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Abstract

The prevalence of allergic diseases has been increasing
continuously and, accordingly, there is a great desire to
evaluate the allergenic potential of components in our
daily environment (e.g., food). Although there is almost
no scientific evidence that genetically modified organ-
isms (GMOs) exhibit increased allergenicity compared
with the corresponding wild type significant concerns
have been raised regarding this matter. In principle, it is
possible that the allergenic potential of GMOs may be
increased due to the introduction of potential foreign al-
lergens, to potentially upregulated expression of aller-
genic components caused by the modification of the
wild type organism or to different means of exposure.
According to the current practice, the proteins to be in-
troduced into a GMO are evaluated for their physiochem-

ical properties, sequence homology with known aller-
gens and occasionally regarding their allergenic activity.
We discuss why these current rules and procedures can-
not predict or exclude the allergenicity of a given GMO
with certainty. As an alternative we suggest to improve
the current evaluation by an experimental comparison
of the wild-type organism with the whole GMO regard-
ing their potential to elicit reactions in allergic individuals
and to induce de novo sensitizations. We also recom-
mend that the suggested assessment procedures be
equally applied to GMOs as well as to natural cultivars
in order to establish effective measures for allergy pre-
vention.
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Introduction

Genetically modified organisms (GMOs), in particular
genetically modified plants (GMPs), have been developed
in the last years for several reasons [1-3]. One reason for
the development of GMOs is to enhance the food supply
by increasing crop yields. Biotechnology companies have
been developing plant crops with improved agronomic
characteristics such as resistance to insects, herbicides,
and diseases. For the future, traits resulting in climate
tolerance and enhanced benefits for the consumer such as
better taste, longer shelf life and increased nutritive value
may be expected. GMOs are a result of genetic engineer-
ing which uses recombinant DNA technology to transfer
genes from one organism to another [4]. The foreign DNA
can be coated on particles, which are inserted directly into
the cells of the plant using a particle gun. Another possi-
bility is to insert the foreign DNA into vectors such as
plasmids or plant viruses. These vectors serve as molecu-
lar carriers to infect or transform plant cells and insert the
desired DNA into the plant genome. The bacterium com-
monly used is Agrobacterium tumefaciens, which has the
ability to infect many types of plants.

Electroporation and modifications on the basis of an-
tisense technology and gene replacement are other strate-
gies for genetic engineering.

Since plants represent major components of our envi-
ronment and nutrition, concerns have arisen that GMPs
may act as more potent allergen sources compared to the
wild-type plants [5-7]. These concerns gained increased
support when it turned out that a Brazil nut allergen had
been engineered into transgenic soybeans and other trans-
genic plants [8]. The latter event stimulated an awareness
about the potentially increased allergenic risk of GMOs
and the need to evaluate GMOs regarding their allerge-
nicity [2, 9-13].

The Impact of GMOs on Allergic Diseases:
Risk Factor or Potential Advantage?

The introduction of novel proteins into plants may
bear an increased risk of eliciting allergic reactions in al-
ready sensitized allergic individuals or by inducing de
novo allergic sensitizations. In fact, the allergenic poten-
tial of a GMO may be increased compared to the wild-
type plant for several reasons. First, it is possible that the
newly inserted protein either represents an allergen or
may behave as an allergen due to the expression in a par-
ticular plant tissue. Second, expression of foreign proteins
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may have unintended effects on the plant metabolism
(e.g. pleiotropic effects) leading to the upregulated expres-
sion of allergens or proteins, which may become aller-
genic due to their increased amounts. Third, it has to be
considered that transgenic plants may be used in indus-
trial processing; hence other exposure routes and sensiti-
zation scenarios might become important. For example,
manufacturing large amounts of transgenic soy contain-
ing a food allergen may induce respiratory sensitization
due to the generation of allergen-containing dust [14, 15].
Finally, it is possible that foreign allergens that stem from
transgenic plants appear in processed food without prop-
er labeling and thus may cause unexpected severe allergic
reactions in food-allergic patients.

On the other hand, biotechnology may contribute to
reduce allergenic risks [10, 11]. For example, it has been
demonstrated that the allergenic potential of plants may
be reduced by targeted elimination of allergens using an-
tisense technology [16, 17]. Furthermore, it has been sug-
gested that potent plant allergens may be replaced by
highly homologous proteins with similar biological func-
tion but reduced allergenic activity [18].

Currently there is limited evidence that GMPs present
a higher allergenic risk compared to certain natural plant
cultivars and natural plant products, which due to exten-
sive global trading have been newly introduced into our
diet (e.g. kiwi) [19-21], and into food additives used in
our countries (e. g. sweet lupine to flour [22]). However,
the possibility that GMPs may also have toxic or other as
yet unknown hazardous effects on the consumer as well
as on the environment has led to especially strict requests
for their careful evaluation.

