 mg before immuno-
therapy, although the provoking doses ranged from
30 mg to 8 g with an average of 4 g. In patients
with histories of l i fe-threatening symptoms,
Oppenheimer et al.r5a initiated DBPCFC at 1 mg
of defatted peanut. Other peanut-allergic patients
were started at a dose of 100 mg of defatted pea-

nut. The upper limit in DBPCFC is rypically 8 g
of  the of fending food.r5r  In  the studies of
Oppenheimer et al.,r54 a cumulative dose of 15.8
to 15.9 g was reached, although the maximum
single dose was 8 g. Certainly, many food-aller-
gic individuals do not react until several grams of
the offending food are ingested. These experi-
ences demonstrate convincingly that very small
doses of food allergens can elicit allergic reac-
tions. Milligram quantities of allergenic foods
have elicited allergic reactions in sensitive indi-
viduals. Although a precise estimate of the lowest
tolerated dose cannot be ascertained reliably, con-
siderable caution should be exercised to limit
consumer exposure to known allergenic proteins.

B. Severity as a Function of Dose

As with all toxic responses, allergic reactions
display a dose-response relationship and become
more severe as a function of dose. This is clearly
the case in dose-response relationships observed
in intradermal skin testing (ST). The evidence
supporting this statement with food allergies is
mostly observational and anecdotal. Again, the
experience from DBPCFC demonstrates that a
threshold exists at a given time in each patient
below which no clinically significant reaction is
evident. As noted above, the thresholds are quite
low for many patients. The DBPCFC is stopped at
the lowest dose eliciting adverse reactions. Be-
cause human subjects are involved, it would be
unethical to determine in any controlled way that
a higher dose would provoke a more serious reac-
tion. However, most patients experience rather
mild reactions in DBPCFCs, and describe much
more severe symptoms occurring during actual
allergic reactions where more of the offending
food was likely eaten.

C. Sources and Detection of Trace
Exposures

The primary means of preventing food-aller-
gic reactions is to follow a specific food avoid-
ance diet.14r'rs5 Because allergic individuals can
react adversely to ingestion of trace quantities of

s l04
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A. ln Vitro Tests

1. lmmunoassays and lnhibition
Immunoassays

The radioimmunoassay (RIA) and RIA inhi-
bition procedures have been described in some
detail by Yunginger and Adolphson.r62In the RIA
(Figure 2), an extract of the food is attached to a
suitable solid phase. The serum from individuals
with allergies to that food is incubated with the
solid phase allowing the allergen-specific IgE
antibodies to bind to the solid-phase allergen. The
bound IgE antibodies are then detected with the
aid of r2sl-labeled anti-human IgE. In an alterna-
tive enzyme-linked immunosorbent assay (ELISA)
procedure, enzyme-labeled anti-human IgE is
used. These immunoassays rely on the availabil-
ity of blood serum from food-allergic individuals.
Unlike in vivo tests, these individuals do not have
to be physically present during the test.

In the inhibition format, an extract of the food
is bound to the solid phase just as in an immu-
noassay. The IgE-binding ability of a test extract
(e.g., a processed form of the food) is assessed by
mixing increasing concentrations of the test ex-
tract with human sera from food-allergic indi-
viduals and allowing the mixtures to incubate
with the solid phase. A competition occurs for
IgE binding to the solid phase vs. the test extract.
The amount of IgE bound to the solid phase is
determined using r2sl-labeled anti-human IgE. An
inhibition curve is developed which plots the
counts bound to the solid phase vs. the protein
concentration in the free phase or test extract. The
inhibition immunoassay has been used success-
fully to detect trace residues of allergenic proteins
contaminating other foods,laz-t4e'157'tse and to as-
sess the effect of processing on the allergenicity
of various products made from peanuts and soy-
beans.5l '54

2. Crossed lmmunoelectrophoresis and
R ad i o i m m u n oe I ect ro p h oresis

CIE and CRIE have been used to separate and
detect the multiple allergens that exist in most
foods.Ta'10:'t0+ fillhough these procedures have

some limitations and have been largely supplanted
by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE), these procedures
could still be useful in the detection of specific
allergens. The general procedures for CIE and
CRIE were described in some detail by Yunginger
and Adolphson.162 The major limitation by com-
parison to SDS-PAGE is the comparative lack of
resolution of individual proteins in the agarose
gels used in CIE and CRIE.

