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Abstract

The first genetically modified (GM) crops approved for
food use (tomato and soybean) were evaluated for safe-
ty by the United States Food and Drug Administration
prior to commercial production. Among other factors,
those products and all additional GM crops that have
been grown commercially have been evaluated for po-
tential increases in allergenic properties using methods
that are consistent with the current understanding of
food allergens and knowledge regarding the prediction
of allergenic activity. Although there have been refine-
ments, the key aspects of the evaluation have not
changed. The allergenic properties of the gene donor
and the host (recipient) organisms are considered in de-
termining the appropriate testing strategy. The amino
acid sequence of the encoded protein is compared to all
known allergens to determine whether the protein is a
known allergen or is sufficiently similar to any known al-
lergen to indicate an increased probability of allergic
cross-reactivity. Stability of the protein in the presence

of acid with the stomach nrotease pepsin is tested as a
risk factor for food allergenicity. In vitro or in vivo human
IgE binding are tested when appropriate, if the gene do-
nor is an allergen or the sequence of the protein is simi-
lar to an allergen. Serum donors and skin test subjects
are selected based on their proven allergic responses to
the gene donor or to material containing the allergen that
was matched in sequence. While some scientists and
regulators have suggested using animal models, per-
forming broadly targeted serum IgE testing or extensive
pre- or post-market clinical tests, current evidence does
not support these tests as being predictive or practical.
Based on the evidence to date, the current assessment
process has worked well to prevent the unintended in-
troduction of allergens in commercial GM crops.

el Copyright © 2005 5, Karger AG, Basel

introduction

Development of genetically modified crops (GM) be-

gan in the 1980s with the development of techniques of
biotechnology and improvements in plant cell culture
and tissue differentiation [1]. As defined here, GM plants
are produced by directly altering the DNA of the genome,
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chloroplasts or mitochondria through the direct introduc-
tion, removal or rearrangement of DNA using methods
such as electroporation, particle bornbardment or infec-
tion with recombinant vectors such as _4grobacterium tu-
mefaciens. Prior to the development of these techniques,
new or improved plant varieties were developed through
natural or human induced crossing of sexually compati-
ble plants that had random genetic mutations, followed
by natural or cultivated selection [2]. Improvements in
crops were limited by the chance occurrence of genetic
mutations that expressed an advantageous phenotypic
trait. In the past 70 vears. radiation and chemical muta-
gens have been used to increase the speed and diversity
of random mutations of undefined characteristics and
with potentially many unintended effects [2]. In contrast.
biotechnology allows the introduction of complete, well-
characterized genes with specific transcriptional regula-
tory elements that could not be introduced through previ-
ous methods.

Biotechnology may be used to improve plant disease
resistance, improve yield. and reduced requirements for
fertilizers or water. Current commercial GM products in-
clude varieties resistant to specific insects and varieties
tolerant to specific herbicides, allowing more efficient and
environmentally beneficial agricultural practices. Some
potential products in development have enhanced nutri-
tional properties, such as the introduction of vitamin A
precursors in rice [3]. Plants have been transformed with
genes encoding industrial or pharmaceutical proteins and
could dramatically reduce production costs compared to
microbial fermentation or purification from natural
sources [2, 4]. Industrial and pharmaceutical products
will require effective controls to ensure isolation from
food crop production [5-7]. The allergenicity of a food
crop may be reduced by suppressing the synthesis of or
modifying the major allergens [4, 8. 9]. While more than
88 species of plants have been transformed for research
or for potential commercial production, 10 species of
plants have been approved for commercial food produc-
tion in at least one country. The first GM plants were
evaluated by US regulators in 1994-1996 prior to com-
mercial sales and included: delaved-ripening tomato, her-
bicide-tolerant soybean, insect-resistant and herbicide-
tolerant cotton, insect-resistant and herbicide-tolerant
maize, insect-resistant potato, virus-résistant papaya and
virus-resistant squash [10]. In 2003, approved GM crops
(soybean, maize, cotton and canola) were planted on ap-
proximately 68 million hectares globally [11].

Regulation of GM crops in the United States 1s based
on a legal notification and a recommended safety assess-
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ment process developed by the US Food and Drug Ad-
ministration (FDA) [12]. Similar regulations (see http://
www.agbios.com/main.php) govern growing of GM crops
and importation of commodities or foods derived from
GM crops in the EU, Japan, Canada and many other
countries [13].

While there is no documented case of an adverse health
affect due to the consumption of food from any GM crop,
there continues to be some public skepticism expressed
by some scientists and political activists, even though cur-
rent commercial GM crop varieties have been far more
extensively tested and evaluated than any conventionally
bred crop [2].

The focus of this review is to provide information
about the development practices of the allergenicity as-
sessment process and their relevance to the current state
of knowledge for predicting the allergenicity of conven-
tional foods and proteins, Potential shortcomings of the
process will also be discussed.

