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tential (peanut, OVA, soy) caused a stronger immunological 
response than allergens with low allergenic potential, such 
as RuBisCO and apple. Moreover, the immunological re-
sponses were reduced when using boiled instead of raw soy 
and pea proteins.  Conclusion:  This model mimics key fea-
tures of FA and facilitates investigating the allergenicity of 
allergens in novel food or food compositions in vivo. 

 © 2014 S. Karger AG, Basel 

 Introduction 

 Food allergy (FA) is an important health issue in west-
ernized countries, with around 8% of children and 5% of 
adults affected  [1] . Although any food protein can pos-
sibly act as an allergen, relatively few protein families 
cause the majority of allergic reactions  [2] . Foods with the 
highest number of published reports are cow’s milk, hen’s 
egg, peanut, fish and shellfish  [3] . The severity of reac-
tions elicited by these food allergens may vary substan-
tially, ranging from fatal reactions mostly observed in re-
gards to peanut allergy  [4]  to milder responses detected 
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 Abstract 

  Scope:  Considering the increasing numbers of patients suf-
fering from food allergy (FA) as well as the great variety of 
novel foods and food compositions, an unmet need exists 
for the development of preclinical approaches to character-
ize the allergenic potential of proteins. The aim of our study 
was to evaluate the allergenicity of different food allergens 
in a rat model.  Methods:  Brown Norway rats were sensitized 
to protein extracts (RuBisCO, apple, soy, peanut, garden pea) 
or ovalbumin (OVA) combined with  Bordetella pertussis  and 
aluminium hydroxide, followed by oral allergen challenges. 
 Results:  Allergen-specific serum immunoglobulin produc-
tion and the proliferation of mononuclear cells from spleen 
confirmed sensitization. To assess functional alterations in 
the gut, intestinal permeability was measured, which in-
creased in sensitized and challenged animals compared to 
non-sensitized controls. Allergens with high allergenic po-
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in, for example, soybean- or apple-allergic patients  [5–7] . 
The particular allergenicity of a food allergen is not only 
determined by its source, but also relies on the condition 
and the state of processing (cooked, boiled, roasted, etc.) 
of the food products  [8] . Interestingly, although the epit-
opes of many known allergens have yet to be identified, 
there seems to be no clear structural or other property 
common to all food allergens allowing the reliable predic-
tion of their allergenicity  [9] .

  Considering the overall prevalence of FA  [1]  and the 
rising accessibility of novel foods and or food composi-
tions, for example from transgenic crop plants, there is 
a growing need for the development of preclinical ap-
proaches that may help to characterize the allergenic po-
tentials of proteins and to predict their risk of initiating 
severe anaphylactic reactions  [9] . The example of the in-
troduction of lupine flour  (Lupinus albus) , a member of 
the legume family, to a variety of foods nearly 2 decades 
ago showed how important a careful selection in ad-
vance would have been. Lupine was supplied for food 
manufacturing for its textural properties in bakery prod-
ucts  [10] . Unfortunately, lupine allergy develops by 
cross-reactivity in patients who are already sensitized to 
other members of the legume family, in particular pea-
nut, soy or pea  [10] . As allergic reactions to lupine be-
came more and more frequent, lupine was added to the 
list of commonly allergenic foods in the EU 10 years after 
its introduction (Annex IIIa; directive 2000/13/EC).

  Currently, the strategy for assessing the potential al-
lergenicity of (genetically engineered) food is based on 
guidelines from the European Food Safety Authority 
(EFSA) and the Food and Agriculture Organization 
(FAO)/World Health Organization (WHO)  [11–13] . A 
weight of evidence approach includes comparing the in-
troduced protein with known allergens based on gene 
source, sequence homology and, if necessary, reactivity 
with serum from allergic patients, as well as evaluating the 
protein’s stability against digestive enzymes  [14] .

  Animal models have played a valuable role in increas-
ing our understanding of the immunology and pathology 
involved in allergic responses to food proteins  [15, 16] . 
Oral sensitization with food allergens in genetically apt 
rodents has resulted in the production of allergen-specif-
ic IgE and various phenotypical changes that mimicked 
the disease in human FA patients  [17] . However, most of 
these studies did not assess responses in the gastrointes-
tinal tract upon local (oral) allergen provocation and, 
therefore, missed a cardinal feature of the human disease. 
In the current study, we utilized our established rat mod-
el of FA  [18]  to associate immune responses and pheno-

typical changes after sensitization with oral allergen chal-
lenges in order to better delineate the allergic potential of 
different common food allergens.