Currently Applied Guidelines for the
Evaluation of the Allergenic Potential of a
GMO

In 2001, a joint FAO/WHO expert consensus panel
met in Rome to discuss foods derived from biotechnology
and adapted a decision tree for the evaluation of the al-
lergenicity of novel proteins introduced into food [23].
The resulting consensus recommendations by the expert
panel are summarized in the form of the FAO/WHO 2001
decision tree (fig. 1). This decision tree considers two pos-
sible scenarios. In the first scenario, the introduced genes
originate from a source known to be allergenic, whereas
the second possibility is that the inserted gene is derived
from a source not known to be allergenic.
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Ifthe inserted gene is derived from an allergenic source,
sequence homologies of the novel protein to known al-
lergens are investigated. It is suggested that a more than
35% amino acid sequence identity or the identity of six
contiguous amino acids of the novel protein with a known
allergen indicates that the protein may be allergenic. If no
such amino acid sequence homologies can be identified,
a serum screening of the novel protein is recommended.
The serum screen is supposed to be done by applying an
appropriate in vitro method and with sera from clini-
cally well-characterized patients who are allergic to the
allergen source from which the newly inserted protein is
derived or who are allergic to allergen sources which are
closely related to the source of the foreign protein. If a
newly inserted protein reacts with serum IgE, it is defined
‘as likely allergenic’. A negative result in the serum screen-
ing leads to further testing of the novel protein regarding
its stability to pepsin resistance and its ability to sensitize
animals after oral uptake or intraperitoneal administra-
tion. In addition to the serum screen, in vivo and/or in
vitro testing (skin prick testing, basophil histamine re-
lease and oral challenge) in allergic patients may be ap-
propriate, but this recommendation is not included in
the decision tree.

If the expressed protein derives from a source not
known to be allergenic, sequence homologies of the nov-
el protein to known allergens will be investigated. Any
sequence homology/identity as described above defines
the novel protein as ‘likely allergenic’. A negative result
in the sequence comparison leads to a targeted serum
screening where a panel of 50 well-characterized patients’
sera should be tested with the new protein. In the case of
a positive reaction, the protein may be evaluated by fur-
ther in vivo and/or in vitro testing. In case the new protein
would lack IgE reactivity, it would be subjected to testing
for pepsin resistance and immunogenicity in animal
models. It is claimed that the evaluation according to the
FAO/WHO decision tree can predict high and low prob-
ability of allergenicity for a given protein.

Several other decision trees for evaluating the allerge-
nicity of novel proteins have been suggested and are used.
In the USA the IFBC (International Food Biotechnology
Council) concept [24] is frequently used and a recently
published minimonograph published by the US National
Institute of Environmental Health Sciences provides an
update on the current practice [25]. The IFBC concept
served as a model for the FAO/WHO decision tree and
consequently is very similar. It is still considered as a
standard for placing novel foods on the market in the
USA. The decision tree developed by Lehrer et al. [26] is
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Fig. 1. The FAO/WHO 2001 decision tree for the evaluation of the
allergenicity of novel proteins introduced into foods.

almost superimposable to the FAO/WHO decision tree.
Jany and Greiner [27] developed a scheme on the basis
of the European Union (EU) Recommendation 97/618/
EC for the assessment of an allergenic risk of a novel pro-
tein, which similar to the previously mentioned decision
trees, considers stability/instability of the novel protein
during digestion in the gastrointestinal tract, glycosyl-
ation and isoelectric point, sequence homologies to known
allergens, and homologies to ‘safe’ proteins as well as in
vitro serology tests such as RAST and ELISA inhibition
assays, and immunoblotting and in vivo tests such as skin
prick tests for the evaluation of the allergenic activity
[27].

Int Arch Allergy Immunol 2005;137:167-180 169



Table 1. Frequently used arguments against an allergenic potential
of GMOs

Source of the novel protein does not derive from a known
allergen source

Lack of sequence homology to known allergens

The novel protein can be easily digested

The inserted gene is expressed at low levels

The novel protein is not glycosylated

A Review of Currently Applied Procedures for
the Evaluation of the Allergenic Potential of
GMOs to Be Released in Countries of the EU

In the EU, the assessment of the allergenic potential is
required for market authorization of GM crops in Direc-
tive 2001/18/EC and in the preceding Directive 90/220/
EEC. The allergenic potential of novel foods and food
ingredients is mentioned in the EU Regulation 258/97
(‘Novel Food Regulation” which for GMOs has been re-
placed by Regulation 1829/2003 in April 2004) and in the
Recommendation 97/618/EC.

