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The safety assessment of food derived from genetically modified
plants continues to attract considerable attention. Among the
important issues that need to be considered is whether the prod-
ucts of novel genes introduced into crop plants will have the
potential to induce allergic sensitization or to elicit allergic disease.
Hierarchical approaches to allergenicity testing have been pro-
posed, and these incorporate evaluation of the structural and
sequence homology and serological identity of novel proteins with
known allergens, measurement of resistance to proteolytic diges-
tion, and assessment of allergenic potential using animal models.
Accounts of these approaches are available elsewhere, and it is not
the purpose of this article to provide a detailed critique of specific
methods. Our intention is rather to look more broadly at the
strategy for assessment of allergenic potential, the challenges such
assessments pose for the practicing toxicologist, and how some of
these might best be addressed.

result in the altered levels of endogenous protein allergens
already expressed by the host plant.

The requirement for allergenicity assessment of novel foods
has been reviewed previously (Kimber and Dearman, 2001a;
Kimber et al, 1997; Metcalfeet al, 1996; Taylor, 1997;
Taylor and Hefle, 2001), and it is not our intention to cover the
same ground here. Nor is it the purpose of this article to
compare and contrast in detail the utility of specific methods
that have been proposed for hazard identification and charac-
terization. Our goal is rather to reflect on some of the more
general aspects of protein allergenicity assessment, the chal-
lenges they pose, and how some of these might best be ad-
dressed.

Scientific Context

The concern that a novel gene product may have the poten-
tial to induce sensitization is legitimate: food allergy is not
uncommon, the prevalence being in the order of 1-2% in adults

The safety assessment of foods derived from geneticalljiy even higher among infants (Helm and Burks, 2000; Houri-

modified crops has been the subject of considerablg discussplodrﬁe, 1998), and a variety of plant proteins have been impli-
and debate (Goldman, 2000; Hodgson, 2001; Kuigeel, cated as food allergens (Breiteneder and Ebner, 2001; Bush
1999; Lachmann, 1999). Among the aspects that have attracieh Hefle, 1996). However, it is important to appreciate that a
mosF gtte.ntlon is allergenicity. Th_e concern here is thatgenelq_grmm diet will result in exposure to many thousands of
modification of crop plants may in some instances be assogjyteins and that only a small proportion of these have been
ated with a risk of either inducing allergic sensitization i_pown to display sensitizing activity. The question that arises
susceptible (but previously nonsensitized) individuals, or Wity this is why some proteins are allergenic, whereas others
the elicitation of allergic reactions in those who are alreadye not. This is of more than academic interest—an understand-
sensitized. Specifically, the concerns are that: (a) the productgf of the requirements for the initiation of sensitization will

a novel gene introduced into the plant may have the ability p4\ide the foundations for future developments in approaches
inducede novosensitization amongst susceptible consumer, ihe jdentification and characterization of allergenic proteins,

(b) that the product of a novel gene may be immunologically,q may create opportunities for designing out sensitizing
cross-reactive with protein allergens to which consumers PRoperties.