Rationale for the Allergenicity Assessment
Process

The overall goal of the allergenicity assessment is {0
minimize the possibility that food from the GM crop will
be more allergenic than food produced from equivalent
non-GM crop varieties. The primary focus is on the safe-
ty of any newly expressed protein. The most important
steps 1n protecting those at risk of allergic reactions is to
determine if the protein is already known to be an aller-
gen, or is so similar to any allergen that exposure of al-
lergic individuals may cause allergic cross-reactions. The
primary risk would be to those who are already sensitized
to the allergen, as they could experience serious or life-
threatening allergic reactions if they consume such a pro-
tein,

The risk of serious and life-threatening allergic reac-
tions associated with the consumption of specific proteins
in highly allergenic foods such as peanuts [14], milk [15],
eggs [16], wheat [17] and sovbeans [18] is well recognized
as an important health issue for a small percentage of in-
dividuals in the population. While the prevalence of food
allergy is not precisely known, estimates from various
clinical studies and surveys indicate that 1-3% of adults
and 6-8% of children experience some food-allergic reac-
tions with an overall prevalence of up to 4% of the US
population having 1gE-mediated food allergies [19]. A re-
cent epidemiology study in France indicated approxi-
mately 3.53% of their population has food allergy [20].
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Eight allergenic foods or groups of foods (peanuts, soy-
beans, tree nuts, milk, egg. fish, crustaceans, and wheat)
are thought to cause nearly 90% of food-allergic reactions
in the US [21]. Based on limited data extrapolated to the
US population of 280 million, it is estimated that 30,000
individual cases of IgE-mediated food-allergic reactions
require emergency room treatment per year in the US,
and there may be 150-200 deaths per year due to any
food allergy [22]. Most life-threatening reactions are
caused by peanuts or tree nuts in the US [23. 24]. The
exact incidence and causes of serious and fatal allergic
reactions are uncertain because of the diverse causes of
food allergy and asthma, the rare occurrence of fatalities,
the lack of definitive tests for unlabeled allergenic foods
(until recently) and the lack of reporting requirements
[25-27]. Data from the US, United Kingdom and Sweden
indicate that the allergens most commonly responsible
for fatalities are peanuts and tree nuts and less frequent-
lv milk, egg, fish and sovbeans [27-29]. Results of a recent
scientifically conducted telephone survey indicate that
2.3% of the US population may be allergic to fish or shell-
fish [30], placing seafood allergies ahead of peanut as the
most common cause of food allergy, Dietary practices
plav a major role either in sensitization or elicitation of
food allergy. as evidenced by apparent differences in
prevalence of specific allergies 1o fecds in different cul-
tures. In Europe, sesame seeds [31]. celery root (celeriac)
[32] and mustard [33] have now been shown to be com-
mon causes of food allergies in addition to the major eight
allergens recognized in the US. In Asia, buckwheat is a
major food allergen that can cause severe reactions [34].

Differences in responses to various allergens and across
individual patients sensitized to the same allergen are
poorly understood. Relatively few allergenic proteins had
been characterized by the early 1990s. Diagnosis and
identification of the specific causative allergenic material
can be complex, typically requiring careful clinical histo-
ries, temporary elimination diets, skin prick test (SPT).
specific in vitro IgE tests and even direct food challenge
[18, 19. 35]. Major allergenic proteins have been identi-
fied for a number of important allergenic foods. For ex-
ample, in peanuts the most important appears to be Ara
h 2 [36. 37], although both Ara h 1 and Ara h 3 are also
potent and abundant allergens [38]. Yet an additional
eight peanut allergens have been identified in the liter-
ature and are listed in the Allergome database (http:/
www.Allergome.org/), primarily based on limited in vitro
IgE binding studies. Clearly various allergenic proteins
differ markedly in potency and in the frequency that they
cause allergies.

Assessing the Risk of Allergenicity from
Geneticallv Modified Crops

Based on the scientific and clinical understanding of
allergy and allergens, the US FDA (1992) recommended
that the allergenicity assessment of GM crops focus on
testing to ensure that the allergenicity of the GM variety
is not greater than that of the traditionally produced crop
[12]. In 1996 those recommendations were elaborated as
a detailed assessment strategy with a decision tree by a
panel of experts sponsored by the International Life Sci-
ences Institute/International Food Biotechnology Com-
mittee (ILSI) [21].

As described in the ILSI approach, the assessment of
each new GM crop should evaluate the known allergenic-
ity of the source of the.gene [21]. If the source is known
to be allergenic. protein-specific in vitro serum IgE tests
and clinical tests (SPT and food challenges) would be per-
formed with appropriately allergic subjects to ensure the
protein encoded by the transferred gene is not an aller-
gen.

The sequence of any newly transferred protein should
be compared to those of known allergens by FASTA or
BLAST to identify possible homologues and by searching
for matches of eight or more contiguous amino acids iden-
tical to a segment of any allergen. If the results of either
FASTA or matching of eight amino acid segments indi-
cate a significant match. serum IgE testing and. if needed
for clarity, in vive clinical challenges (SPT and/or food
challenges) would be performed using subjects with aller-
gies 10 the matched allergen to evaluate potential cross-
reactivity [21].

The encoded protein should be tested for stability at
acidic pH in the presence of pepsin using an in vitro as-
say as a number of important food allergens have been
shown to be stable [39-42]. Finding that a protein is sta-
ble would indicate a need for further evaluation including
consideration of the quantity of the protein in potential
food products [40].

If the results of this assessment indicate the protein is
an allergen or likely to be cross-reactive, the protein
should not be transferred into a food crop. or foods pro-
duced using GM crop material containing this protein
would be labelled. so the added allergen is readily identi-
fied by consumers.

Other characteristics for consideration that were not
well defined and include the ‘stability” of the protein to
heating or processing, and the abundance of the protein
in food material from the GM crop [21]. The rationale
follows the empirical observation that a number of the
major food allergens remain allergic after boiling or roast-
ing and that many potent allergenic proteins are abun-
dant in the food source [40, 42-44). Some investigators
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have suggested testing the allergenicity of proteins in an-
imal models, although no animal model has been rigor-
ously tested with a variety of allergenic and non-aller-
genic materials to evaluate the predictive value [21].

