A]lergenicity Assessment of Foods Derived
from Genetically Modified Plants

Numerous crop plants developed by plant biotechnology are being introduced into the
marketplace. Assessment of the allergenic potential of the foods derived from these
crops is a critical component of the overall food safety assessment of these products
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ORE THAN 60 DIFFERENT FLANT
species, including most eco-
omically important crops,

have been successfully genetically en-
gineered since 1983, and the list is
growing {Fiske and Dandekar, 1993).
The variety of traits being introduced
into plants is impressive, and includes
insect protection, delayed ripening,
virus resistance, modified starch, her-
bicide tolerance, modified oils, disease
resistance, male sterility, and many
others (WHO, 1993), More than 30 dif-
ferent genetically engineered plant
products are predicted to be in the
marketplace within the next four or
five years (WHO, 1993).

Prior to market introduction, each of
these products is subjected to exten-
sive food, feed, and environmental
safety assessments. In this article, we
present the current approach to assess
the allergenic potential of foods de-
rived from genetieally modified plants.

Most traits introduced into crops re-
sult from the expression of one or
more new profeins. Typically, these
proteing are expressed at low levels
and represent a minor percentage of
the total plant protein. In contrast,
plants contain an enormous number
of proteins; some tissues can express
at least 100,000 discrete proteins. Yet,
despite this large varviety, allergy to
food proteins is uncommon, affecting
perhaps 5% of infants and up to 2% of
adults (Sampson, 1992). Where food
allergy is indicated clinically, patients
usually are allergic to only one or two
taxonomically related foods. Nine
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foods (peanuts, soybeans, tree nuts,
milk, eggs, fish, crustaceans, mol-
lusks, and wheat} account for more
than 90% of food allergies (Taylor,
1992). The majority of allergy suffer-
ers exhibit immunoglobulin E (IgE)-

and (3) potential changes in the en-
dogenous allergens of the host plant (if
present).

A rational assessment of allergenic
potential should be conducted in a
careful stepwise process, using a deci-
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mediated immediate hypersensitivity
{(Metcalfe, 1992).

Assessment of the allergenic poten-
tial of foods derived from new plant
varieties developed through genetic
engineering shouid focus on three
components: (1) the source from which
the gene was obtained; (2) physico-
chemical and biological comparisons of
the introduced protein with common-
ly allergenic proteins, combined with
previous consumption information;

in vitro
(RAST/ ELISA)

In vive - Label
(Skin Prick Test)}

sion tree strategy (Fig. 1) based on
these factors. The totality of these as-
sessments provides assurance that
foods derived from new plant varieties
do not introduce allergenic concerns
beyond those present in the current
food supply.

Allergenic Source of
Introduced Protein

If a gene is obtained from a food
source known to be commonly aller-
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Allergenicity Assessment (Continued)

genic, data should be generated to as-
sure that the gene does not encode an
allergen. The Food and Drug Adminis-
tration, in its policy on foods derived
from new plant varieties (FDA, 1992),
recognized this need. This part of the
assessment (Fig. 1, right side) should
be a tiered system where each subse-
quent level of study represents a
greater degree of certainty that the
source protein is not an allergen.

The first tier employs in-vitro assays
such as radioallergosorbent tests
(RASTS; Sampson and Albergo, 1984),
enzyme-linked immunosorhent assays
(ELISAs; Burks et al,, 1986), and im-
muncblotting assays (Burks et al,,
1988). These assays should use IgE
fractions of pooled serum from individ-
uals who are actively sensitive (aller-
gic) to the food from which the gene
wag derived. Serum donors should
meet clinical criteria which include
positive responses in double-blind,
placebo-controlled food challenges
(DBPCFCs; Sampson and Albergo,
1984}, Data from one or more of these
in-vitro assays provides strong evi-
dence of whether the transferred gene
encodes an allergen. A positive result
from the in-vitro tests would require
that any food including the introduced
gene be labeled as containing a gene
from the specific source organism, per
FDA guidance (FDA, 1992). Addition-
al analysis could be performed to en-
sure that processing would eliminate
the allergenic response to the source
protein,