The Umweltbundesamt (Austrian Federal Environ-
ment Agency) and the Inter-University Research Centre
for Technology, Work and Culture in Austria have re-
cently conducted an analysis of eleven applications for
market authorization according on the Directive 90/220/
EEC of GMPs [28] in Europe regarding toxicity and al-
lergenicity assessment. Shortly thereafter a second survey
was carried out to investigate the practice in twelve ‘nov-
el food applications’, which had been filed in the EU
[29].

These applications contained basically no experimen-
tal work to assess the allergenic potential of the GMPs.
Only one of the applications had studied the IgE reactiv-
ity of the foreign protein. All other applications con-
tained only arguments as to why the GMP does not pres-
ent an allergenic risk. These arguments are summarized
in table 1. In most applications it was claimed that the
protein was derived from a nonallergenic source, ex-
pressed at low levels in the GMP and may be easily di-
gested in the gastrointestinal tract. Sequence compari-
sons were conducted to demonstrate that the new protein
was not homologous to known allergens. Furthermore,
the argument that a nonglycosylated protein is not aller-
genic was proposed.

In all applications only the newly inserted protein was
discussed, whereas none of the applications considered
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pleiotropic effects possibly caused by the insertion of the
foreign protein, which may have effects on the expression
of other allergenic proteins in the host organism. Mainly
the oral route was considered as a possible route for al-
lergic sensitization, whereas no consideration was given
to other exposure or sensitization scenarios.

A Critical Assessment of the Current
Guidelines for the Evaluation of the Allergenic
Potential of GMPs

The evaluation of applications for placing GMPs on
the European market has led to several interesting obser-
vations. First, it was noticed that many of the arguments
forwarded in the applications to diminish the concerns
regarding allergenic risk were either incorrect or insuffi-
cient to estimate the allergenic risk of a GMP with suffi-
cient certainty (table 1). Below, we will critically discuss
several of the most frequently used arguments in light of
the currently available scientific data.

At present, there seem to be no clear guidelines for the
experimental evaluation of the allergenic potential of
GMPs. In this context we will discuss the decision tree of
the FAO/WHO for evaluating the allergenic potential of
GMPs and provide suggestions for improvement. In ad-
dition, we recommend that the whole GMP be evaluated
rather than only the foreign protein introduced, in order
to consider possible pleiotropic effects that may be caused
by insertion of the foreign gene. Finally, it is felt that dif-
ferent exposure routes and circumstances of sensitization
need to be considered. These may greatly vary depending
on the intended use of the GMP.

Given the fact that there is almost no scientific evi-
dence that GMPs present a higher allergenic risk than
organisms without insertion of foreign genes we raise the
question of whether different rules should be applied
when evaluating the allergenic risk of GMPs and conven-
tional crops and food. Numerous natural allergen sources
(e.g., tropical fruits, fruits and vegetables with high aller-
gen contents) have entered the market without having
been subjected to any examination. A review of the lit-
erature regarding allergic reactions caused by food that
has been newly introduced into our diet shows that there
is a considerable number of reports about allergic reac-
tions to newly introduced natural or processed food [21,
30-38] and food additives [22], whereas almost no data
regarding increased allergenicity of GMOs are available
[8]. It may, therefore, be pertinent to seek scientific meth-
ods that equally allow us to evaluate the allergenic risk of
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Fig. 2. Amino acid sequence comparison of five Bet v 1 isoforms. Boxes show T cell epitopes [with permis-

sion, 50].

conventional products, as well as GMPs. Suggestions for
such methods will be given in one of the following sec-
tions.

Is it Important Whether a Newly Inserted Gene
Is Derived from an Allergenic or Nonallergenic
Source?

One argument frequently cited for the lack of aller-
genic potential of a particular GMP was that the newly
inserted gene does not stem from a known allergen source.
However, due to advances in research, it turns out that
several antigen sources (e.g. maize, bacteria, yeast), which
were thought not to play a role as allergen sources, have
been discovered to contain allergenic molecules [39-41].
Moreover, if one follows the decision tree of the FAO/
WHO [23], one will easily recognize that the origin of the
newly inserted gene has no relevant implication for the
evaluation of the allergenic potential of a GMO because
the decision tree suggests that a sequence comparison has
to be performed in any case. It should also be emphasized
that even a protein which does not represent an allergen
initsnatural source may become a potent allergen through
a new route of presentation. For example, it is possible
that proteins may become highly allergenic in another
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organism provided that they are expressed in a tissue
which liberates the protein easily at the mucosa of indi-
viduals.

