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ABSTRACT 

Scope: Processing of food has been shown to impact IgE binding and functionality of food allergens. In the 

present study, we investigated the impact of heat processing on the sensitization capacity of Ara h 6, a major 

peanut allergen and one of the most potent elicitors of the allergic reaction. 

Methods and results: Peanut extracts obtained from raw or heat-processed peanut and some fractions thereof 

were biochemically and immunochemically characterized. These extracts/fractions, purified Ara h 6 or 

recombinant Ara h 6 including Ara h 6 mutants lacking disulfide bridges were used in in vitro digestion tests 

and mouse models of experimental sensitization. Peanut roasting led to the formation of complexes of high 

molecular weight, notably between Ara h 6 and Ara h 1, which supported the induction of IgE specific to native 

Ara h 6. On the contrary, a fraction containing free monomeric 2S albumins or purified native Ara h 6 displayed 

no intrinsic allergenicity. In addition to complex formation, heat denaturation and/or partial destabilization 

enhanced Ara h 6 immunogenicity and increased its sensitivity to digestion. 

Conclusion: These results suggest that sensitization potency and IgE binding capacity can be supported by 

different structures, modified and/or produced during food processing in interaction with other food 

constituents. 
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Different structures are responsible for sensitization and elicitation to Ara h 6 and heating is essential to 

sensitization potency of Ara h 6. Roasting of peanut seed induces partial denaturation and cross-linking of Ara 

h 6 with other peanut allergens, notably Ara h 1. The increased susceptibility to proteolytic degradation of the 

corresponding structures of Ara h 6 increases the immunogenicity of Ara h 6. Conversely, free monomeric Ara h 

6, also found in peanut seed, is not immunogenic but is the support of IgE binding and elicitation of the allergic 

reaction. 

 

 

 

Abbreviations: 

DB disulfide bridge 

MW molecular weight 

r/a reduced and alkylated 

r recombinant 

PE peanut extract 

GF gel filtration 

 

INTRODUCTION 

Peanut allergy is a major health problem, particularly in Westernized countries. This food allergy has an 

increasing prevalence among the pediatric and infant populations and persists until adulthood in most cases [1-

6]. Clinical symptoms can be induced by traces of peanut and reactions are usually severe and potentially fatal. 

It is then of importance to further delineate the mechanisms, the structures and the food processing that support 

peanut allergenicity. 

Food allergies are mainly IgE-mediated, type I hypersensitivities. This pathology relies on a biphasic adverse 

immune reaction: i) sensitization, which corresponds to the production of IgE specific for a food protein, ii) 

elicitation of the allergic reaction, that is induced after a second encounter of this food protein leading to its 

recognition by specific IgE antibodies bound to their high affinity IgE receptor expressed on effector cells 

(mastocytes and basophils) and their activation. Food allergens can be defined as food antigens that induce 

specific IgE responses [7]. Up to 16 allergens have been described in peanut (http://www.allergen.org). Among 
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them, Ara h 1, Ara h 2 and Ara h 3 have been initially identified as major peanut allergens [8-10]. Recently Ara 

h 6 has been given more consideration as the frequency of sensitization to Ara h 6 can be sometimes higher than 

that to the other 2S-albumin Ara h 2 [11-13]. Additionally, both Ara h 2 and Ara h 6 have been demonstrated to 

be the most potent elicitors of the allergic reaction as evaluated with skin prick test in allergic patients or with in 

vitro cell-based assays [14-16]. Accordingly, depletion of Ara h 2 and Ara h 6 from peanut protein extract led to 

a decrease of 80--90% of the allergenic activity [17-19]. 