  Material and Methods 

 Animals 
 All experiments were approved by the animal research ethical 

institution, LAGetSi (Berlin, Germany). Male Brown Norway 
(BN) rats, aged 6–8 weeks, weighing 180–230 g (BfR, Berlin, 
 Germany) and maintained on a peanut-, ovalbumin (OVA)-, ap-
ple-, pea- and soybean-free diet, arrived pathogen-free and were 
kept under controlled conditions.

  Sensitization and Treatment 
 Animals were sensitized by intraperitoneal (i.p.) injections on 

days 1, 5 and 10 with the following food allergens adsorbed on 
aluminium hydroxide: 10 μg of OVA (main egg white protein, as 
the reference allergen), 2.5 μg of RuBisCO (ribulose-1,5-biphos-
phate carboxylase/oxygenase, a protein in green plants and the 
main abundant protein on earth), 2.5 μg of apple (extracted pro-
tein), 2.5 μg of green garden pea (protein extract from raw and/or 
boiled pea), 2.5 μg of soy (protein extract from raw and/or boiled 
soy) and 2.5 μg of peanut (protein extract from roasted peanut). 
The protein extract preparation has been described in detail previ-
ously  [19] . In addition to the first allergen injection, animals were 
given a booster with a single i.p. injection of  Bordetella pertussis  
whole-body vaccine (2 × 10 6 ).

  Sensitized animals were challenged by gavage feeding with the 
following allergens on days 20 and 21: 100 μg of OVA (in 1 ml of 
PBS), 1 mg of RuBisCO, 1 mg of apple extract protein, 1 mg of 
soybean extract protein, 1 mg of pea extract protein and 1 mg of 
peanut extract protein. Animals of the negative control groups 
were sham-sensitized and challenged with PBS according to the 
same protocols. All animals were sacrificed and analyzed 24 h after 
the last allergen challenge, on day 22 ( fig. 1 ).

  Assessment of Immunoglobulin Levels 
 Serum antibody levels of total IgE and allergen-specific IgE and 

IgG were measured by enzyme-linked immunosorbent assay 
( ELISA) as previously described  [20] . Briefly, mircrotiter plates 
coated with monoclonal anti-rat IgE antibody were incubated with 
diluted serum samples and biotinylated allergen, and streptavidin-
peroxidase was used as a substrate. For biotinylation of RuBisCO, 
apple extract, pea extract, soybean extract, peanut extract and 
OVA, the biotinylation kit of Sigma ®  (Sigma, Deisenhofen, 
 Germany) was used according to the manufacture’s instructions. 
For quantification of specific IgE-serum levels, in-house controls 
were utilized, thus allowing no direct comparison between spe-
cific IgE levels against different allergens.

  Cell Culture 
 Spleen and mesenteric lymph node mononuclear cells were pu-

rified by density gradient centrifugation (Lympholyte Rat; Cedar-
lane Laboratories, Hornby, Ont., Canada; 1,000 g, 20 min at room 
temperature) and suspended in RPMI 1640 containing 10% FCS 
(Biochrome, Berlin, Germany) for proliferation assays and cyto-
kine production.
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  Proliferative Responses 
 Mononuclear cells (3 × 10 5 /well) were incubated in 96-well U-

bottomed tissue-culture plates (Costar, Cambridge, Mass., USA) at 
37   °   C and 5% CO 2 , and stimulated for 96 h with mitogen (Concan-
avalin A, 2.5 μg/ml, Sigma) or allergen (100 μg/ml of OVA, Sigma; 
100 μg/ml of RuBisCO, and 100 μg/ml of protein extracts from, 
apple, pea, soy, peanut). 3[H]-thymidine (Amershan Buchler, 
Braunschweig, Germany) was added for the last 18 h of the cell cul-
ture (1 μCi/well), and thymidine uptake was measured in a liquid 
scintillation counter (Wallac, Väsby, Sweden). The proliferation 
rate was calculated as multiples of 3[H]-thymidine incorporation 
by stimulated cells compared to that of non-stimulated cells.