Furthermore, it is possible that the insertion of a non-
allergenic protein into a host organism may unintention-
ally induce the activation of allergens and thus indirectly
increase the allergenic potential of the GMP. In this con-
text it should be mentioned that several potent plant al-
lergens fall into the group of pathogenesis-related pro-
teins, which become activated when the plant is infected
or subjected to stressful conditions [42]. It is thus possible
that the insertion of a nonallergenic protein may induce
stressful conditions, which lead to upregulated allergen
expression in the host organism.

The Questionable Value of Sequence
Comparisons for Assessing the Allergenic
Potential of a Protein

One of the most frequent instruments used for the as-
sessment of the allergenic potential of a GMO is the se-
quence comparison of newly introduced proteins with al-
lergen sequences submitted to various databases. There
is no argument against performing a sequence homology
search because it is very easy to perform. The questions
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are what method of comparison should be selected and
how should a meaningful sequence similarity be defined
that will predict an allergenic risk. Meanwhile numerous
methods of sequence comparison have been suggested for
assessment of allergenicity. However, the routinely used
sequence comparison technologies such as FASTA and
BLAST [43-45] as well as all of the new methods devel-
oped more specifically for predicting the allergenic poten-
tial of a given protein [46-48] would provide the wrong
results in many cases. For example, it is well known that
nonallergenic isoforms of allergens exist which differ by
only a few amino acids compared to their allergenic coun-
terparts. Such nonallergenic isoforms have been described
for many allergen sources (e.g. birch, hazel pollen) [49,
50]. Figure 2 shows an amino acid sequence comparison
of five recombinant Bet v 1 isoforms which differ only in
few amino acids. Isoform Bet v 1a shows a high IgE-bind-
ing activity, whereas isoforms Bet v 1d and Bet v 11 show
a very low IgE-binding activity. Because of their low al-
lergenic potential such isoforms have even been suggested
as candidates for allergen-specific immunotherapy [50].
Likewise, proteins with significant sequence homology to
major allergens but without any allergenic activity have
been described [18]. For example, a cytokinin-inducible
periwinkle protein (T1) was found to exhibit significant
sequence homology with pathogenesis-related proteins
and the Bet v 1 allergen family. The amino acid sequences
of the periwinkle protein (T1) and the major birch pollen
allergen showed 40.4% sequence identity, but in spite of
the sequence homology the periwinkle protein showed
immunologically distinct features from the Bet v 1 aller-
gen family and exhibited no allergenic properties. These
concrete examples show that sequence comparisons could
identify proteins wrongly as allergens. On the other hand,
we know that new allergens are discovered continuously
and it is hence clear that the databases containing allergen
sequences are incomplete at present. Accordingly, aller-
genic potential cannot be excluded with sufficient cer-
tainty when no sequence homology has been found. An-
other problem is that the sole analysis of the newly intro-
duced protein does not take into account possible
alterations in the host organism which may lead to its in-
creased allergenic potential.

In conclusion, it can be stated that sequence compari-
sons can be easily performed and there is no reason to
exclude these methods from allergenicity assessment.
However, they can neither predict nor exclude with suf-
ficient certainty allergenicity of a given protein nor do
they provide any information on the allergenic potential
of the GMP as a whole.
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The Novel Protein Has to Be Tested with Sera
of Allergic Patients: Differentiation between
‘Specific Serum Screen’ and ‘Targeted Serum
Screen’?

Accordingto the FAO/WHO decision tree of 2001 [23],
a lack of sequence homology of the new protein
with allergen sequences should lead to a serum screen.
This represents, however, a rather recent change in the
guidance for allergenicity assessment. Decision tree ap-
proaches that were used before 2001 required an in vitro
digestibility study following a negative result of the homol-
ogy comparison instead [23, overview provided in 27].

In case of an allergenic source organism a ‘specific se-
rum screen’ and otherwise a ‘targeted serum screen’
should be conducted. Whereas the former means that sera
from clinically well-characterized patients allergic to the
source of the novel protein are used, the latter suggests
the use of sera from patients allergic to related proteins
of the newly inserted protein.

The review of applications for placing on the market
as plants, seed and food conducted by the Austrian Um-
weltbundesamt showed that only one application had em-
ployed serological testing [28, 29]. However, we feel that
the sole testing of the newly inserted protein is not suffi-
cient. Instead, we suggest extending the serum screening
from the target protein to the whole GMP in order to in-
clude effects that may indirectly increase the allergenic-
ity of the GMP through pleiotropic effects. For example,
it is possible that the insertion of a novel protein may lead
to an upregulated expression of allergens or proteins with
sensitization capacity. This concern is supported by the
fact that many potent plant allergens fall into the group
of pathogenesis-related proteins which are induced upon
stress, pathogen attack and other stimuli [42].