If no differential response is ob-
served during in-vitro testing, a sec-
ond tier using the in-vivo skin-prick
test {Sampson and Albergo, 1984)
could be performed. A positive result
from this in-vivo test would raise the
same concerns as the in-vitro tests
above,

If the protein passes both tier 1 and
tier 2, a final test could involve per-
forming DBPCFCs with sensitive and
nonsensitive patients under controlled
clinical conditions, The ethical consid-
erations for this type of assessment
would include, but not be limited to,
factors such as likelihood of inducing
anaphylactic shock in test subjects
and availability of appropriate clinical
safety, Finally, if there were a reaction
by sensitive patients, food derived
from crops containing the protein
would require labeling as under tier 1
and tier 2. If no adverse reactions
were observed in the tier 1, 2, and 3
testing, it would be concluded that the
gene obtained from this source did not
encode one of the endogenous aller-
gens and the product should be mar-
keted without labeling,

An example which illustrates the
effectiveness of this approach is the
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Table 1—Summary of Proteins Introduced Into Crops by genefic engineer-

ing

Introduced protfein®

Crop bro'ducts“

ACC deaminase (ACCd)
B.L1. insecticidal profein (B.£1.)

Btk HD-1 insecticldal protein (B.1k HD-1)

B.t.k. HD-73 insecticidal protein (B.1.k. HD-73)

CP4 EPSP synthase (CP4 EPSPS)

Glyphosate oxidoreductase (GOX)

B-D-giucuronidase (GUS)

Neomycin phosphotransferase 1l (NPTID

Phosphlno’rhrlcln acetyliransferase (PAT)

Delayed-ripening tomato
Insect-protected potato

insect-protected cormn and
fomato
Insect-protected cofton
Herbiclde-tolerant canola,
cofton, corn, soybean,
and sugarbeet
Herbiclde-tolerant canoia
and corn
Herbicide-tolerant soybean
Delayed-ripening tomato,
insect-protected cotton
and potato, FlaviSove
tomato
Insect-protected com

°Further explanation of abbreviations:
ACC: 1-amino-1-cyclopropane-carboxylic acld
B.11.: Baclius thuringlensis subsp, fenebrionss

Btk Baclius thurngiensis subsp. kurstoki proteins from straing HD-73 and HD-1, comesponding to the
KCryla(c)) and [Crylalb)) profelns according to the nomenclaluie of Hafte and Whilsley (1989)

CP4 EPSPS: 5-enolpyruvyishiimate-3-phosphate synthase from Agrobacterium sp. stratn CP4
°From Fuchs ef al, (1998), Ciba-Geigy (1994}, and Notebormn and Kulper (1995)

Brazil nut 28 storage protein which
was engineered into soybean to in-
crease levels of sulfur-rich amino aeids
{Nordlee et al., 1995). Brazil nut is

‘known to contain an allergen that can

cause adverse reactions {Gillespie et
al., 1976; Arshad et al., 1991). The
Brazil nut 28 protein expression in
soybean represenied a significant frac-
tion of total soybean seed protein
(Nordlee et al., 1985). RAST and im-
munoblot assays established that soy-
beans containing the 25 gene were as
allergenic as Brazil nuts and that the
gene obtained from Brazil nut proba-
bly encoded the major Brazil nut aller-
gen (Nordlee et al., 1994, 1995), Ei-
ther this product will not be commer-
cialized or all soybean products de-
rived from this variety will be labeled
as containing a protein from Brazil
nut. This example demonstrates the
value and effectiveness of using in-
vitro-agsays to identify the transfer of
known allergens by genetic engineer-
ing.

In cases where suitable immunolog-
ical reagents are not available for in-
vitro or In-vivo testing, then the intro-
duced protein should be assessed in
the same manner as proteins from
nonailergenic sources.