3. SDS-PAGE and Immunoblotting

The separation and detection of allergens is
perhaps best accomplished by SDS-PAGE with
immunoblotting. This procedure has been fre-
quently applied to the identification of multiple
allergens existing in many foods.2e,43'50'60'6r How-
ever, the clinical significance of the individual
IgE-binding proteins revealed by SDS-PAGE has
not been determined, especially with regard to
minor allergens (see "Food Allergens"). In SDS-
PAGE, a food protein extract is treated with SDS
to disrupt polymeric proteins into their simplest
monomeric subunits.165 These proteins are then
separated by PAGE by a variety of slightly differ-
ent procedures. Immunoblotting techniques are
thoroughly described elsewhere.t66't67 The sepa-
rated proteins are electrotransferred to nitrocellu-
lose; the nitrocellulose is overlaid and incubated
with human sera containing IgE antibodies to the
particular food extract; and the IgE-binding pro-
teins are detected using either enzyme-labeled or
radiolabeled anti-human IgE antibodies and a
subsequent colorimetric enzymattc reaction or
autoradiography as appropriate.

B. ln Vivo Tests

1. Skin lesfs

The skin prick test is probably the most fre-
quently used test for the diagnosis of allergies
including food allergies. It is typically conducted
by the prick/puncture method with diluted (1:10
or I:20) extracts of the specific food. A positive
skin test is indicated by the development of a
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allergenicity of specific proteins, the skin test
extract is typically prepared from purified or
semipurified material. The standardizatton of al-
lergen extracts would be desirable to enhance
the reliability of skin tests (see "Allergic Reac-
tions to Foods" by John A. Anderson in this
issue) .

2. Challenge lesfs

The DBPCFC is considered to be the gold
standard for the diagnosis of adverse reactions to
foods.rsr The DBPCFC is often used in the diag-
nosis of adverse reactions to foods (see "Allergic

Reactions to Foods"). For purposes of testing the
allergenicity of food proteins, a group of patients
with well-documented histories of allergic Íeac-
tions to the food under study, who also have
positive skin tests or immunoassays, are selected.
Patients with severe reactions would not partici-
pate in DBPCFC.

For the DBPCFC, the food must be disguised
in some fashion. Usually, the food is dried in
some wa!, and the dried product is encapsulated
in opaque, tinted gelatin capsules.15l The amount
of product that can be placed in one capsule usu-
ally ranges from 400 to 500 mg, although some
exceptions may exist. Alternatively, the food may
be given in a liquid vehicle such as Vivonex'" or
a milk shake; the food may also be disguised in
another solid food such as a hamburger or apple
sauce.lsr The taste of the food must be thoroughly
disguised in whatever vehicle is used. Often, cap-
sules are wiped clean of any excess food and then
dipped in powdered sugar to provide a uniform
and sweet taste.r5r In liquid or solid vehicles, the
taste of the vehicle must effectively disguise any
taste conveyed by the test substances. Strong fla-
vors such as grape or chocolate for liquid vehicles
are often preferred.

The DBPCFC is typically performed over a
range of doses. The starting dose should provide

no more than one half of the food that was present
in the minimally provoking dose by history. The
maximum dose should be 8 g of the dried food
product in a capsule challenge, although larger
quantities might be used with liquid or solid ve-
hicles in adults.

A variety of placebos can be considered.l5l
Obviously, with liquid or solid vehicles, the pla-

cebo is the vehicle without the test substance.
Placebo capsules are often filled with sugar or

some other readi ly metabolized ingredient.
DBPCFCs are strongly preferred over either open
challenges or single-blind challenges. Open chal-
lenges should be considered as a follow-up to
negative DBPCFC to assure that reactions would
not occur under typical preparation practices.