Ara h 2 and Ara h 6 are storage proteins belonging to the 2S albumins protein family. 2S albumins contain 

major food allergens from seeds of many mono- and di-cotyledon plants and share a common compact structure 

that renders the proteins highly resistant to proteolysis [20]. By using site-directed mutagenesis, we recently 

described the importance of the disulfide bridges (DB) network in Ara h 6 resistance to trypsin digestion and in 

the allergenic activity of the breakdown products [21]. It is thereby usually considered that proteolytic resistance 

contributes to the allergenic properties of 2S albumins by allowing some intact molecules to reach the gut 

immune system [20;22-25]. Accordingly, IgE antibodies from allergic patients are mainly directed toward 

conformational epitopes since chemical or heat denaturation of purified native Ara h 6 abrogates its capacity to 

bind IgE and to elicit an allergic reaction [26-28]. 

Cooking methods have been suggested to contribute to the prevalence and severity of peanut allergy in Western 

countries compared to Far Eastern countries [29]. In fact, while boiling of peanut seeds, as used in Asia, leads to 

the loss of low molecular weight (MW) entities, including 2S albumins, in the cooking water [30], extensive 

heating such as roasting results in structural modifications of peanut proteins with formation of advanced 

glycation end products or high MW protein complexes [31]. Although heating of purified 2S albumins induced 

their denaturation and aggregation [27], soluble 2S albumins purified from roasted peanut still display their 

native monomeric forms. This shows that 2S albumins are (at least partially) protected from denaturation and 

aggregation within the seed [27;32]. 

In the present work, we aimed to further investigate the impact of heat processing of peanut seed on the 

sensitization to native Ara h 6, as observed in allergic patients. Our results finally provide new insights on the 

mechanisms and structures favoring sensitization to Ara h 6, but also suggest an inverse relationship between 

immunogenicity and resistance to digestion. 

MATERIALS AND METHODS 

1. Allergens and monoclonal antibodies 

1.1 Purified allergens 

Purification of Ara h 1, Ara h 2, Ara h 3 and Ara h 6 from peanut seed was performed from roasted peanut as 

previously described ([26;30], see supplementary data). 

Reduction and S-alkylation of Ara h 6 (r/a-Ara h 6) was performed as previously described [28]. Heating of Ara 

h 6 was performed in solution (0,1 mg/mL, in 20 mM potassium phosphate buffer pH 7.4) at 110°C as 

previously described [27]. Conformation of native and chemically or heat-denaturated Ara h 6 was analyzed by 

circular dichroism spectroscopy (JASCO 810 spectropolarimeter, Jasco Analytic Instruments, Easton, Md) [33]. 

Disulfide bridges (DB) mutants of recombinant Ara h 6 (rAra h 6) correspond to Ara h 6 mutants in which DB 

were sequentially deleted by site-directed mutagenesis [21;28]. Disruption of DB 5 in the C-term region, a DB 

that is unique to Ara h 6 compared with other 2S albumins, did not affect the structure and trypsinolysis 

resistance of Ara h 6. On the contrary disruption of each of the four disulphide bridge (DB) in addition to DB 5 

led to an increased susceptibility to hydrolysis by trypsin [21;28] although the secondary structure of Ara h 6 
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was preserved. 

1.2 Production of mAb 

Anti-Ara h 6 and anti-Ara h 1 mAb were produced by conventional techniques according to de StGroth and 

Scheidegger et al [34] & Grassi et al [35] using allergens purified from roasted peanut. The mAb specificity was 

further characterized by ELISA test and immunoblots using native and denaturated forms of Ara h 6 and Ara h 

1, as previously described [33;36;37]. Additionally, immunoblots were performed using recombinant Ara h 1 

and Ara h 3, kindly provided by O. Roitel and S. Jacquenet (Genclis SA, Vandœuvre-lès-Nancy), and 

recombinant Ara h 2 and Ara h 6 produced in our lab, confirming that the anti-Ara h 6 mAb used in the present 

study cross reacts neither with Ara h 1 nor Ara h 2, nor Ara h 3, and that the anti-Ara h 1 mAb used cross reacts 

neither with Ara h 2, nor Ara h 6, nor Ara h 3 (suppl. materials and not shown). 