  Intestinal Permeability 
 Intestinal permeability was assessed using a sugar-recovery test 

as previously described and reported in detail  [18] . The test is 
based on the measurement of the urinary excretion of orally (p.o.) 
administered non-metabolized sugar probe molecules. Lactulose 
and mannitol have been demonstrated to meet the criteria for us-
age as tracers  [21] . Two hours after the second allergen challenge, 
the animals received 2 ml of PBS by oral route, containing lactulose 
(10 mg) and mannitol (5 mg), followed 2 h later by 2 ml of drink-
ing water. The tracers recovered in the first 8 h in the urine were 
detected and quantified by high-performance liquid chromatogra-
phy (HPLC), with pulsed electrochemical detection (Dionex, Id-
stein, Germany), chromatography module 250 × 40 mm Carbopac 
PA-1 column (Dionex), eluent 150 mmol NaOH and flow 1 ml/
min  [21] . Results were expressed as the percentage recovery of the 
ingested dose of the sugars. The ratio of recovered lactulose and 
mannitol (permeability index) served as a marker for intestinal 
permeability.

  Statistical Analysis 
 Calculations were performed with the statistical software SPSS 

(SPSS Inc., Chicago, Ill., USA) and R (R Foundation for Statistical 
Computing, Vienna, Austria). Graphs were generated in GraphPad 
Prism (version 4; GraphPad Software Inc., San Diego, Calif., USA) 
and R. We performed the non-parametric two-sample Wilcoxon test 
(Mann-Whitney test) and p values <0.05 were regarded as significant.

  Results 

 Immunoglobulin Production after Allergen 
Sensitization 
 In order to analyze the sensitization status of BN rats, 

total and specific IgE serum levels were measured before 
(‘naive’;  fig.  2 ) and after allergen sensitization and oral 
challenges (day 17;  fig. 2 a). In naive BN rats, total IgE av-
eraged 534 ± 273 ng/ml. After sensitization with the dif-
ferent allergens, a significant increase of total IgE in each 
group was detected, showing the expected allergic im-
mune response. The strongest increase was measured af-
ter sensitization with members of the legume family: raw 
pea (7,932 ± 4,978 ng/ml), raw soy (11,206 ± 8,727 ng/ml) 
and peanut (12,471 ± 7,936 ng/ml).

  Allergen-specific IgE was detected by ELISA. A sig-
nificant increase of specific IgE was detected after soy-
bean, OVA and peanut sensitization. There was no sig-
nificant increase of allergen-specific IgE after sensitiza-
tion with pea; administration of extract of raw and boiled 
pea did not induce significant increases of pea-specific 
IgE ( fig. 2 b).

  Proliferative Response of Mononuclear Cells 
 Spleen mononuclear cells from allergen-sensitized 

and challenged BN rats were stimulated in vitro with the 
respective allergen to measure allergen-specific prolifera-
tive responses. We detected significantly enhanced re-
sponses compared to cells from non-sensitized controls 
after sensitization with raw pea, raw soybean, peanut and 
OVA ( fig. 3 ). No significant increase was detected after 
sensitization with RuBisCO, apple, and extracts of boiled 
pea and soybeans.

BN rats
Age: 6–8 weeks 

4. Final analysis
22Day 1 10 20 21

Allergen p.o.

5

Allergen i.p.

1. Sensitization i.p.  Fig. 1.  Treatment protocol: BN rats were 
sensitized to different allergens i.p. on days 
1, 5 and 10. The negative control group was 
sham-sensitized with PBS. The animals 
were challenged by gavage feeding of spe-
cific allergen extracts on days 20 and 21. 
Control animals received only PBS p.o. The 
BN rats were analyzed 24 h after the last 
challenge, on day 22. 
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  Intestinal Permeability upon Local Allergen Challenge 
 In order to evaluate local functional alterations follow-

ing oral allergen challenges of sensitized animals, we ana-
lyzed changes in intestinal permeability. Urinary excre-
tion of lactulose and mannitol was evaluated after oral 

uptake of the tracers. The lactulose-mannitol ratio (per-
meability index) served as a marker for intestinal perme-
ability. Intestinal absorption of lactulose, a disaccharide 
containing galactose and fructose, occurs predominantly 
through a paracellular pathway via tight junctions, where-
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  Fig. 2.  Immunoglobulin levels in allergen-
sensitized and challenged BN rats: total IgE 
( a ), specific IgE ( b ). BN rats were treated as 
described in figure 1. On day 1 (before sen-
sitization, ‘naive’) and on day 22, immuno-
globulin levels in the serum of the animals 
were measured. Animals of the control 
groups were sham-sensitized and chal-
lenged with PBS according to the same pro-
tocols. 
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as mannitol is absorbed mainly through an intracellular 
pathway. Allergen sensitization and repeated oral aller-
gen challenges led to a significant increase in permeabil-
ity after sensitization with RuBisCO, raw soybean, raw 
pea, roasted peanut and OVA. Sensitization solely with 
apple did not lead to a significant change in intestinal per-
meability ( fig.  4 ). These data confirmed the loss of gut 
mucosal integrity and elevated intestinal permeability af-
ter local allergen challenges in animals sensitized with 
specific allergens.