If the host crop (gene recipient) is a major allergen
(peanut, tree nut, soybean or wheat). in vitro IgE binding,
or in vivo challenges should be performed to ensure that
the introduction of the gene did not significantly increase
the endogenous allergenicity of the crop [21, 43].

Evaluation of the GM Allergenicity
Assessment Process

Since 1996 there have been a number of scientific
opinions and summaries regarding the allergenicity as-
sessment process [2, 46-48]. Some reports. like that of the
expert panel for the Food and Agricultural Organization/
World Health Organization (FAO/WHO) of the United
Nations in 2001 [49], have suggested significant changes
to the original allergenicity assessment. The FAO/WHO
report was produced as an advisory to the Codex Alimen-
tanius Commission (Codex), the organization charged
with providing food guidelines for the joint FAO/WHO
program at the United Nations, In developing the final
consensus document [50], the Codex convened a panel of
internarional food safety regulators from member coun-
tries to review the FAO/WHO 2001 recommendations
and other evidence relevant to the allergenicity assess-
ment. The final Codex guidance calls for a weight of evi-
dence approach rather than a specific decision tree ap-
proach as they recognized that there are uncertainties as-
sociated with any single test. The approach is based on
evaluating the source of the gene, sequence similarities to
known allergens, stability of the protein in pepsin at acid-
ic pH and, if appropriate, in vitro IgE binding using sera
from specifically allergic individuals. If necessary, in vitro
IgE binding tests may be supplemented by SPT orex vivo
cell-based assays [50]. The Codex document recognizes
that improvements in scientific methods occur over time,
but because there has not been significant progress in the
ability to predict allergenicity over what was known in
1996, the allergenicity assessment process in 2004 is sim-
llar to the earlier guidance [21]. The European Food Safe-
ty Authority has just finalized their guidance for assessing
the safety of GM organisms [51] and the recommenda-
tions are consistent with the Codex [50].
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Allergenic Source

The purpose of considering the allergenicity of the
source of the gene that is transferred to a GM crop is to
evaluate whether there is a group of individuals who
would be at a higher risk from exposure to a given protein
from that source due to preexisting allergies. If individu-
als having allergies (food. contact or inhalation) to the
source of the gene (e.g. peanuts. latex or mugwort pollen)
can be readily identified, it should be possible to obtain
serum from a statistically valid number of consenting in-
dividuals in order to test for specific IgE binding to the
protein encoded by the transferred gene [30]. While it is
hard to estimate the total number of allergenic sources, a
few relatively comprehensive lists of allergens can be
found on the internet. One already mentioned, http://
www.Allergome.org/, currently lists nearly 800 species in-
cluding a number of allergenic sources for which no indi-
vidual allergenic protein has been identified. Another,
http://AllergenOnline.com/ lists approximately 620 aller-
genic proteins (1,191 including isoforms) from 210 spe-
cies where the sequence of at least one allergen is known.
Additional electronic database resources (c.e. Entrez
PubMed, http://www.ncbinlm.nih.gov/entrez/querv.fegi,
and Google, http://www.google.com/) should be searched
for recent reports of potential allergenicity of the source.

Among the allergic population, some allergens are re-
ported as common causes of allergic reactions in people,
e.g. birch pollen (inhalation), peanut (food) or latex (con-
tact). Other allergen sources are known only from one or
a few reports, e.g. inhalation allergy to iguana scales [52]
or food allergy to lingonberry [53]. The Codex guidelines
recognized that it is unlikely that a sufficient number of
individuals with specific allergies to uncommon allergens
could be identified to provide predictive test results re-
garding the potential allergenicity of the transferred pro-
tein [50]. In such cases, the aggregate risk of allergenicity
could be considered low, particularly since the most sim-
ple of eukaryotic organisms is estimated to have 400
genes [54], while a complex organism such as rice has
>50,000 genes [55] and the mouse has approximately
20,000 genes [36]. In contrast, the number of allergenic
proteins identified in even the most commonly allergenic
organisms rarely exceeds 10 (http://www.Allergome.org/
and http://www.AllergenOnline.com/). Therefore, by
random chance, the probability of selecting a gene encod-
ing an allergen to transfer is small.

Goodman/Hefle/Taylor/van Ree
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Characterization of the GM Protein and Test
Materials

The protein as expressed in the GM plant must be well
characterized and consistent with the expected protein
based on characteristics of the introduced DNA sequence
[50, 51]. Additionally, any protein produced as a surro-
gate test material, e.g. as expressed through any heterolo-
gous expression system in bacteria, in cell culture includ-
ing veast, or virally produced. must be appropriately char-
acterized to ensure it represents the sequence and
complete structure of the plant-produced protein. The
full-length amino acid sequence of a protein is rarely ob-
tained by N-terminal sequencing (Edman degradation).
However. mass-spectrum data provide additional evi-
dence that the protein matches the expected sequence
based on the full-length DNA sequence of the insert. The
protein produced in plants should be evaluated for poten-
tial asparagine-linked glycan. Any glvcan structure on a
test protein, as produced in a different plant, bacculovirus
or veast, should match that found in the GM crop [30,
51]. The mass or molecular weight of the heterologous test
protein and any biological or biochemical activity (e.g.
insect toxicity or enzvme activity) should be equivalent
to that of the protein produced in the GM crop [ 30, 51].
If the test proteins are not fully characterized, the reli-
ability of some or all of the assays in the safety assessment
may be questioned as occurred during the US Environ-
mental Protection Agency review of the analyses of Cry9C
in StarLink maize [57].