Nonallergenic Source
of Introduced Protein

According to FDA policy (FDA,

1992) and the scientific community in
general (Anonymous, 1994), there ap-
pears to be no single, predictive assay
to assess the allergenic potential of
proteins from nonallergenic food
sources, Comparing the important
physicochemical and biological proper-
ties of an introduced protein with
known allergenic proteins provides
the best scientific basis for an assess-
ment (Fig. 1, left side). The physico-
chemical characteristics of common
food allergens have been described
(Taylor, 1992; Taylor et al., 1987,
1992; Metcalfe, 1985} and supported
by reports from workshops sponsored
by the World Health Organization
(WHO, 1993) and the Organization for
Economic Cooperation and Develop-
ment (OECD, 1995).

Amino-acid-sequence homology of
an introduced protein with known al-
lergens represents a useful first ap-
proximation of allergenic potential.
Immunologically relevant sequence
similarity, especially similarity to IgE
binding epitopes in known allergens,
would implicate the introduced pro-
tein as a potential allergen.

A key prerequisite for food protein
allergenicity appears to be stability to
the proteolytic and acid conditions of
the human digestive system. The high
concentrations of allergens in foods
that cause allergy and the stability of
allergens to processing into specific




food products are additional important
factors contributing to the allergenic-
ity of a protein. For example, soybean
and peanut allergens retain their al-
lergenic potential after all processing
gteps used in preparation of food prod-
uets such as peanut butter {Taylor et
al,, 1992},

Allergenic proteins are also typical-
ly 10-70 kDa in molecular mass and
often glycosylated, However, these
two properties. are sharved by many
proteins that are not allergenic and
hence are not useful indicators of al-
lergenicity.

The relevance of each of these char-
acteristics will be discussed below.
Proteins introduced into the seven dif-
ferent pgenetically engineered plant
products listed in Table 1 will be used
to illustrate that the majority of pro-
teins being expressed in these prod-
ucts do not share the properties of
known allergenic proteins.

¢ Amino Acid Sequence Similarity
to Known Allergens. A comparison of
the amino acid sequence of an intro-
duced protein with the amino acid se-
guences of known allergens is a useful
first approximation of allergenic po-
tential. The amino acid sequences of
many allergens, including food aller-
gens, have been reported (King et al.,
1994), and the list is likely to expand
with time.

The important IgE binding epitopes
of many allergen proteins have been
mapped (Elsayed and Apold, 1983; El-
sayed et al,, 1991; Zhang et al., 1992),
The optimal peptide length for binding
is between 8 and 2 amino acids
(Rothbard and Gefter, 1991). T-cell
epitopes of allergenic proteins and
peptide fragments appear to be least 8
amino acids in length (O’Hehir et al.,
1991). Exact conservation of epitope
sequences is observed in homologous
allergens of disparate spocies (Ast-
wood et al., 1995). Indeed, conserva-
tive substitutions introduced by site-
directed mutagenesis reduce epitope
efficacy (Smith and Chapman, 19956).

Based on this information, an im-
munologically relevani sequence com-
parison test for similarity between the
amino acid sequence of the introduced
protein and known allergens can be
defined as follows: An immunological-
ly significant sequence similarity re-
quires a match of at least eight contig-
uous identical amino acids,

We have searched the amino acid
sequences of allergens present in pub-
lic domain genetic databases {(Gen-
Bank, EMBL, PIR, and SwissProt) for
gimilarity to sequences of each of the
introduced proteing shown in Table 1
using the FASTA computer program
(Pearson and Lipman, 1988). With the

test criteria above, no significant se-
quence similarity was observed with
allergens. We conclude (1) that the
genes introduced into these foods do
not encode known allergens, and (2)
that none of the introduced proteins
share immunologically significant se-
quences with known allergens,

¢ Stability to Digestion, The abili-
ties of food allergens to reach and to
cross the mucosal membrane of the in-
testine are likely prerequisites to al-
lergenicity. Clearly, a protein which is
stable to the proteolytic and acidic
conditions of the digestive tract has an
increased probability of reaching the
intestinal mucosa. Many allergens ex-
hibit proteolytic stahility (King et al,,
1967, Kortekangas-Savolainen et al.,
1993; Onaderra et al.,, 1994; Taylor,
1986, 1992; Taylor et al., 1987; Met-
calfe, 1985), although the majority re-
main untested directly. Intact proteins
are capable of crossing the mucosal
membrane of the gut and of entering
the circulatory system (Gardner,
1988), Thus, physicochemical proper-
ties which favor digestive stability can
be used as an important indicator of
allergenic potential.