2. Preparation and characterization of protein extracts from raw and processed peanuts 

2.1 Peanut seed processing 

A typical blend consumed in Europe (50% Chinese Hsuji’s and Red Skins varieties, 50% Argentinian Runners 

variety) was kindly provided by Unilever (Rotterdam, Netherlands). Raw peanuts were first blanched at 130°C 

in an oven for 20 min to remove skin. Blanched peanuts were then either roasted, oil fried or boiled. Roasting 

was carried out in an oven at 180°C for 10 to 30 min. Frying was performed at 150°C for 3.5 to 10 min using a 

fryer and vegetable oil free of peanut oil (Frial Lesieur, Asnière sur Seine, France). Boiling was performed in 

water for 30 to 120 min. 

2.2 Protein extraction from raw and processed peanuts 

Raw and processed peanuts were ground with ultra-turrax® Tube-drive using DT-20 tubes (IKA®-Werke, 

Staufen, Germany) in 20 mM sodium carbonate buffer pH 9.6 in presence of protease inhibitors (Sigma, St 

Louis, MO, USA) until a homogeneous paste was obtained. Extraction was performed using a ratio of 50 ml of 

extraction buffer for 10 g of peanut. After incubation for 18 hours at 4°C on rotational shaker, protein extracts 

were centrifuged (3000g, 10 min, 4°C). Lipid layer was removed and supernatants, containing extracted 

proteins, were collected. Total protein content of each extract was estimated using BCA kit following the 

manufacturer’s instructions (Pierce, Thermo Scientific, Rockford, IL, USA). 

2.3 Characterization of the protein extracts by electrophoresis and Western Blotting 

SDS-PAGE and immunoblot analyses were performed under non-reducing or reducing conditions as described 

in supplementary data. 

2.4 Analysis and isolation of hetero/homo oligomers of Ara h 6 in peanut extracts 

Formation of heteromers between Ara h 1 and Ara h 6 was assessed by heterogeneous sandwich immunoassay. 

Plates (MaxiSorp Nunc, Roskilde, Denmark) were coated with a mAb directed against Ara h 6 (5 µg/ml, 50 mM 

phosphate buffer pH 7.4) and then saturated with EIA buffer (0.1 M phosphate pH 7,4, 0.1% BSA, 0.15 M 

NaCl, 0.01% sodium azide). Serial dilutions of samples in EIA buffer (or buffer for non-specific binding) were 

then incubated overnight at 4°C. After several washes (10 mM Phosphate buffer pH 7.4, 0.05% Tween 20), a 

biotinylated mAb specific for Ara h 1 (50 ng/ml; EZ Link®Sulfo-NHS-LC Biotin, Pierce) was added for 4h at 

20°C. After extensive washing, neutravidin labelled with acetylcholinesterase was added for 15 min at room 

temperature and acethylcholinesterase-enzymatic activity was revealed after extensive washing and addition of 

Ellman’s reagent [38]. Absorbance at 414 nm was then measured using a reader plates (MultiskanEx, Thermo 

Electron Corporation). 
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Ara h 6 homo-oligomers were assessed following the same procedure but using a homogeneous sandwich assay: 

the same mAb directed against Ara h 6, i.e. recognizing the same and unique epitope (and not cross-reacting 

with Ara h 1), was used for both coating and detection. 

2.5 Fractionation of roasted peanut extracts 

Fractionation of protein extract from roasted peanut was performed by gel filtration using HR 16/50 Superdex 

200 PrepGrad column (GE Healthcare) and a flow rate of 1 ml/min in 20 mM sodium carbonate pH 9.6, 0.4 M 

NaCl. Ten mg of roasted peanut extract was injected per run and twelve runs were carried out. Four individual 

fractions were harvested. After dialysis and concentration using centrifugal filter units (Millipore Merck, 

Darmstadt, Germany), protein contents were quantified using BCA kit. Each fraction was analyzed by 

electrophoresis and immunoblots as described above. 