Bioinformatics (Amino Acid Sequence
Comparison)

The purpose of comparing the sequence of the intro-
duced protein to that of known allergens is first to deter-
mine if the protein is already known to be allergenic, and
second to evaluate whether the protein is sufficiently sim-
ilar to an allergen to suspect an individual sensitized 1o
an allergen might suffer a cross-reaction if exposed to the
new protein [21, 49-51]. Two important guestions are
often raised abour the bioinformatics screen. What spe-
cific bioinformatics method should be used for the com-
parison? And what degree of matching is likely to be bio-
logically meaningfui?

The list of known allergens has grown since the first
GM crop was evaluated. At that time an allergen database
containing 219 allergenic and celiac inducing protein se-
quences was compiled from public protein and amino
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acid databases into a database for the allergeniciry assess-
ment by searching the general sequence databases and
public literature databases using keyv words such as “al-
lergen’ [1]. Compilation of the first internet-based aller-
gen sequence list was described in 1998 [38]. Similar
methods were used to compile the AllergenOnline data-
base (http://www.AllergenOnline.com) that currently
(2004) lists 1,191 sequences representing 619 allergenic
proteins including homologues and isoforms of allergens
from more than 200 species of organisms.

The ILSI assessment recommended identification of
any exact matches of eight or more contignous amino
acids between the introduced GM protein and any known
allergen as the primary criterion for potential cross-reac-
tivity [21]. The stated assumptions were that T-cell epi-
topes are between 8 and 12 amino acids long and B-cell
(1gE) epitopes are generally longer [21]. A FASTA se-
quence search was also suggested, but without definition
of a relevant match. A few IgE binding peptides as short
as five amino acids have been identified [39. 60], how-
ever high-affinitv IgE binding is more likely when the
peptides are greater than eight amino acids in length [59,
61]. While allergen-specific T cells are required to help
B cells make IgE, other T cells are required for the induc-
tion of IgG and IgA antibodies and T-regulatory cells
that suppress immune responses. Therefore T-cell recep-
tor binding is not likely to be predictive of allergenicity.
While there are few unequivocal studies. it appears that
proteins sharing greater than 70% identity over the en-
tire molecule are often cross-reactive. while those of less
than 50% identity are rarely cross-reactive [62]. There
are no clear reports of two proteins sharing only one short
identical region of six to eight amino acids and being
cross-reactive. As more information became available
about the structure and folding of proteins and allergic
cross-reactivity, the emphasis in regulatory submissions
for GM crops has shifted toward the use of FASTA or
BLAST algorithms to identify potentially cross-reactive
proteins based on alignments of segments with 80 or
more amino acids that are at least 35% identical [50, 63.
641.

A number of bioinformatic studies have evaluated the
predictive value of searching for short segments of exact
matches of six or eight amino acids. compared to using
the FASTA alignment or other methods [30. 64-67].
Based on published data, 41 out of 50 randomly chosen
proteins from maize matched at least one allergen or pu-
tative allergen using criteria of an exact match of six con-
tiguous amino acids [64]. Only seven of the 50 matched
sequences contained a match of at least eight contiguous

Lh
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amino acids compared to an allergen. In contrast, nine of
the 50 were found to share greater than 35% identity to
an allergen over any segment of at least 80 amino acids
by FASTA3 comparison using a BLOSUM 50 scoring
matrix. a gap penalty of 12 and an extension penalty of
two. Only five shared greater than 50% identity with any
known allergen, and all of those also matched at least one
allergen with a segment consisting of eight contiguous
amino acids, although in some cases with different aller-
gens [64]. These data clearly suggest that a six-amino-
acid match is unlikely to be predictive for allergenic
cross-reactivity [64]. A comparison of the entire set of
protein sequences within the Swiss-Prot database indi-
cated that 67% of them (>100,000 proteins) matched an
allergen with a six-amino-acid match [67]. Approximate-
lv 7% of the proteins in Swiss-Prot matched an allergen
if the segment was extended to 12 amino acids, calling
into question the predictive value of an eight-amino-acid
match [67]. Recent results from studies evaluating cross-
reactivity by in vitro inhibition of specific IgE binding
support the suggestion by Aalberse [62] that proteins
sharing greater than 70% overall identity. as predicted by
FASTA or BLAST, often share serological cross-reactiv-
ity (shared IgE reactivity) consistent with clinical re-
sponses to biological material from taxonomically relat-
ed species, while those with less than 40-50% identity
are unlikely to share significant IgE or allergic cross-re-
activity [68-71].