We have used simulated gastric and
intestinal models of mammalian di-
gestion described in the United States
Pharmacopeie (Anonymous, 1990) to
systematically compare the relative
stability of a number of common food
allergens to that of proteins engi-
neered into plants. These digestion
models have been used to investigate
the digestibility of plant proteins
{Nielson, 1988; Marquez and Lajolo,
1981), animal proteins (Zikakis et al,,
1977), and food additives (Tilch and
Elias, 1984). A similar model has also
been used to examine the stability of
milk allergens (Asselin et al,, 1988,
1989).

We have generated data to substan-
tiate that common allergens are, with-
out exception, stable to digestion in
the gastrointestinal digestive models.
These data establish a correlation be-
tween the digestive stability of egg,
milk, and soybean: allergens and the
incidence of individuals with Igk to
the specific allergen (referred to as
percent allergenicity).

Nine different proteins that have
been expressed in genetically modified
plants have heen tested for stability in
the digestion meodel. In contrast to
food allergens, all nine proteins were
rapidly degraded (Table 2). The time
required to degrade these proteins
was 30 sec or less in simulated gastric
fluids. Allergens were stable for at
least 2 min (the major allergens for >1
hr) in simulated gastric fluids, with
various stabilities in simulated intes-

tinal fluids (not shown). Interestingly,
those allergens with low stahbility in
simulated gastric fluids tended to
have at least some stability in simu-
lated intestinal fluids (Astwood, 1995).
Indeed, many allergens were stable
for 24 hr in simulated intestinal fluids.

Rapid degradation of the proteins
expressed in genetically engineered
plants greatly minimizes the likeli-
hood that these proteins will be ab- |
sorbed and hence elicit an allergic re-
spenge, The human digestive system
provides a very effective mechanism to
remove these proteins before they
have the opportunity to reach the in-
testinal mucosa. The simulated gas-
tric model provides a valuable tool to
assess concerns about the allergenic
potential of proteins introduced into
food crops.

« Stability to Processing. The sta-
bility of a protein to various food pro-
cessing activities is also important in
assegsing the allergenic potential of a
protein. For example, if a protein was
engineered into fresh-market products
such as tomatoes, squash, or lettuce,
then processing stability is irrelevant,
since the product will be consumed
fresh, If, on the other hand, a protein
was engineered into soybeans, wheat,
or rice and each of these products is
processed In one or more ways prior to
consumption, the stability of the pro-
tein to processing conditions should be
taken inte account. Furthermore, if
the only product used for human con-
sumption is free of protein (e.g., oils or
carbohydrates), there would be no sig-
nificant human consumption and the
allergenic potential of the expressed
protein would be greatly minimized or
eliminated.

Studies using direct food challenges
with oil derived from several different
crops, including soybean, peanut, and
sunflower, showed no allergic reaction
in patients allergic to these foods
{Bush et al., 1985; Halsey et al., 1986;
Taylor et al,, 1981). This is not sur-
prising, since there is an extremely
low or negligible level of protein in
crop-derived oils (Tattrie and Yagu-
chi, 1873).

The majority of the biological activ-
ity and immunoreactivity of each pro-
tein expressed in genetically engi-
neered plants listed in Table 1 is lost
during processing typically used for
that crop, with the exception of the
proteins introduced into tomatoes that
are consumed fresh. The majority of
the enzymatic and immunoreactivity
of both the neomycin phosphotrans-
ferase II (NPTII) and I-amino-1-cyelo-
propane-carboxylic acid deaminase
(ACCQ) proteins introduced into toma-
toes is lost during the processing used
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Allergenicity Assessment (Continued)

to produce tomato products such as
juice, sauce, paste, and ketchup. Loss
of immunoreactivity by processing, as
detected using polyclonal antibodies,
decreases the likelithood that epitopes
on the protein, including those which
are required for eliciting allergenic
reactions, are maintained. This is es-
pecially relevant for conformational
epitopes that require tertiary struc-
tures.