2.6 In vitro digestion model for antigen processing in antigen presenting cells 

nAra h 6, r/a-Ara h 6 and rAra h 6 were subjected to cathepsin digestion. Digestion by cathepsin L (Sigma, from 

human liver, 2.13 U per mg of enzyme) was performed in 400 mM acetate sodium pH 5.5, 4 mM EDTA and 8 

mM DTT. The enzyme:protein ratio was 91 mU:mg and samples were collected at 0.25, 0.5, 1, 2, 3, 4, 5, 6, 7 

and 8 hours (2 µg protein per sampling time). Sample pH was increased to pH 8 by adding sodium bicarbonate 

and the enzymatic reaction was further stopped using protease inhibitors. Digestion by cathepsin S 

(Calbiochem-Merck, human recombinant, 97.55 U per mg of enzyme) was performed in 100 mM acetate 

sodium pH 5.5, 1 mM EDTA and 2 mM DTT. The enzyme:protein ratio was 20 mU:mg and samples were 

collected at 2, 3, 4, 5, 6, 7 and 8 hours (2 µg protein per sampling time). Sample pH was increased to pH 8 by 

adding sodium bicarbonate and the enzymatic reaction was further stopped using protease inhibitors. Samples 

were analyzed by SDS-PAGE electrophoresis. 

In vitro digestion by trypsin of fractions from roasted peanut obtained by gel filtration was performed as 

previously described [21]. Briefly, digestion was performed with an enzyme:protein ratio of 1:20 (w:w) in 50 

mM Tris-HCl pH 8. Digested fractions were collected at 1, 2 and 4 hours. Corresponding samples were 

analyzed by SDS-PAGE electrophoresis and anti-Ara h 6 immunoblot in non-reducing conditions. 

3. Assessment of the sensitization potential of Ara h 6 in mice 

3.1 Mice 

Three-week-old female BALB/c mice were purchased from CERJ (Centre d’Elevage René Janvier, Le Genest-

Saint-Isle, France), and were housed in filtered cages under normal specific pathogen free husbandry conditions 

(autoclaved bedding and sterile water). Mice were acclimated for 2 to 3 weeks before experimentation. They 

received a diet in which Ara h 1 was not detected using specific mAb and immunoassays developed in the 

laboratory (data not shown). Ara h 6 from the diet was below 5 ppm. All experiments were performed according 

to the European Community rules of animal care and with permission 91--368 of the French Veterinary 

Services. 

3.2 Sensitization protocol 

Allergen or protein extract adsorbed on alum (Alhydrogel 3%, Superfos, Denmark; 1 mg/injection, 

intraperitoneal route) was administered to mice on days 1 and 21. Eight mice per condition were tested, each 

receiving 10 µg of purified or recombinant allergen, 100 µg of processed peanut extracts or 50 µg of protein 

fractions. Naive control mice were not injected. When considering Ara h 6 mutants, mice received a second 

intraperitoneal boost injection at day 45 with native Ara h 6 adsorbed on alum. Individual serum samples were 



www.mnf-journal.com Page 6 Molecular Nutrition & Food Research 

 

 
This article is protected by copyright. All rights reserved. 

 

collected one week after the last injection from the retro-orbital venous plexus on anesthetized mice (Isoflurane 

Belamont, Nicholas Piramal Limited, London, UK). 

3.3 Analysis of anti- Ara h 6 IgE and IgG1 antibodies response 

Sensitization of mice to Ara h 6 was assessed on individual serum by measurement of specific IgE and IgG1 

using nAra h 6 or r/aAra h 6 coated plates (2.5 µg/ml, 50 mM phosphate buffer, pH 7.4) and enzyme-labelled 

anti-mouse IgE and IgG1, as previously described [39;40]. 

4. Statistical analysis 

As data were not normally distributed, a non-parametric test was performed using the Kruskal-Wallis test 

followed by Dunn’s multiple comparisons test (DMCT). Statistical analyses were performed with GraphPad 

Prism 5.01 (GraphPad software, San Diego, CA, USA). 