  Discussion 

 We have presented data from a rat model of FA  [18]  
established to quantify and compare the allergenicity of 
different food allergens. This model was set up in analogy 
to the well-recognized model of allergic asthma, where a 
systemic i.p. sensitization with a model allergen is fol-
lowed by an airway allergen challenge. Accordingly, in 
the model of FA presented here, the allergen-specific sys-
temic sensitization is followed by an oral allergen chal-
lenge. The optimal sensitization protocol, concerning 
doses of allergen and choice and doses of adjuvant were 
determined in advance to induce a high and long-lasting 

IgE response. We used the purified protein OVA as a ref-
erence allergen for comparison with a range of food al-
lergen extracts, since OVA is the most widely applied al-
lergen in animal models. In this way we hoped to take 
account of the need ‘to compare the allergenicity of food 
extracts versus the purified allergens’  [22] .

  Our final resulting model comprised two hallmark fea-
tures of FA in patients: allergen-specific immune re-
sponses and sensitization and alterations in the intestinal 
tract upon local allergen challenges. This distinguishes 
this model from most other existing animal models of FA 
and allowed testing for allergenicity of different food al-
lergens in a somewhat more ‘clinical situation’. The dis-
ruption of the intestinal barrier  [23, 24]  may very well be 
taken as a direct sign of the local allergic response. It in-
dicates a pivotal event in the course of allergic gut inflam-
mation since it allows peptides (epitopes) to cross the in-
testinal barrier and to stimulate the submucosal immune 
system, thus enhancing the local production of inflam-
matory cytokines, mediators and most probably specific 
IgE antibodies  [25, 26] . The importance of barrier disrup-
tion has been highlighted in recent years, especially by 
publications regarding the loss-of-function variants of 
the epidermal barrier protein, filaggrin, which display a 
predisposing factor for atopic eczema  [26] . The magni-
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  Fig.  3.  Influence of allergen sensitization 
and challenge on allergen-specific prolif-
eration. On day 22, spleen mononuclear 
cells were stimulated for 96 h with 100 μg/
ml of OVA or 100 μg/ml of protein extracts 
from RuBisCO, apple, pea, soybean and 
peanut, and 3[H]-thymidine was added for 
the last 18 h.     
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tude of the changes in the intestinal permeability caused 
by a given allergen is thus a suitable parameter for the (lo-
cal) allergenicity.

  On the basis of the assessment of these two aspects of 
FA, we compared different common food protein (plant) 
extracts, all of which are considered to have a different al-
lergenicity, starting with RuBisCO, the most abundant 
protein on earth and major spinach protein, which is gen-
erally accepted as being non-allergic  [27] . We further 
compared the effect of extracts from apple, raw or boiled 
green garden pea, raw or boiled soybean, and finally 
roasted peanut, which is considered to be the most ag-
gressive allergenic food.

  The systemic and local immune responses induced by 
allergic sensitization and challenges with apple, raw or 
boiled green garden pea, raw or boiled soybean, roasted 
peanut and RuBisCO differed significantly. Based upon 
the responses, we built a scoring system depicting the al-
lergenic potential of the different allergens. We calcu-
lated the rank sum of the median total IgE levels and 
proliferative responses ( fig. 5 a) as well as of the median 
total IgE levels, proliferative responses and intestinal 
permeability ( fig. 5 b). We excluded specific IgE levels for 
this calculation, since the ELISA system is based on com-
parison of serum levels with allergen-specific controls 
for each food allergen and utilizes biotinylation of the 
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  Fig. 4.  Influence of allergen sensitization 
and challenge on intestinal permeability. 
BN rats were treated as described in figure 
1. Two hours after the 2nd allergen chal-
lenge, animals received lactulose/mannitol 
in PBS p.o. The tracers recovered in the 
first 8 h in urine were detected by HPLC. 
The ratio of recovered lactulose/mannitol 
(permeability index, PI) served as a marker 
for intestinal permeability.     
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  Fig. 5.  Ranking of the allergenicity. Based 
upon the systemic and local responses after 
allergic sensitization and challenges, a scor-
ing system was built. After calculation of the 
rank sum of the median total IgE levels and 
proliferative responses ( a ), as well as of the 
median total IgE levels, proliferative re-
sponses and intestinal permeability ( b ), a 
quantification of the allergenicity of the 
specific allergens by correlation with the 
specific score was performed and a ranking 
of the allergenicity of the employed food al-
lergens was depicted. Specific IgE levels 
were not calculated since levels are allergen 
specific and therefore not comparable. 
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allergen extracts that may differ gradually for the differ-
ent foods.