Other approaches have been evaluated to improve the
predictive value of sequence comparison. One group used
the FAO/WHO [49] criteria for matches of six contiguous
amino acids as a preliminary screening tool, followed by
a literature survey for IgE-binding epitopes and finally a
theoretical evaluation of antigenic sites using the Hopp
and Woods algorithm of the allergen-matched specific
segment in order to reduce the false-positive rate [66].
However. the predictive value of the combined method
has not been evaluated, Antigenicity prediction algo-
rithms have not proven highly predictive for antibody-
binding epitopes [72], although ongoing studies on the
identification of antigenic epitopes of pathogenic viruses
may lead to better predictions [73]. A ‘motif-based aller-
genicity prediction’ method has been proposed to com-
pare sequences based on protein structure by classifying
779 known or putative allergenic sequences into 52 dis-
tinct motifs [67] based on sequence similarity instead of
a short-sequence peptide match, A comparison was made
between the two methods using a randomlv chosen data-
set of protein sequences selected from the Swiss-Prot se-
quence database. They were screened matching six con-
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tiguous ammo acids and identified 200 proteins that
matched at least one allergen over six contiguous amino
acids even though there is no published evidence of al-
lergenicity for 199 out of the 200 proteins [67]. The same
dataset of proteins was evaluated using the motif identi-
fication method with results showing the motif method
falsely 1dentified 9 out of 10 proteins as allergens [67].
While the motif method had nearly a tenfold lower rate
of false-positives than the six-amino-acid match. a 90%
false-positive rate is still quite high. Another refined se-
quence and antigenicity motif prediction algorithm has
been developed for the prediction of IgE-binding sites
based on previdisly identified sequences and structures
[74]. However, neither of these motif prediction algo-
rithms has been compared to FASTA algorithm predic-
tions, but since the algorithms of both [67, 74] are based
to a large extent on sequence similarity, it would be sur-
prising if the results from those two methods identified
markedly differed from those obtained with a direct FAS-
TA (or BLAST) comparison.

Another group has worked torefine the FASTA 3 search
comparison by evaluating combining the percent identity
matrix value and the overlapping sequence match length
as vectors using nearest neighbor analysis in a ‘supervised
learning system’ [75]. Further analysis with this approach
tested two scoring matrices, BLOSUM 50 and BLOSUM
80, to statistically evaluate apparent true- and false-posi-
tive matches [76]. Further evaluation of this modified
method is necessary with data of cross-reactive and non-
allergenic protein to understand if it is more predictive
than a simple identity score.

Ttis important to note that at this time a FASTA search
of a comprehensive database that includes food allergens,
contact sensitizers, airway allergens and celiac associated
glutens is quite efficient at identifving proteins that are
likely to be cross-reactive, those that share greater than
50% identity over a major portion of their length [62].
The approach is simple and results are easy to interpret.
The question remains as to whether the conservative cri-
teria of a 33% identity match over 80 or more amino ac-
1ds [49] provide too many false-positive or false-negative
results. Importantly, no computer search and prediction
tool will be 100% accurate at predicting whether a protein
will become an allergen or is cross-reactive. The goal of
bioinformatics should remain the identification of pro-
teins that may be cross-reactive and would require further
evaluation by serum IgE tests.

Goodman/Hefle/Tayvlor/van Ree
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Serum IgE Binding Tests

Antigen-specific serum 1gE tests have been used to
confirm the identity of allergenic foods. airway and con-
tact sensitizers as well as a screening tool to identify po-
tential allergenic proteins since the identification of IgE
as the reagenic, or allergy-inducing antibody [77, 78].
Reagents and methods for such tests are now common
place, although assay validation and interpretation of re-
sults are complex.

Allergen-specific allergic donor serum binding studies
were used to determine that the gene from Brazil nuts.
which was inserted into soybeans as one of the first po-
tential GM products. produced an allergenic protein that
is now known as Ber e 1 [79]. Although the protein was
not known to be an allergen before this study, Brazil nuts
were known to cause allergic reactions in some people. In
vitro tests demonstrated serum IgE from Brazil-nut-al-
lergic donors bound to the transferred protein and to pro-
teins in an extract of the GM sovbeans, but not to proteins
from non-GM soybeans. SPT were used to further dem-
onstrate the allergenic reactivity of the protein. Develop-
ment of the Ber-e-l-containing sovbean product was
stopped prior to commercial production [47]. Serum IgE
binding tests were also conducted to evaluate the poten-
tial increase in endogencus allergens in glyphosate-toler-
ant soybeans by Monsanto (St. Louis, Ma.. USA) com-
pared to non-transgenic sovbeans [45]. Recently, IgE
binding tests were performed by other investigators using
sera from allergic individuals having high apparent soy-
bean-specific IgE, but negative clinical challenges. The
results did not show any differences in IgE binding to a
number of varieties of the GM and non-transgenic soy-
beans [80].

Allergen-specific IgE provides the selectivity of the al-
lergic response. Effective binding requires a strong inter-
action (high affinity or avidity) between the antigen rec-
ognition site (paratope) on the antibody and the binding
site (epitope) on the antigen. The presence of measurable
antigen-specific IgE from a blood or serum sample indi-
cates that the individual has become sensitized to the
antigen (or a protein that has a similar epitope). If the
individual has IgE to a second epitope on the antigenic
protein, the antigenic protein is linked to an identical
protein, or another protein with an IgE epitope that 1s
recognized by the individual, exposure and absorption of
the protein may lead to cross-linking of high-affinity
FceRI (IgE) receptors on the surface of mast cells or ba-
sophils. If a sufficient number of receptors are cross-
linked, the mast cell or basophil will be stimulated to re-
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lease histamine, leukotrienes and other effector mole-
cules, leading to symptomatic responses of an allergic
reaction. Most in vitro IgE tests simply measure the level
of IgE that 1s bound to a protein, and do not distinguish
between antigens that bind only one IgE molecule and
those that bind more than one. Further, direct binding
assays do not measure affinity (or avidity) and sometimes
weakly cross-reactive IgE antibodies bind 10 proteins in
vitro that do not induce allergic responses. Thus a posi-
tive result from an in vitro IgE binding assay suggests that
a protein is an allergen. but is not proof that the protein
will cause an allergic reaction for the individual. though
very high levels of specific 1gE correlate well with clinical
reactivity [19]. In addition, a negative result may occur
for individuals that are allergic to the protein. either be-
cause the iest material in the assay is not representative
of the protein in the allergenic source material. or because
the individual has not been exposed to that particular al-
lergenic source for a significant period of time and the
level of free IgE in blood samples has fallen below the
level of detection of the assay.