VI. UTILIZATION OF TEST METHODS IN
THE EVALUATION OF THE
ALLERGENICITY OF GENETICALLY
ENGINEERED FOODS

A. In Vitro Tests

1. Immunoassays and Inhibition
lmmunoassays

In immunoassays with genetically engineered
foods, the newly introduced or expressed protein

could be attached directly to the solid phase if

available in purified form. Alternatively, an ex-
tract of the genetically engineered food could be
attached to the solid phase. In this case, the amount
of the newly introduced or expressed protein in

the extract actually attached to the solid phase

should be quantified. The extract must be pre-

pared in a fashion to assure extraction of the
newly introduced or expressed protein as dis-
cussed below for skin test extracts. Ideally, the

concentration of the newly introduced or expressed
protein attached to the solid phase should be

equivalent to that found with a solid phase pre-

pared with the donor food material.
The immunoassays can be more easily used

in the detection of allergens from genetically

engineered foods than the sk in test  (see

Section VI.B.1) because the patients do not need
to be assembled in one location. This is particu-

larly advantageous for less commonly allergenic
donor foods. Of course, the serum must be drawn
from individuals with well-documented allergies
to the donor food in question.

Although the immunoassays will be useful in

the evaluation of the allergenicity of genetically

I
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saline extract does not contain sufficient amounts
of the novel protein, some concentration step
should be considered. The stability of the novel
protein in the saline extract should also be deter-
mined. If this protein is unstable then extracts
should be freshly prepared before each test.

2. Challenge lesfs

The DBPCFC would be applied in the evalu-
ation of individual(s) who have a well-docu-
mented allergic reaction to the food that is the
source of the inserted genetic material in geneti-
cally engineered foods (see "Assessment of the
Allergenic Potential of Foods Derived From
Genetically Engineered Crop Plants"). The docu-
mentation of the allergic status of the individu-
als in the test group should be based on signifi-
cant clinical histories of adverse reactions and
positive DBPCFC to the source food, as well as
positive skin tests and immunoassays for spe-
cific IgE antibodies.

ST and immunoassays with extracts of the
genetically engineered food should be conducted
before the DBPCF'C. If positive skin tests were
obtained with food extracts, extra precautions
would need to be exercised in the DBPCFC.

The food used for DBPCFC challenge should
be harvested, cleaned, and processed in a manner
that would be typical for that food. The challenge
food should contain as many of the components
of that food as might be usually expected. For
example, if evaluating a wheat, the wheat grains
might be converted into a whole-wheat flour. The
form of the product should be that suspected of
causing a reaction. With oilseeds, the meal and
the oil might be tested separately because the
oiliness of whole peanuts could create difficulties
in some administration vehicles. Although most
foods would be dried for convenience before ad-
ministration, fresh foods might be needed for some
DBPCFCs. For example, allergic reactions to fruits
usually only occur to fresh fruits so that fresh fruit
would be the most appropriate test substance in
that case. The dosage recommendations would be
similar to those suggested for any DBPCFC" Al-
ternatively, the purified recombinant protein could
be used in DBPCFC, although IRB approval for
human challenges might prove difficult.
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When conducting DBPCFCs of genetically
engineered foods, the placebo would be the food
from the nonengineered variety. This placebo
should add value to these tests because it would
be analogous in taste, texture, and composition to
the genetically modified food, except forthe newly
introduced proteins.

C.  Animal  Models

New animal models could also be evaluated
for their potential to assess the allergenicity of
foods derived from genetically modeled plants.
There are several criteria that, in theory, such
animal models of food allergy must satisfy. First,
the test animal must tolerate the majority of food
proteins to which it is naturally exposed while
mounting a significant IgE antibody response to
only a few allergenic ones. Second, exposure and
challenge with an allergen must occur orally.
Third, this model must reflect organ sensitivities
similar to those seen in humans during a food-
induced allergic reaction such as GI reactivity,
dermatologic, andl or respiratory hypersensitivity.
Finally, such a model must be relatively easy to
induce and consistently reproducible, from one
time interval to another within the same species
and different laboratories. Unfortunately, such an
animal model is not available now, and may not
be in the near future. The only alternatives are
animals that produce allergen-specific IgE anti-
bodies in response to parenteral allergen immuni-
zation plus adjuvant.rT0 Although these models
are useful in food allergy research and allergenicity
determinations, they are not adequate food al-
lergy models.

Unfortunately, at this time there are no ani-
mal models that can accurately predict the
allergenicity of food proteins or replicate a food-
induced allergic response. The major problem is
that the requirements for such a model are inher-
ently strict and it is difficult to answer complex
questions with only animal models. Another dif-
ficulty with animal models is that all IgE antibody
responses are not the same. Mice and rats differ in
IgE antibody responsiveness,rTr and even differ-
ent strains of mice can differ from one an-
other.172'1'73 This, however, may not necessarily be
a deficiency, because it does reflect the variety of
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