already sensitized_, and W.i|| as a consequence have thg pote_nti the context of food allergy, sensitization is dependent in
to provoke allergic reactions, or (c) that transformation willyost instances on the induction of IgE antibody responses.
This antibody associates with mast cells that are found
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cross-links membrane-bound IgE antibody, resulting in dé&om sensitized patients with the protein of interest) and pos-
granulation and the release of a variety of inflammatory mesibly by challenge of sensitized subjects. For proteins derived
diators, including histamine, serotonin, chemotactic factorfspm sources considered not to be allergenic, a different strat-
and prostaglandins. These factors act in concert to causeegy was proposed. Here, the advice was to consider amino acid
increase in vascular permeability, the contraction of smoaslequence homology with, and/or structural similarity to, known
muscle, and the accumulation of leukocytes that together ppgotein allergens (Gendel, 1998), and the resistance of the
cipitate an allergic reaction. The most frequent symptoms pfotein of interest to digestion in a simulated gastric fluid
food allergy include nausea and vomiting, abdominal pain, af@istwood et al., 1996). Since the original description of this
diarrhea. However, other organ systems (the skin and respidacision tree, modifications have been proposed, among these
tory tract) may be involved, and occasionally severe systentieing more conservative criteria for establishing identity with
(anaphylactic) reactions are provoked that may prove fatal.known allergens based on sequence homology, and the intro-
It is generally acknowledged that a number of factors catuction of what was termed “targeted serum screening” to
contribute to the expression by proteins of sensitizing activitinvestigate the immunoactivity of the novel protein with sera
although not all of these may be influential in each instangerepared from subjects with allergy to materials that are
Among these are the size and structure of proteins, resistaboeadly related to the source material (FAO/WHO, 2001).
to proteolytic digestion, glycosylation status, biologic functioMore recently still, the CodeAd HoclIntergovernmental Task
(such as enzymatic activity), overall immunogenicity (the abiForce on foods derived from biotechnology has, through a
ity to provoke an immune response of any type), and the wayorking group on allergenicity, given further consideration to
in which the protein is recognized, processed, and presentedome of the recommendations made previously by IFBC/ILSI
the immune system (Aalberse, 2000; Bredehorst and Davahd by FAO/WHO.
2001; Bufe, 1998; Hubwt al., 2000). It is assumed that these, For the purposes of this article, much of the detail is not
and possibly other as yet unidentified factors, will collectivelgirectly relevant, and it is in any event available elsewhere
determine the immunological outcome of exposure, afBAO/WHO, 2001; Metcalfeet al, 1996). The overarching
whether and to what extent an allergic response is provoked dguestion is whether the recommendations that resulted origi-
practice, the assumption is that protein allergens have thally from the IFBC/ILSI consultations, and/or some of the
properties necessary to induce and sustain the quality of imere recent suggested amendments to these, provide a suitable
mune response required for IgE antibody production (a préfamework for ensuring that no new or increased risk of allergy
erential type 2 response) (Steveas al, 1988) and/or to will result from the introduction of novel foods. Our view is
prohibit the genesis of type 1 immune responses that antafftat with certain provisos and caveats, these paradigms form a
nize the elaboration of IgE (Aalberse, 2000; Hudiyal., 2000; sound, but as yet incomplete, basis for safety assessments.
Kimber and Dearman, 2001a). One important issue is that both the initial and modified
recommendations for evaluation of allergenicity were dis-
played, and have since been viewed, as a decision tree. Al-
though a binary system—wherein the results of one investiga-
tion dictate the route taken for further analyses—has some
Perhaps the most important question to initially ask is whattraction, this hierarchical approach does not necessarily en-
a safety assessment should have as an objective. The absenueage an holistic appreciation of the data available in reach-
of risk in this context is not achievable, and our view is that theg conclusions about the existence or otherwise of a potential
aim, holistically, should be to ensure that a food deriving fromazard. Components of the current decision trees do not nec-
a genetically modified crop is as safe as its traditional couessarily provide an unambiguous indication of the presence or
terpart. With this in mind, the objective with regard to allerabsence of sensitizing hazard.
genicity is to establish whether the novel food has an increased hus, for instance, it is recognized that there are important
potential to induce sensitization or to elicit allergic reactiongimitations in relating sensitizing potential to a linear amino
The first structured approach to allergy safety assessmanitd sequence. Moreover, the apparent association between
resulted from a collaboration between the International Foatlergenic activity and resistance to digestion by pepsin or a
Biotechnology Council (IFBC) and the International Life Scisimulated gastric fluid is by no means absolute, and certainly
ences (ILSI) Allergy and Immunology Institute. A tiered apnot all proteins that display resistance to proteolytic digestion
proach was proposed in which the route taken was dictated ligve the ability to induce allergic sensitization. The relation-