To assess the allergenic risk caused by the GMP, it
would be necessary to compare the GMP with the corre-
sponding wild-type or parent organism as regards tissue.
Only such a procedure would make it possible to judge
whether the GMP bears a higher risk of allergenicity than
the corresponding wild-type organism.

The Misconception that Allergens Are Always
Characterized by Resistance to Proteolytic
Digestion

The misconception that an allergen can be identified
by its intrinsic stability against digestion, whereas nonal-
lergenic proteins would be degraded goes back to studies
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which were trying to identify general features of allergens
[51]. Meanwhile several studies have clearly demonstrat-
ed that stability against digestion does not represent a
feature which is strictly associated with allergenicity [52,
53]. A study by Heiss et al. [54] showed that trypsin di-
gestion of mugwort pollen leads to digestion of the highly
cross-reactive allergen profilin whereas another cross-re-
active 60-kDa allergen turned out to be highly resistant
against digestion (fig. 3). In light of recent scientific results
it appears that digestibility studies cannot be considered
suitable tools to address the allergenic potential of a pro-
tein or a GMP. The focus on resistance to digestion also
may be overestimated considering studies which indicate
that sensitization and boosting of the allergic immune
response via the respiratory tract may be more important
in allergic sensitization than mechanisms operating via
the gastrointestinal tract [reviewed in 55-57].

Is Glycosylation a Feature of an Allergen?

According to current information about the nature of
allergens the answer to the above question has to be a clear
‘no’. Our knowledge regarding the molecular nature of
allergens has increased tremendously during the last
15 years [reviewed in 58, 59; see allergen databases:
www.allergenonline.com, http://129.109.73.75/SDAP].
Nevertheless, the analysis of applications for market
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authorization of GMPs [28, 29] revealed that in almost
all applications it was argued that the newly inserted pro-
tein is not glycosylated and hence will not exhibit aller-
genic activity. However, this assumption cannot be en-
tertained further and a few examples are given below.

For example, profilins represent highly cross-reactive
allergens but are not glycosylated [60]. Also another group
of cross-reactive allergens belonging to calcium-binding
proteins are not glycosylated [61]. Both families, profilins
and calcium-binding proteins, represent potent well-
characterized allergens, which have been tested for their
allergenic activity in great detail. Although a few studies
indicate that carbohydrate components might contribute
to allergenic activity, there is now increasing evidence
that carbohydrates are involved in IgE recognition but are
poor elicitors of allergic reactions [62-65]. Only few re-
ports are available describing carbohydrate components
that bind IgE from sera of allergic patients and induce
histamine release from blood cells [66, 67].

The Importance of the Expression Level and
the Amount of a Protein in Allergenic Activity

Already the report of the Joint FAO/WHO expert con-
sultation stated that it is not possible to draw conclusions
regarding potential allergenicity of a given protein from
its expression level [23]. Nevertheless, it turned out to be
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Fig. 4. Expression of the profilin transcript in different tobacco tis-
sues and pollen. RNA from tobacco microspores (lane 1), mid bi-
nucleate pollen (lane 2), embryogenic pollen (lane 3), mature pollen
(lane 4), germinated pollen (lane 5), leaves (lane 6) and ovaries (lane
7) was separated by denaturing agarose gel electrophoresis, trans-
ferred to a nylon membrane and hybridized with the complete to-
bacco pollen profilin cDNA. Hybridization with the profilin tran-
script was found at 700 nucleotides in RNA of mature (lane 4) and
germinated (lane 5) pollen (indicated by an arrow). Below, the same
membrane was hybridized with an oligonucleotide complementary
to 18S plant ribosomal RNAs to ensure that comparable amounts
of intact RNA were transferred to the membrane [with permission,
68].

a common practice to argue against the allergenic poten-
tial of a protein by stating that the protein is expressed
only at low levels in a GMO [28, 29].

Furthermore, it should be considered that the expres-
sion levels of certain allergens can vary depending on
plant growth, developmental stages, tissue-specific ex-
pression and environmental stress. An example of the
variability of allergen contents in different developmen-
tal stages and tissues is the allergen profilin. Profilins rep-
resent actin-binding proteins which have been described
as cross-reactive plant allergens [60]. Profilin can be de-
tected in different somatic plant tissues, but its expression
and content were 50- to 100-fold higher in mature pollen
than in seed or leaf. During early stages of pollen devel-
opment no profilin could be detected by Northern blot-
ting, whereas in mature pollen large amounts of profilin
were found (fig. 4) [68].