Reliable diagnosis of allergen specificity using in vitro
IgE binding assays requires the use of test matenals that
are well characterized. The assavs should be validated
with sera from multiple individuals with specific clini-
cally defined allergic reactions. as well as non-allergic sub-
jects in order to demonstrate specificity and criteria for
positive results. When practical. assay validation should
be performed according to internationally recognized
guidelines [81, 82], and the assay calibrated to a known
amount of international IgE standard or antigen-specific
IgE standard [81. 83]. For some commonly allergenic pro-
teins, in particular a number of food allergens, clinical
reactions. in vivo IgE challenges (SPT and food chal-
lenges) and quantitative antigen-specific in vitro IgE
binding data have been evaluated to understand the di-
agnostic value of the tests and in some cases with the
identification of true- and false-positive and -negative
values[19. 82. 84, 85]. However. because of the low prev-
alence of allergy to many specific allergens and the small
amount of serum or plasma that can be drawn from al-
lergic subjects, especially children, it may not be possible
to perform a full validation for each antigen-specific IgE
assay system.

Various direct binding assays. including immunoblot-
ting, ELISA, RAST, and various commercial testing for-
mats. can provide a measurernent of the identity (qualita-
tive) or relative abundance (quantitative) results of IgE
binding to specific targets. There will always be a degree
of uncertainty regarding the predictive value of in vitro
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IgE binding tests for predicting allergenicity. Compari-
sons with clinical effects are needed to demonstrate false-
positive and false-negative results as well as true-positive
and -negative results [19, 82, 85). The imperfect predic-
tive values may be due to the inability of the 4s5avs 1o
differentiate between low-affinity and high-affinity bind-
ing or to discriminate between multivalent and monova-
lent binding. Inhibition assays can improve diagnostic
applications or studies designed to identify new allergens
as competitive binding with other relevant and irrelevant
proteins will verify specificity. If multiple concentrations
of inhibitor are tested, inhibition assays will provide a
relative measure of the aviditv. The results should be
evaluated along with clinical data and historical exposure
of the individual subjects. SPT or histamine release as-
says may be needed to help evaluate the potential bio-
logical activity of the allergens [70, 80. 85-89]. For in-
stance, inhibition of bovine-milk-allergic patient IgE
binding to bovine and human B-caseins showed roughly
100-fold greater inhibition of binding with the bovine
protein, demonstratifig greater affinity by the allergenic
protein even though the sequences are approximately
60% identical and few individuals are thought to be al-
lergic to human milk [86].

Few studies have attempted to define statistically sig-
nificant predictive values for allergen-specific in vitro IgE
assays or SPT that would circumvent the need for in vivo
challenge tests. Four things are evident from such studies.
First, large numbers of specifically allergic individual test
subjects are needed to establish a significant cutoff value;
second. the cutoff is specific for that allersen: third, dif-
ferent studies have reported notably different thresholds
for the same allergen, and. finally, values indicating a high
probability of specific allergy are markedly above the low-
er limits of detection, e.g. 0.35 kUA/I in the Pharmacia
CAP System™ tests or a 3-mm diameter above negative
control in SPT testing {19, 853].

In developing antigen-specific in vitro IgE tests to eval-
uate the safety of proteins introduced into GM crops.
non-specific binding of the IgE to membranes used in
Western blots. ELISA plates or the solid-phase target pro-
teins are often overlooked. Additionally, binding of de-
lection reagents (e.g. secondary antibodies or biotin/avi-
din reagents) may be significant and may appear to be
specific [90. 91]. Development of highly specific assays
often requires evaluation of blocking reagents and bind-
ing conditions with a number of positive and negative
control sera as well as the detection reagents. Skin test
materials should be tested in non-allergic control subjects
to test for the presence of non-specific irritants. In sum-
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mary, the concept of using IgE binding or SPT to evaluate
the allergenicity of a protein is simple, but in practice the
performance of valid, meaningful assays is much more
complex.

While the FAO/WHO advisory group [49] recom-
mended broadly targeted serum screening of IgE binding
to the introduced protein, using sera from 30 individuals
who are allergic to species distantly related to the source
of the gene (e.g. latex-. birch-pollen- and peach-allergic
subjects if the gene was derived from a dicotvledon), no
testing has confirmed the predictive value of such a test.
Based on the low frequency of allergen specificity to any
protein, it is-highly unlikely that such a test would rigor-
ously test the potential allergenicity of any protein. There-
fore, the Codex did not recommend targeted screening as
a routine practice for assessing GM products [50]. while
the European Food Safety Authority suggested targeted
screening as an additional method that may be performed
in assessing allergenicity [51].