whether or not the protein of interest derived from a source theltip between proteolytic stability and sensitizing potential is
had previously been associated with allergic disease in humgnsbably worthy of further comment, as it serves to illustrate
(Metcalfeet al., 1996). In such cases, the suggestion was ththgat our understanding of the factors that influence allergenic
the identity of the protein of interest with proteins recognizedctivity is as yet far from complete. It is generally accepted that
by patients allergic to the source of the transferred gene shotlié positive correlation between resistance to proteolytic di-
be investigated serologically (that is, reactivity of IgE antibodgestion (measured frequently using a simulated gastric fluid or
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pepsin) and allergenicity is a reflection of the fact that to indudeiman clinical disease) and those in which the primary interest
sensitization proteins encountered via oral exposure will haigein pursuing safety evaluation. With regard to the latter,
to survive in a relatively intact form for a minimum period ofattention to date has focused largely on methods based on
time to allow their interaction with the immune system. Logassessment of induced immune responses in rats and mice
ical as this may appear, survivability in the stomach or smgDearman and Kimber, 2001; Kimber and Dearman 2001b;
intestine is not the whole story. There is evidence, then, tHa¢nninks and Knippels, 2001), although there has also been
even labile proteins can provoke immune responses wh&me interest in the use of dogs bred to display an atopic
administered by gavage. Furthermore, proteins that apparemthenotype (Ermeét al., 1997).
differ in terms of their ability to cause food allergy continue to A not infrequent criticism of animal methods is that they will
display the same variable potential to stimulate type 2 immube unable to mirror the great complexity of food allergy in
responses and IgE antibody production when given by a paAumans or to model the heritable and environmental factors
enteral route (Dearman and Kimber, 2001; Dearretiral, that together determine susceptibility. While this is true, the
2002). We speculate that the association between stability as@ine arguments can be leveled at predictive test methods in
allergenic potential may instead be related to variable antiganimals that are used to evaluate the potential for other adverse
processing and presentation, the hypothesis being that lealth effects. One example that might be considered to have
creased resistance to intracellular cleavage by proteolytic @alevance for the assessment of food allergy is the identifica-
zymes (such as cathepsins B and D), which are responsibletion and characterization of potential contact allergens, where
the production of immunogenic peptides within antigen préer many years guinea pig and mouse models have been used
senting cells, may in some way favor the stimulation of selew4th some success in the context of hazard and risk assessment
tive type 2 responses and the elaboration of specific IgE ar(@asketteret al, 1999). The important first objective is to
body. Although definitive evidence to support this view ignsure that the method selected, even if it fails to reflect all
lacking, there are some intriguing indications that the inheremspects of the relevant human disease, has endpoint(s) that
stability of proteins, and the characteristics of peptide antigepsovide acceptable levels of selectivity and sensitivity, so that,
displayed by antigen presenting cells, can impact in varioushen employed and interpreted judiciously, intrinsic hazards
and sometimes contradictory ways on the quality of inducean be identified with some confidence. If of course the end-
immune responses (Pfeiffeat al, 1995; Soet al, 2001). points used can be shown to relate quantitatively and causally
Clearly this needs further exploration. However, if indeed thete the genesis of the relevant adverse health effects, then it is
are other ways in which inherent protein stability influences thmssible also to consider definition of relative potency as part
effectiveness with which sensitization is induced, then theod the risk assessment process.
may be opportunities to reconfigure tests of proteolytic diges-The two general approaches that appear to be most suitable
tion to reflect more accurately the relevant biological eventdor further development and refinement for the purposes of
Although there is no doubt that structural and sequensafety evaluation are methods that employ the BALB/c mouse
homology with known allergens and protein stability providéDearman and Kimber, 2001) or the Brown Norway (BN)
valuable information as part of the safety assessment processgin of rat (Penninks and Knippels, 2001). In both instances,
they do not necessarily supply a definitive answer. For thise strains selected are considered to have an atopic-like phe-
reason there has been a growing interest in the applicationnotype associated with a predisposition toward the develop-
appropriate animal models that may provide a more holisticent of type 2 immune responses, and in both cases the
view of allergenic potential. In the original IFBC/ILSI decisionassessment of sensitizing potential is based upon evaluation of
tree, there was no specific mention of animal models as partimimune responses induced following exposure to the test ma-
the process, although there was a view expressed that suitabieal. The approaches differ in the selection of route of expo-
methods should be developed (Metcadfeal., 1996). How- sure. The method developed in BN rats employs repeated oral
ever, in an acknowledgment of the progress that has been maglposure. Such exposure is achieved by gavage, since admin-
in the interim, the approach proposed by the FAO/WHO instration of protein in drinking water has proven ineffective, or