 

RESULTS 

1. Heat-processing of peanut is necessary for the sensitization of mice to native Ara h 6 

Different heat treatments such as frying, roasting or boiling were applied to blanched peanut. Proteins were 

extracted and administered to mice via i.p. route using alum as adjuvant in order to preserve protein structures 

[41]. Extracts from raw and blanched peanut were also tested. Significant production of IgG1 and IgE directed 

against corresponding whole peanut extract, and more particularly against Ara h 1 and Ara h 3, were obtained in 

all the groups of mice (data not shown). Surprisingly, no significant production of IgG1 nor IgE specific to 

native Ara h 6 was evidenced in mice immunized with the extract from raw peanut (Fig. 1A & 1B). Extracts 

from blanched or boiled peanut induced a significant production of IgG1 specific to native Ara h 6, but no 

specific IgE antibodies could be detected. Conversely, a significant production of IgE specific to native Ara h 6 

was observed in mice treated with protein extracts from fried and roasted peanut (Fig 1B). These treated mice 

also demonstrated the highest production of anti-native Ara h 6 specific IgG1 antibodies (Fig. 1A). 

2. Characterization of Ara h 6 from raw and heat-processed peanut 

Boiling, roasting and frying processes were conducted for different durations and protein extracts were analyzed 

by SDS-PAGE under non-reducing conditions (Fig. 2A). In comparison to raw peanut, blanching, i.e. 

preliminary heating at 130°C for 20 min to remove skin but without inducing any browning of the seed, did not 

lead to major changes in the electrophoretic pattern (Fig. 2A, lanes 1 and 2). In contrast, after frying (lanes 3--4) 

or roasting (lanes 5--6), the band corresponding to monomeric Ara h 1 (at 60 kDa) progressively disappeared 

whereas bands above 110 kDa appeared, notably after 30 min of roasting, thus indicating protein aggregation. 

Conversely, after boiling (lanes 7--8), the amount of low MW entities below 30 kDa increased whereas high 

MW bands corresponding to both Ara h 1 and Ara h 3 tended to disappear, thus suggesting peanut protein 

degradation. Low MW entities were also detected in the cooking water of the corresponding boiled peanut 

extracts (lanes 9--10). 

Extracts were then further analyzed by immunoblot using mAb specific for Ara h 6 in non-reducing (Fig. 2B) or 

reducing conditions (Fig. 2C). Ara h 6 immunoblot under non-reducing conditions allowed detection of Ara h 6 

in its monomeric form at the expected MW in the protein extract from raw and blanched peanut (Fig. 2B lanes 

1--2, MW around 15 kDa indicated by an arrow). A slight decrease of the intensity of this band was observed 

when comparing the protein extract from fried peanut and to a lesser extent from roasted peanut with that from 

raw peanut. Only very weak signal was detected after 30 min of boiling and no signal was detected after 2h of 

treatment (Fig. 2B lanes 7--8), whereas monomeric Ara h 6 is clearly detected in corresponding boiling water. 
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Interestingly, Ara h 6 immunoblot under non-reducing conditions also revealed the presence of specific bands at 

far higher MW than that of the monomeric form, notably after frying and roasting (Fig. 2B, lanes 3 to 6). After 

frying Ara h 6-specific bands were detected at MW mainly above 110 kDa, whereas they were detected at MW 

ranging from 30 to more than 160 kDa after roasting. Analysis under reducing conditions led to the near 

complete disappearance of the high MW bands in favor of monomeric Ara h 6 at its expected molecular weight 

(Fig. 2C, lanes 3 to 6). 

These observations suggested that roasting led to complexations of Ara h 6 within high MW entities. We then 

further investigated the sensitization capacity of these different Ara h 6 complexes. 

3. Sensitization to Ara h 6 is not induced by free native 2S albumins but required Ara h 6 high MW 

homo/hetero-complexes. 