Another study has investigated sixteen apple varieties
regarding their contents of the major apple allergen, Mal
d 1 [69]. The authors showed that certain apple strains
contained larger amounts of Mal d 1 than others and
concluded that the IgE-binding potency of different ap-
ple strains correlated with the amount of the allergen.
Similar findings were made for the lipid transfer protein,
Pru p 3, the major allergen of peach [70]. The concentra-
tion of lipid transfer protein Pru p 3 in peach peel ex-
tracts was approximately 7 times greater than in pulp
extracts [70].
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Thus it can be concluded that the expression level of
a given protein cannot always be related to its potential
allergenicity. Furthermore, expression levels of proven
allergens may greatly vary in different strains, tissues and
developmental stages, and can be influenced by a variety
of factors.

Animal Models

At this point it may be useful to introduce a definition
of terms which are frequently used in the context of eval-
uating the allergenic potential of a GMP. It is recom-
mended that the term ‘allergenic activity’ be used to de-
scribe the propensity of a substance to induce allergic
reactions in sensitized allergic patients. The allergenic ac-
tivity of a certain component can be evaluated in allergic
patients by provocation testing or by tests which closely
mimic provocation testing. The goal is to find out wheth-
er the component in question can induce an allergic reac-
tion in allergic individuals and to estimate the magnitude
of this reaction. By contrast, the term ‘allergenicity’ de-
scribes the likelihood of inducing de novo sensitization
in a nonallergic individual. Allergenicity cannot be deter-
mined by the above-mentioned methods but requires
models of allergic sensitization which are mostly conduct-
ed in animals. There are several animals and strains de-
scribed that can be used to investigate allergic sensitiza-
tion and immune responses. They include rodent models
as well as dog and primate models. Such models may be
helpful to study the potential of a given protein to induce
an allergic sensitization in a nonallergic individual. The
current FAO/WHO 2001 decision tree recommends the
use of animal models to study allergic sensitization and
even suggests the use of different sensitization routes (oral
sensitization, intraperitoneal administration) because
different sensitization routes may induce different results
[23]. It is also well established that different forms of al-
lergic diseases may be provoked depending on the animal
species/strain used and depending on the route of sensi-
tization. Furthermore, there may be great differences re-
garding the MHC background of the animals used. There-
fore, it will be quite difficult to make judgments and set
cutoffs for determining whether a protein may be aller-
genic or not. However, it has been demonstrated that pro-
teins can be compared regarding their ability to induce
IgE responses in animals. It has been shown that immu-
nization of Balb/c mice with purified natural and recom-
binant allergens induced IgE responses comparable to
that seen in allergic patients [71]. Furthermore, it was
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observed that potent and frequent allergens tended to in-
duce higher IgE responses compared to less potent aller-
gens. In this respect it appears that allergenicity is strong-
ly related to the overall immunogenicity of an antigen.

At present, it seems impossible to develop animal
models, which can predict or exclude with sufficient cer-
tainty whether a given protein can induce de novo allergic
sensitization. It may, however, be possible to compare by
simple allergic sensitization protocols new proteins with
known allergens regarding the induction of IgE responses.
Considering the possibility that the insertion of a foreign
protein into an organism may induce an upregulation of
allergen expression via indirect mechanisms, it may,
however, be advisable to compare whole tissue extracts
from the wild-type plant with tissue extracts from GMPs
regarding their potential to induce IgE responses, rather
than testing only the newly inserted protein. Using such
a strategy it would be possible to define whether a par-
ticular GMP is more, equal or less potent in inducing an
allergic immune response compared to the naturally oc-
curring wild-type organism.

The Importance of Various Exposure Routes
and Sensitization Scenarios

The analysis of applications for releasing GMPs re-
vealed that the oral route of sensitization and eliciting
allergic reactions was the primary consideration, whereas
no attention was given to other exposure scenarios [28,
29]. The reason for this incomplete assessment may be
that most of the GMPs were thought to be used for food
production. However, it must be considered that GMPs
may exhibit allergenic activity also via other routes, par-
ticularly when they are grown on a large scale and pro-
cessed by different means. For example, pollens represent
much more potent and frequent allergen sources than
plant-derived food and it should, therefore, be considered
that GMPs may also release allergens via pollen produc-
tion and hence cause respiratory sensitization. Further-
more, processing of maize may lead to respiratory sensi-
tization in bakers who are exposed to flour. In this context
it has been reported that soybean dust caused severe out-
breaks of asthma in Barcelona, Spain when the soybeans
were unloaded in the city harbor [14, 15]. Many of the
responsible soybean hull allergens were identified and
characterized [14]. Another example for respiratory sen-
sitization has been described in employees who are ex-
posed to papain [72]. The cross-reactivity of IgE antibod-
ies of papain with latex allergens has been reported using
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sera of latex-exposed and papain-exposed people [73].
Hypersensitivity to papain was found in approximately
1% of an allergic population using skin prick tests and IgE
measurements and was confirmed by oral challenge
[74].