*+ Prevalence in Food. Many food
allergens are present as major protein
components in the specific food, typi-
cally ranging between 1 and 80% of
total protein. Examples of highly
abundant allergens include those in
milk {Taylor et al., 1987, Baldo, 1984;
Lebenthal, 1975, Taylor, 1986), soy-
bean {Shibasaki et al., 1980; Pederson
and Djurtoft, 1989), and peanuts (Bar-
nett et al., 1983; Sachs et al., 1981;
Barnett and Howden, 1986; Kemp,
1985). In contrast, the nine proteins
expressed in plants range from ap-
proximately <0.001 to 0.03% of the
raw product on a fresh-weight basis or
<0.01 to 0.4% of the protein content
(Padgette et al., 1996; Fuchs et al,
1993; Perlak et al.,, 1991, 1993; Reed
et al., 1995,

The low levels of these proteins,
combined with their processing and
digestive lability relative to that for
known food allergens, suggest a very
low probability of any of these proteins
reaching the intestinal mucosa during
consumption. These proteins are not
likely to sensitize individuals consum-
ing foods containing them.

+ Amino Acid Sequence Similarity
to Food Proteins. The final compo-
nent used in the assessment of the al-
lergenic potential of a newly expressed
protein is the similarity of the amino
acid sequence to that of food proteins.
The presence of biologically homolo-
gous proteins in food, especially a food
with similar levels and types of con-
sumption, decreases concerns of po-
tential allergenicity. Iach of the pro-
teins listed in Table 3 show biological-
ly relevant amino acid sequence ho-
mology to proteins already present, or
approved for use, in the food supply.

The Host

If the host being genetically engi-
neered is known to contain specific
endogenous allergenic proteins and
gsera are available from allergy pa-
tients, the food derived from the new
plant variety should be analyzed to
assure that the composition and level
of endogenous allergens were not al-
tered during the engineering process.
Although there ig no precedent to sug-
gest that the genetic engineering pro-
cess itself could affect either the com-
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Table 2—Relative Profein and Allergen Stabllity in o Gastric Model

Total
Protein protein (%) Allergenicily® (%) Stability®
Egg allergent -
Cvdalbumin 54 100 &0 min
Milk allergens®
f-Lactoglobulin - . Q 72 60 min
Caselin =~~~ : 80 56 0 15min
BSA : i 45 S 15 min
a-Lactalbumin 4 14 2 min
Soybean Aliergens® _ R
B-Conglycinin (8 subunlty 185 75 60 min:
Kunitz trypsin inhibifor 2-4 25 60 min
B-Conglycinin (o subunit): 1856 20 60 min
Soylectin - -2 10 15min
Glycinin ' 51 5 _ 15 min
Gly m Bd 30K 2-3 65 8 min
Infroduced proteins a3 ' .
B.1t, ' <0.01 0 0
B.tk HD-73. <0.01 0 30 sec
B.t.k, HD-1 <0.01 0 30 sec
CP4 EPSPS <0.1 0 : 0
GOX <0.01 0 0
ACCd 0.4 0 0
Gus 0.01 0 0
NPTI <0.01 0 0
PAT na 0 0

°Parcent allergic Individuals with gk specific for thal proteln .
sLast Hime point that the intact proteln or protein fragrments ore observed

°From Langeland (1982)
dFrorm Savilehtl and Kuitunen (1992)

*From Shibasakl et al. (1980}, Ogowa et al, (19%1), and Burks et ai, (1994)

‘Mot detectable

position or level of endogenous pro-
teins, to confirm this expectation a di-
rect assessment is prudent for the first
genetically engineered food products.