  The scoring allowed us to build a ranking of the aller-
genicity of the employed food allergens in our model, 
with highest values for members of the legume family – 
roasted peanut, raw soy and raw pea – and lowest values 
for apple and RuBisCO. In regard to clinical symptoms, 
the rank of intestinal permeability may be more impor-
tant than the rank of median total IgE levels and prolif-
erative responses. When we overestimated the ‘clinical 
symptom’ intestinal permeability by multiplying it by 2, 
5 or 10, the ranking order did not change between peanut, 
soy and pea.

  In humans peanut allergy is accepted as the ‘most seri-
ous of the hypersensitivity reactions to foods due to its 
persistence and high risk of severe anaphylaxis’  [28] . 
When taking anaphylaxis as a parameter for severe aller-
gic reactions, epidemiological data on elicitors of anaphy-
laxis often suggest legumes, especially peanut, to be a food 
group with all too frequent registered anaphylactic reac-
tions. Other often-reported foods to elicit anaphylaxis are 
animal-derived food (including hen’s egg, cow’s milk, 
fish), tree nuts and fruits  [29–31] .

  Epidemiological data have to be evaluated with care 
since they are influenced by many factors, such as allergy 
definitions, study populations, methodologies, ages and 
eating habits in different countries, etc. This represents 
one important reason for the development of the FA 
model presented here.

  Pea, soy and peanut comprise up to 70% of their pro-
tein content in the form of 7S globulin storage proteins 
 [32] . These belong (next to 11S globulins) to the cupin 
superfamily. 7S globulins (vicilin) share extensive immu-
nological cross-reactivity in vitro and show a high se-
quence homology  [32, 33] . However, clinically significant 
cross-reactivity is very rare  [32, 33] . Importantly, the al-
lergenicity in our model was scored much lower after 
boiling processes for pea and soy, compared with raw 
protein extracts. These differences were confirmed in im-
munoblot analysis of the sera of animals sensitized and 
challenged with either raw or boiled protein extracts (data 
not shown). Our observation confirms reports by Beyer 

et al.    [8]  who showed that methods of frying or boiling 
peanuts reduced their allergenicity compared with the 
method of dry roasting. Likewise, it is known that the al-
lergenicity of soybeans is altered after manipulation  [34] . 
Little is known about pea, which in westernized diet is 
mostly consumed blanched or cooked  [32] . Raw pea is 
ranked rather high in our scoring, prompting one to con-
sider its potential allergenicity in different forms of pro-
cessed foods, especially in regard to the increasingly pop-
ular pea flour in bakery products.

  In line with our method, Selgrade et al.  [22]  have also 
undertaken a ranking approach. They visualized a ‘spec-
trum of allergenic potency of food extract based on per-
ceived allergenicity in humans’ by sketching 12 allergens 
in an allergic order, including peanut, egg and spinach, 
among others. Although this assortment lacks the basis of 
direct assessment, it is reflected to a great extent by our 
ranking order obtained from a straightforward compari-
son of different food allergens.

  In conclusion, we utilized a rat model of FA to assess 
the allergenic potential of different employed food pro-
teins and their potency to induce immunological changes 
on T and B cell responses as well as functional alterations. 
Of course, due to ethical reasons such an analysis is not 
possible in humans. Even more, the comparability is ob-
scured by different genetic and/or environmental predis-
positions and backgrounds. We are fully aware that ani-
mal models per se have limitations in transferring ob-
served reactions to clinical problems or symptoms in 
patients. Nevertheless, we believe, that this model pro-
vides an interesting tool to assess the potential allergenic-
ity of novel food or food compositions. It may serve as a 
suitable test system for the allergenicity of unknown or 
modified allergens and may thus be used as a tool in fu-
ture safety assessments.
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