We, therefore, suggest that other exposure and sensiti-
zation scenarios be considered when assessing GMPs or
other products rather than focusing on the gastrointesti-
nal route only.

Guidelines for GMOs May Also Be Applicable
for Natural Organisms and Processed
Products

Allergic reactions to food represent an important
health problem [75, 76]. In this context it may be useful
to establish methods which allow detection, measure-
ment and quantification of important allergens in natu-
ral and processed food. These methods are mainly based
on the use of allergen-specific antibodies which allow the
detection and quantification of allergens by immunolog-
ical assays (e.g. sandwich ELISA protocols)[77, 78]. Sim-
ilar methods have been developed for the measurement
of numerous environmental allergens. Based on the de-
tection of allergens in our environment and in our food,
preventive strategies may be developed which may re-
duce the risk of allergen exposure. In fact, the above-
mentioned methods for allergen detection and quantifi-
cation can also be applied for GMPs, once they are re-
leased.

However, it has been required to assess GMPs regard-
ing allergenicity prior to their release. This requirement
is based on the assumption that GMPs might pose an un-
known and perhaps higher allergenic potential compared
to natural products. Concerns have been raised when it
turned out that a brazil nut allergen was engineered into
transgenic soybeans and other transgenic plants [8]. But,
on the other hand, in numerous studies it was demon-
strated that a variety of natural foods which have been
newly introduced on the market have caused allergic re-
actions [30-38]. For example, kiwi fruits induce allergic
reactions in a considerable number of patients as a con-
sequence of their growing consumption in Europe. These
patients exhibit IgE reactivity to the major kiwi fruit al-
lergen which has been identified and characterized re-
cently [21]. Another paper by Sten et al. [31] describes an
edible nut (Nangai), which is cultivated on the islands in
the Pacific, as a potent allergen source for patients suffer-
ing from allergy to grass, birch, and mugwort pollen, al-
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though these patients were not exposed to Nangai nuts
before. Furthermore, food additives such as sweet lupine
and papain can represent allergen sources [22, 79]. Hefle
et al. [22] describes that lupine-fortified pasta in a 5-year-
old child with peanut sensitivity caused urticaria and
angioedema after ingestion. Additionally, it is reported
that some peanut-allergic patients show a cross-reactivity
to sweet lupine. Taylor and Hefle [79] reported that in-
gredients such as papain, classified as rarely allergenic,
should be declared in the ingredient listings on product
labels.

In light of the increasing evidence of allergic reactions
to newly introduced natural food it may also be worth
considering the application of controlled allergenicity as-
sessment for natural and perhaps even for processed
products. In principle the Novel Food Regulation 258/97,
which regulates novel food other than GM food, is a step
in the right direction.

Hypersensitivities Other than IgE-Mediated
Allergies Are Also Important for Risk
Assessment

IgE-mediated allergies affect more than 25% of the
population and belong to the most frequent immunolog-
ically mediated hypersensitivities. However, there are
also several other types of hypersensitivity diseases such
as celiac disease, cell-mediated reactions and immune
complex diseases, which currently are not considered in
the safety assessment of GMOs or other products [76].
The above-mentioned hypersensitivity diseases are less
frequent than IgE-mediated allergies but may cause se-
vere manifestations including gastroenteritis and lung
diseases. Their immunopathogenic mechanisms are only
poorly understood and assays for diagnosis are less well
developed than for IgE-mediated allergies. Furthermore,
there are no animal models reflecting human disease and
it is, therefore, not possible to determine criteria whether
GMOs, natural or processed products, may bear an in-
creased risk of inducing these hypersensitivity diseases.
At present, it is not possible to establish test systems that
would allow a safety assessment regarding the non-IgE-
mediated reactions and efforts will have to focus on the
characterization of the antigens causing these disecases
and on the investigation of the underlying pathomecha-
nisms.
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Suggestions for the Evaluation of the
Allergenic Potential of GMIOs

Based on the considerations made so far it is possible
to develop a flow chart for the evaluation of the allergen-
ic potential of GMPs. Figure 5 illustrates such a possible
procedure for allergy risk assessment. Several aspects of
this suggested assessment are different from the estab-
lished procedures.

First, it is suggested that pleiotropic effects, which are
caused by the insertion of a foreign gene, also be assessed,
and that the effect of allergenic activity and allergenicity
of the whole GMP is determined rather than exclusively
focusing on the newly introduced protein. When the
whole GMP is analyzed, it is mandatory to compare it
with the wild-type organism with respect to allergenic ac-
tivity and allergenicity. Assessing the whole GMP will
focus not only on the allergenic potential of the foreign
gene product, but also determine whether the insertion of
the gene induces expression of other allergens. Such an
evaluation could answer the question of whether the
GMP has a greater, similar or perhaps reduced allergenic
potential than the wild type.