Of course, if the plant has either no
history of causing allergy or a limited
history that precludes the availability
of sera, this assessment cannot be per-
formed. Immunoblotting and/or KLI-
SA methods could be implemented for
this assessment, Although the ELISA
provides quantitative assessment of
the total allergenic protein composi-
tion, the immunoblotting approach
provides more detailed information on
the composition of specific endogenous
allergens and therefore is the pre-
ferred method (Burks and Fuchs,
1995).

Using this immunoblot approach
with IgE from soybean-sensitive and
normal individuals, Burks and Fuchs
(1995) showed no qualitative or quan-
titative differences in the endogencus
allergens in genetically engincered,
glyphosate-tolerant  soybeans (Pad-
gette et al., 1996) compared to the pa-
rental soybean variety or to soybeans

from commercial varieties. This was
the first application of this approach
and confirmed that the genetic engi-
neering process per se caused no
changes in the composition or levels of
endogenous allergens.

National and International
Consensus

Several national and international
efforts have stimulated discussion and
agreement that the type of informa-
tion presented in this article is appro-
priate to assess the potential allerge-
nicity of foods derived from genetical-
ly engineered plants, FDA’s (1992)
policy provides guidance for allerge-
nicity assessment. The Environmental
Protection Agency also provided some
guidance in its draft guidelines for
pesticidal plants (EPA, 1994). FDA,
EPA, and the U.S. Dept. of Agricul-
ture cospensored a conference in
March 1994 focused specifically on
assessing the allergenic potential of
foods derived from genetically engi-
neered plants (Anonymous, 1994).
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Recent OECD (1995) and WHO (1995)
workshops also provided guidance on
allergenicity assessment.

The approach presented in thig arti-
cle is consistent with the guidance
from these public institutions and pro-
vides greater detail and justification
for the combination of components
that should be addressed. It is impor-
tant to remember that no single prop-
erty or assay alone can predict allerge-
nicity. However, if a protein lacks all
of the impoertant characteristics of an
allergenic protein, no further informa-
tion should be considered necessary
prior to introduction of new piant va-
rieties. ¥or proteins that share one or
more characteristics of allergenic pro-
teins, a combination of all the infor-
mation discussed above should be con-
sidered when deciding if further re-
gearch or characterization is prudent.

In the end, a balanced judgment of
all the available data generated dur-
ing allergenicity assessment (Table 3)
will assure the safety of foods derived
from genetically engineered crops.
Using these approaches, the new
plant varieties generated by genetic
engineering should be introduced into
the marketplace with the confidence
that new plant varieties developed by
traditional breeding have béen intro-.
duced for centuries.

Reducing Unwanted
Proteins

Genetic engineering provides a
unique opportunity to reduce the lev-
els of specific allergens in the food sup-
ply. By introducing genes in the “anti-
sense” orientation (the opposite orien-
tation required to produce a profein),.
the levels of protein produced by the
“sense” orientation can be dramatical-
ly ‘reduced. This is the technique
used to produce the delayed-softening,
FlavrSavr™ tomato, By inhibiting the
production of a polygalacturonase en-

Table 3—Characteristics of Presently Introduced Proteins compared to commeon food a.'fergehs

zyme that normally caused softening
in tomato, the shelf Life of tomato was
extended (Sheehy et al., 1988).

This same approach has been used
to significantly reduce the primary al-
lergen in rice. Matsuda et al. (1993)
cloned the gene encoding the 16-kDa
allergen from rice and introduced the
gene encoding this protein in the anti-
sense orientation into rice. The levels
of the 16-kDa allergen were signifi-
cantly reduced in rice geed in a num-
ber of the progeny. However, this al-
lergen was not completely eliminated
in these modified plants. Further
studies are underway fo achieve
greater reductions in this allergen.

The antisense approach could be
used in other food crops such as pea-
nuts and soybeans to selectively re-
duce the levels of specific allergens.
Some of the methods described ahove
enable the assessment of the effective-
ness of this and other approaches to
reduce or eliminate individual aller-
gens from crop plants. Thus, the op-
portunity now exists to significantly
reduce or eliminate, through genetic
engineering, noxious proteins, such as
food allergens, which are currently
present in the food supply.
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Focd Bik. B.Lk CP4
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