Protein Stability to Pepsin

Since 1996 a few individuals have questioned the rel-
evance or predictive value of assessing the stability of the
introduced protein to pepsin at low pH. or the conditions
of the assay [49, 92, 93]. Clearly the pepsin assay is not
100% predictive, but many important food allergens are
stable in pepsin at pH 1.2, suggesting the assay may be
useful in risk assessment [39, 40]. The physiological basis
for the correlation is that the stomach offers a rernarkably
effective organ at denaturing and breaking proteins into
small peptides and amino acids that are available for ab-
sorption in the small intestine. Denaturation and partial
digestion of susceptible proteins reduces the availability
of conformational epitopes more efficiently than linear
epitopes. Many important IgE-binding epitopes com-
monly recognized by those with persistent, systemic al-
lergic reactions to foods such as peanuts and milk have
been shown to be linear, based on binding to short-im-
mobilized peptide fragments [94, 95]. In contrast, IgE-
binding epitopes for a number of proteins from fruits and
vegetables. such as the apple, celery and peach, homo-
logues of the birch pollen allergen, Bet v 1, that cause
primarily mild oral itching and oropharyngeal swelling,
are conformational and the proteins are not structurally
preserved through heating or digestion [44, 96]. Fruit and
vegetable allergens that are stable to heat, such as the non-
specific lipid transfer proteins, are highly cross-linked by
disulfide bonds. These proteins are stable to heat and di-
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gestion [39, 70]. It is also important to note that some
pepsin-stable proteins such as lectins [92], while not al-
lergenic, are important immunogens or immunomodula-
tors in the intestinal tract and should be considered in the
overall safety assessment. Pepsin digestion assav condi-
tions have been refined further in an international col-
laborative study [97] and it appears the assay has a rela-
tively good predictive value for food allergens [40].

Glycosylation

A number of allergenic proteins are glycosylated at as-
paraging residues separated by one amino acid from ei-
ther serine or threonine (unless the intervening amino
acid is proline), if the protein also contains an amino-ter-
minal signal peptide sequence for processing in the endo-
plasmic reticulum and Golgi body. While there are many
possible complex carbohydrate structures, those that con-
tain an a(1.3)fucosyl residue. and/or ((1,2)-xylose may
act as a cross-reactive carbohvdrate determinan: (CCD)
that can be bound by IgE from individuals sensitized to
unrelated (non-homologous) sequences [98]. For some
individuals the CCDs do not seem to elicit allergic re-
sponses either because the affinity of binding is low. be-
cause there are no other IgE epitopes on the protein or for
some other reason [69, 99]. In other cases, it appears that
the CCD is responsible for eliciting a mast cell response
[100-102]. However. it is clear that the rest of the protein
structure must play a role in IgE recognition. Effective
cross-linking on the mast cells must require both protein
sequences and CCDs in such cases or multiple CCDs be-
cause individuals with IgE that recognize CCDs do not
respond clinically to all CCD-containing proteins. In ad-
dition, the carbohydrate may influence the three-dimen-
sional structure of the protein. If the GM protein is gly-
cosvlated in the plant, appropriate safety tests (IgE bind-
ing, pepsin digestion or bioactivity) must be performed
with a similarly glycosylated protein (e.g. purified from
the GM plant), rather than an unglycosylated or differ-
ently glycosylated protein [51].

Heat Stability

The allergenic activity of most commonly allergenic
foods are not reduced when the material is heated, pos-
sibly even to boiling [43]. Some allergens (e.g. peanut)
may even be rendered more allergenic by heating, either
due to covalent modification of the protein through the

Assessing the Risk of Allergenicity from
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Maillard reaction, or enhanced protease activity [103].
While heat stability has been suggested as important in
assessing the potential allergenic activity of proteins in-
troduced into GM crops [21. 49]. there is no umiversally
applicable method to evaluate stability except to test di-
rectly for residual allergenic activity in allergic subjects
[44. 104]. For heat-stable allergens the IgE epitope, wheth-
er conformational or linear. must retain the native form
for the allergenic activity to remain when the protein is
heated. In some cases. heat-stable proteins are highly
cross-linked by disulfide bonds, in other cases there are
relatively thermo-stable hvdrophobic interactions that
cause retention of structure. However. biochemical evi-
dence that the protein unfolds upon heating at relatively
low temperatures (e.g. less than 70°C) or looses enzymat-
ic or biological activity at low temperatures is suggestive
that it 1s less unlikely to be a heat-stable allergen.

Abundance

A number of potent food allergens (e.g. shrimp tropo-
myosin and peanut allergens Ara h 1 and Ara h 2) are
abundant proteins in the allergenic source, often repre-
senting more than 1% and sometimes more than 10% of
the total protein in the allergenic food [1]. But not all
abundant food proteins are significant allergens, ¢.g. ac-
tomyosin. Abundance is likely related both to the prob-
abilitv of sensitization and elicitation. Novel proteins in
genetically modified foods that are expressed at very low
levels are unlikelv to become novel allergens. While the
minimal dose of a novel protein necessary to elicit allergic
sensitization is unknown (and unlikely to ever be deter-
mined due to ethical considerations of such clinical ex-
periments), evidence clearly demonstrates that abun-
dance is important as a risk factor in eliciting an allergic
response in sensitized individuals. Therefore. under-
standing thresholds of elicitation, or minimum provoking
doses [105], would be useful to consider whether a quan-
titative threshold dose could be established below which
any protein would be unlikely 1o induce an allergic reac-
tion even if it was able 10 sensitize. However. such a
threshold should not be used as a criterion to automati-
cally reject products with more abundant proteins, be-
cause, as noted. not all abundant proteins are allergenic.
Important work is currently in progress for a number of
food allergens to determine minimal elicitation doses,
Additional data from these well-designed clinical studies
may contribute to the risk assessment process for GM
Crops.
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Animal Models