Size-fractionation by gel filtration of protein extract from roasted peanut was then performed and four fractions 

were obtained (Fig. 3A). Analysis by electrophoresis under non-reducing conditions (Fig. 3B) suggested the 

presence of Ara h 1 mainly in fractions 1 and 2, the presence of Ara h 3 in fractions 1, 2 and 3 and the presence 

of free 2S albumins Ara h 2 and Ara h 6 only in fraction 4. Enrichment in high MW entities was also noticed in 

fraction 1, and to a lesser extent in fraction 2. Immunoblot with mAb specific to Ara h 1 confirmed the presence 

of trimeric (180 kDa) and monomeric (60 kDa) forms of Ara h 1 in fractions 1 and 2 (Fig. 3C). A degradation 

product of Ara h 1 was also revealed in these fractions (30-35 KDa). It is worth noting that an intense smear was 

observed in fraction 1, with MW even higher than the Ara h 1 trimer, suggesting the presence of Ara h 1 in 

different conformations and oligomeric states. A low amount of a degradation product of Ara h 1, at MW 

around 15 KDa was also observed in fraction 4 (absence of cross-reactivity of the anti-Ara h 1 mAb against 2S 

albumins was checked). Anti-Ara h 6 immunoblot under non-reducing conditions (Fig. 3D) confirmed the 

presence of monomeric Ara h 6 (at 15 kDa) only in fraction 4, but also showed the presence of Ara h 6 involved 

in higher MW complexes, above 80 kDa in fraction 1, above 40kDa in fraction 2, and in MW entities ranging 

mainly between 30 and 80 kDa in fraction 3. These bands greatly decreased when analysis was performed under 

reducing conditions, leading to the appearance of a band corresponding to monomeric form of Ara h 6 in the 

corresponding fractions (Fig. 3E). 

We then performed a heterogeneous immunoassay to detect Ara h 1-Ara h 6 complexes by using anti-Ara h 6 

mAb as capture antibody and anti-Ara h 1 mAb as detection antibody. Ara h 6-Ara h 1 heteropolymers were 

detected in the extract from roasted peanut and in fractions 1 and 2 (Fig. 4A). Lower amount of heteropolymers 

were detected in fraction 3 whereas no significant signal could be detected in fraction 4. Ara h 1-Ara h 6 

interactions in roasted peanut were also confirmed by testing Ara h 1 purified by immunoaffinity 

chromatography with anti-Ara h 6 immunoblot (supplementary Fig. 1). The Ara h 1-Ara h 6 heteropolymers 

were mainly detected after roasting and to a lesser extent after frying of peanut seed (supplementary Fig.2). 

Additionally, using a homogeneous sandwich assay, we observed the formation of Ara h 6 homo-oligomers 

mainly in fraction 3 by using the same anti-Ara h 6 mAb as capture and detection antibody (Fig. 4B). 

The different fractions obtained by gel filtration of the roasted peanut extract were then administered to BALB/c 

mice and sensitization to native Ara h 6 was assessed. As previously observed (Fig. 1), the whole protein extract 

from roasted peanut led to a significant production of IgG1 (Fig. 5A) and IgE antibodies specific for native Ara 

h 6 (Fig. 5B). A similar intensity of response was induced by injection of fraction 2, whereas the humoral 

response was lower in mice receiving fraction 1. On the contrary, fraction 3 induced only the production of 

specific IgG1, with no significant specific production of IgE. More surprisingly, we did not detect any Arah 6-
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specific IgG1 or IgE production in mice receiving fraction 4, i.e. the fraction containing the monomeric form of 

Ara h 6. 

4. Ara h 6 immunogenicity is also increased after partial denaturation, through enhanced 

digestibility. 