Second, it is suggested that extracts from different tis-
sues of the GMP and the wild type be tested, taking into
consideration possible exposure scenarios. For example,
large-scale farming of GMPs may lead to a considerable
release of pollen whereas marketing of GMP seeds as food
or industrial processing of other parts of the plant creates
other exposure scenarios. Regarding the methods used for
preparing tissue extracts, mechanical homogenization in
combination with aqueous extraction similar to that used
for the preparation of natural allergen extracts used for
allergy diagnosis may be considered.

Third, it is recommended that the GMP be compared
with the wild-type organism with respect to allergenic ac-
tivity and allergenicity by experimental tests. In this con-
text serological testing for IgE reactivity with a represen-
tative number of sera from allergic patients seems to be
the only possibility because cellular (e.g. basophil hista-
mine release tests) and in vivo tests (e.g. skin testing) can-
not be performed with large numbers of patients for prac-
tical and ethical reasons. For the testing, sera should be
selected that have a high likelihood of containing IgE
against organisms which are related to the host organism
or to the organism from where the foreign gene is derived.
At least more than 100 sera from allergic patients of the
population to be exposed to the GMP should be included
in the analysis, but the selection of these sera will obvi-
ously be difficult to standardize. On the other hand, it
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Investigation of the whole GMOs

IgE reactivity to extracts from GMOs and from the wild type

Investigation of the allergenic activity in allergic patients:

A

Allergenic activity No

Exposure scenario
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l

allergenic activity

More than Similar to
wild type wild type
Potentially
hazardous Exposure scenario
Assessment of allergenicity: ¥
Induction of IgE responses in animals with extracts (e.g.
tissue, pollen) from GMOs and from the wild type
Yes Nf
Allergenicity No
allergenicity
More than Similar to
wild type wild type
' I
Potentially No increased No detectable
hazardous risk risk

Fig. 5. Possible scheme for comparing the
allergenic activity and allergenicity of a
GMO with the corresponding wild type.

should be feasible to create representative serum banks
for serological testing on a scientific basis because even
companies developing diagnostic and therapeutic re-
agents already utilize this principle.

A more delicate issue to study is the question of wheth-
er a GMP may more easily induce an allergic immune
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response than the corresponding wild type. To address
this question one could use the well-established principle
of injecting antigens with aluminium hydroxide into na-
Tve mice and measuring the magnitude of IgE responses
[reviewed in 80]. In fact it has turned out that potent and
frequently recognized allergens induce higher IgE re-
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sponses in mice than less potent allergens [71]. This assay
is far from being perfect but is based on the reasonable
assumption that antigens with low immunogenicity will
less likely induce allergic immune responses. Again, this
assay would involve a comparison of extracts from the
GMP and the corresponding wild type to answer the ques-
tion of whether the GMP bears a higher risk of allergenic-
ity compared to the wild type. It should be considered
that responses in mice can vary due to marked major his-
tocompatibility complex gene effects showed for the ma-
jor mite allergens Der p 1 and Der p 2 [81, 82]. Therefore,
potential allergen sources should be analyzed using dif-
ferent strains of mice. Differences in the IgE responses of
humans and animals to different house dust mite aller-
gens are reported. For example, dogs allergic to house
dust mite primarily produce IgE antibodies to the high-
molecular-weight allergens and are lower responders to
group 1 and 2 mite allergens, which are the major mite
allergens associated with human allergy [83-86].

The ability of a protein when administered as a mix-
ture of proteins to induce IgE antibodies in mice should
be considered. A paper by Seitzer et al. [87] showed that
mice immunized with timothy grass pollen extract pro-
duced IgE antibodies to most of the tested allergens, but
did not give an IgE response to the major timothy grass
pollen allergen Phl p 1. Furthermore, other immunization
strategies such as the application of allergens by skin
patch for induction of IgE responses should be considered

[88, 89]. Recently a paper was published that demon-
strates that food allergy can be induced by allergen expo-
sure through the skin [90].

The suggested experimental evaluations are certainly
more meaningful than sequence comparisons, digestibil-
ity studies and guesses regarding allergenicity which are
purely based on the physicochemical nature and charac-
teristics of proteins. However, it must be clear that the
suggested experimental criteria will not predict or ex-
clude an increased allergenic potential of a GMP with
absolute certainty. In this context it will be important to
search for allergic reactions and sensitizations against
GMPs after their release in the exposed population. Prob-
ably, this can be conducted in the course of postmarket-
ing monitoring which is required by the new Regulation
1829/2003 for genetically modified food and feed and by
Directive 2001/18/EC for placing on the market of GMOs
as well.
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