Animal models were recognized as a potentially useful
tool for evaluating allergenicity at the time of the initial
allergy assessments for GM crops [21]. While various
mouse, rat, guinea pig, dog and pig models have been
developed and evaluated at some level, they appear most
useful at identifving mechanisms of sensitization and
elicitation [106-111]. Each model has proven highly re-
active for some specific allergens, but they have either
not been tested with a variety of allergenic and non-al-
lergenic proteins, or they have been shown to react with
non-allergenic proteins. Factors that appear to influence
the outcome include: genetic differences across the hu-
man population and across animal species. possible pri-
or dietary exposure to test proteins or highly similar pro-
teins. the presence of adjuvants, routes and doses of sen-
sitization. challenge procedures, native state of the test
materials and prior or concurrent viral infection. Since
none of the models have been widely tested and shown
to correlate well with allergic reactions to a wide variety
of allergens identified in the human population. it has
not been possible to identify a single model or even a
practical combination of models for the safetv assess-
ment.

Potentially Allergenic GM Plants

While major biotechnology companies are aware of
the need for the comprehensive allergenicity assessment
described here. and regulatory agencies in at least some
countries (e.g. the USA) are commending a partial al-
lergenicity assessment (e.g. bioinformatics) before even
small-scale field trials are permitted, a number of aca-
demic, governmental and small company scientists may
be developing GM crops with increased allergenic risks.
Some published examples of transformed GM crops that
could provide significant benefits in terms of nutritional
improvements or reduced insect predation have not
been fully evaluated. In one example. maize was altered
by the insertion of a gene of 115 globulin from amaranth
(Amaranthus hypochondriachus) [112]. The developers
performed an allergenicity assessment including a bio-
informatics search, but have apparently ignored signifi-
cantly long matches of greater than 40% identity with
allergens in buckwheat. Brazi] nuts, peanuts and soy-
beans (based on our search using the FASTA3 search on
http://www.AllergenOnline.com/) because they focused
only on short 100% matching sequences (6-8 amino ac-
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ids). In another case, soybean glycinin, which is an al-
lergen, was inserted into rice [113]. It is not clear if the
ntent was to provide a model to study the feasibility of
modifying the protein content or profile of rice, or if it
was (1s) intended as a potential product [114]. In case of
the latter. the potential impact on soy-allergic individu-
als should be assessed before commercial development
would proceed. A third example is the transfer of an in-
sect-resistant protein, w-amylase inhibitor. from beans
into peas [115]. The sequence of the protein is just over
35% identical to a protein in peanut and one in sovbeans
that are probably minor allergens (identified by us in a
FASTA searchusing http://www AllergenOnline.com/).
Finally. the gene encoding the sunflower 2S albumin,
which has been shown to bind IgE from sunflower-seed-
allergic subjects [116]. has been transferred into both a
variety of lupine used for animal feed and into rice [117.
118]. Although sunflower seed is not a common allergen,
further testing of the protein expressed in the transgen-
ic plants seems warranted, There are many other genes
that have been transformed into food crops from other
allergenic sources or from sources of unknown allergen-
ic activity. Many of them will never be developed fur-
ther because they are unlikely to be economically or ag-
ronomically valuable. However. in all cases where the
plants represent potential products, the potential aller-
genicity should be evaluated following the Codex guid-
ance [30].

Conclusions

To a great extent, the ability to predict the potential
allergenicity of any protein is still limited to knowledge
as to whether and how humans have been exposed to it
or to highly similar proteins, with or without the devel-
opment of allergies. No single characteristic or test has
been identified that will predict with great certainty
whether a specific protein will sensitize individual con-
sumers. However, application of the current allergenic-
ity assessment strategy for GM crops [50] greatly reduc-
es the risk of introducing a known allergen, or a protein
that is likely to be cross-reactive as was demonstrated in
the analysis of the potential GM soybean that contained
the major Brazil nut protein which later became known
as the allergen Ber e 1 [47]. There are still a few short-
comings to the process as evidenced by the inability to
successfully guide further assessment of the safety of the
pepsin-stable Crv9C protein in StarLink maize. There is
uncertainty about how to evaluate protein abundance or
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heating and processing ‘stability’ relative to allergenicity
and whether a test could be designed that could add pre-
dictive power, further reducing potential nisk. There is
of course some room for improvement in the assessment.
The bioinformatic search algorithms and scoring criteria
for potential cross-reactivity should be evaluated more
thoroughly to provide additional guidance for identify-
ing likely causes of clinical cross-reactivity that would
still need to be tested by serum IgE binding or challeng-
es. Additional guidance for methods to test for IgE bind-
ing to specific proteins and for method validation would
be useful. While such refinements would improve the al-
lergenicity assessment process, it 1S important to note
that there 1s no evidence that the proteins transferred
into any commercially approved GM crop are allergenic
or that the overall allergenicity of ithe endogenous aller-

gens were significantly increased. As discussed here.
more complete application of the current assessment 10
potential products described in the literature should help
reduce the possibility of mtroducing new allergens to
food crops. While some authors continue to call for ad-
ditional tests to predict potential mncreases in allergenic-
itv, including broadly targeted allergic serum IgE bind-
ing studies. animal sensitization and provocation stud-
ies and extensive pre-market clinical evaluations to look
for potential minor quantitative differences in endoge-
nous allergens or allergenic activity between what
amounts to different varieties of the same crop will not
markedly improve food-safety. The assessment should
remain focused on preventing the introduction of new.
significant allergens.
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