cludes, in the decision tree, use of appropriate animal methdelss effective, at inducing IgE antibody responses (Akiyata
(FAO/WHO, 2001). Despite this progress, it is important tal., 2001; Knippelset al., 1998), possibly due to the develop-
emphasize that no model has yet been evaluated fully or isnaént of oral tolerance (Strobel and Mowat, 1998). In contrast,
the stage where a formal validation exercise could be costudies in BALB/c strain mice have focused largely, but not
ducted. Indeed, there is currently a vigorous and healthy debekelusively, on parenteral exposure, and primarily intraperito-
about how best to incorporate animal models and what paraneal administration.
eters in such methods are of greatest importance. Although gavage exposure might be considered the more
In examining the relevance of animal methods, it is impoeppropriate route, insofar as it more accurately reflects (what is
tant to distinguish between those that have been developmdieved to be) the most common route of sensitization in
primarily to investigate the molecular mechanisms of fooldumans, in our hands it appears to lack the sensitivity neces-
allergy (and therefore seek to model one or more aspectssafy for hazard identification. Thus, in a series of comparative
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investigations it was found that when administered by gavagsrong IgG antibody response was induced, then the conclusion
ovalbumin—a known food allergen—failed to elicit IgE anti-might be that the protein lacked any significant inherent po-
body responses in BN rats and, compared with respongestial to stimulate the quality of immune response necessary
provoked by intraperitoneal exposure, elicited only low-grader IgE production and the acquisition of sensitization.
IgE responses in BALB/c mice (Dearmaat al, 2001). Al- Two points need to be made. First, the above paradigm is
though others have had greater success at eliciting IgE rather conservative, insofar as it has to be recognized that
sponses following gavage exposure of rats and mice to ovallmeteins identified as potential hazards, as a function of their
min (Akiyamaet al., 2001; Penninks and Knippels, 2001), ouability to induce IgE antibody responses following intraperito-
view remains that, for the purposes of hazard identificationeal injection of mice, may not represent a risk of sensitization
oral administration lacks sufficient sensitivity. Our preferretb humans following dietary exposure. That is, the protein may
strategy, therefore, is to administer test proteins by intrapeldck the ability to stimulate IgE responses when encountered in
toneal injection, under which conditions the opportunities fahe gastrointestinal tract. Notwithstanding this, the current
the generation of vigorous immune responses are optimizedalue of this approach is that proteins that fail to stimulate IgE
Using this approach, the assessment of potential allergeractibody production, in circumstances where vigorous IgG
ity is based on an evaluation of the ability of the test materieésponses are elicited, may be regarded as having little intrinsic
to provoke an IgE antibody response (as measured by homwkzard. Second, while interpretation of polarized responses
ogous passive cutaneous anaphylaxis). Importantly, howevwegy appear relatively straightforward, intermediate responses
such measurements are made within the context of the ovepadse more of a challenge. Increased experience will clearly be
immunogenicity of the test protein, and for this purpose speeeded to translate this into a robust paradigm that is applicable
cific IgG antibody responses are also measured. The interprea wide range of circumstances.
tation of such data is presently relatively unsophisticated, in-
sofar as proteins with the inherent potential to induce allergic Concluding Comments
sensitization are defined as those that are able to stimulate a
measurable IgE antibody response. Conversely, proteins that Will be apparent that much has still to be achieved.
are clearly immunogenic in terms of eliciting an IgG antibodyiowever, during the last five years there has been a growing
response, as most foreign proteins will do, but which fail undénd substantial interest in the safety assessment of novel pro-
the same conditions of exposure to induce IgE antibody pr@jns generally, and in particular in the assessment of allergenic
duction, are viewed as having no (Or at least a very ||m|te@ptent|a| With continued investment we can antiCipate accel-
inherent potential to cause allergic sensitization. erated progress in the coming years. Such will be facilitated by
It must be acknowledged that despite some consideraBli€ following: (a) a detailed appreciation of the molecular and
progress, animal models have yet to be fu”y evaluated Wuctural characteristics that confer on proteinS the ab|l|ty to
validated. However, work is continuing apace, and alreadfjduce allergic sensitization, (b) the further development of
there are opportunities to combine the results of animal exp@RPropriate databases for consideration of the structural and

iments with other sources of data about novel proteins §§duence homology of novel proteins with known allergens,
inform the safety evaluation process. (c) standardization of methods for measuring the resistance of

proteins to proteolytic digestion and the relationship of this
characteristic with the genesis of allergic responses, and (d) the
further calibration, refinement, and evaluation of appropriate
The question remaining is to what extent, with the toognimal models that, in ConjunCtion with other data, are able to

currently available, is it possible to make informed judgmentgform the safety assessment process.
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