Considering that free monomeric Ara h 6 contained in raw peanut or in fraction 4 displayed no sensitization 

capacity, we further investigated the allergenicity of purified Ara h 6. The immunogenicity of Ara h 6 either in 

its native form or after chemical or thermal denaturation was then evaluated using mouse models of 

experimental sensitization. After chemical denaturation, r/a-Ara h 6 exhibited a circular dichroism (CD) 

spectrum characteristic of random coiled nature. After heat denaturation at 110°C for 30 min in solution, 

secondary structures of Ara h 6 progressively shifted toward an unordered state with a CD spectrum indicating 

the presence of both native and denatured forms and/or the adoption of intermediate structures (supplementary 

Fig. 3). No IgE specific to native Ara h 6 could be detected, whatever the group (not shown). Significant 

production of native Ara h 6 specific-IgG1 was detected only in the group of mice receiving heat-denatured Ara 

h 6 (Fig. 6A), while three out seven mice receiving r/a-Ara h 6 were positive. Conversely, both heated Ara h 6 

and r/a-Ara h 6 induced significant IgG1 responses against the denatured form of Ara h 6 (Fig. 6B). 

We then tested the sensitization capacity of different recombinant Ara h 6 mutants in which some disulfide 

bridges (DB) were deleted by site-directed mutagenesis. These mutations did not affect the secondary structures 

of Ara h 6 but significantly destabilized the protein, leading to an increased susceptibility to trypsin hydrolysis 

[21]. Indeed, suppression of the non-canonical DB 5 at the C-terminus, in mutant Ara h 6-5, did not affect the 

proteolytic resistance of rAra h 6. The additional deletion of an external DB, in mutants Ara h 6-5.1 or Ara h 6-

5.4, led to a lower resistance to proteolysis whereas the additional deletion of a central DB, in mutants Ara h 6-

5-2 or Ara h 6-5-3, abrogated the resistance to trypsinolysis. rAra h 6-5, rAra h 6-5-4 and rAra h 6-5-2 were then 

i.p. administered to BALB/c mice. Mice injected with mutant rAra h 6-5 did not develop a significant anti-

native Ara h 6 IgG1 response, as previously observed with nAra h 6 (Fig. 7). Interestingly, although no specific 

IgE was detected in any group (data not shown), we observed increasing anti-native Ara h 6 IgG1 responses 

correlating with an increasing sensitivity to trypsinolysis of the mutant proteins. The IgG1 response reached 

statistical significance in the group of mice receiving Ara h 6-5.2, i.e. the mutant showing the highest sensitivity 

to hydrolysis. 

As i.p. administered allergens are not submitted to digestive enzymes such as trypsin, we also evaluated the 

resistance of rAra h 6 mutants to Cathepsin L (Figure 8) and Cathepsin S (data not shown), two proteases 

involved in antigen processing by dendritic cells. While native Ara h 6, rAra h 6-5, rAra h 6-5-1 and rAra h 6-5-

4 were very resistant to both cathepsins digestion, rAra h 6-5-2 and rAra h 6-5-3 were more sensitive, with 

corresponding bands no more detectable after 3 hours and 6 hours of cathepsin L and cathepsin S digestion, 

respectively. Accordingly, r/a-Ara h 6 was promptly degraded by the two cathepsins. 

Finally, we wondered whether Ara h 6 complexes in heat-processed peanut, that supported allergenicity of 

native Ara h 6, were also more susceptible to digestion. We then submitted the gel filtration fractions of roasted 

peanut to trypsin digestion and analyzed the breakdown products by electrophoresis. We observed that 

degradation promptly occurred in fractions 1, 2 and 3 (Fig 9A). Conversely, Ara h 6 monomers contained in 

fraction 4 were highly stable with no degradation clearly detected at 2 and 4 hours of digestion. Using anti-Ara h 

6 immunoblot, a rapid degradation of Ara h 6 included in high MW polymers was observed in fractions 1, 2 and 

3 (Fig9B). Conversely, Ara h 6 was still observed in fraction 4 after 4 hours of digestion. Complexation of Ara h 
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6 in heat-processed peanut actually increased its sensitivity to digestion compared to that of the monomer. 

Moreover, this increased digestibility also correlated with higher immunogenic/sensitizing capacity, as observed 

previously with partially denatured purified Ara h 6. 

 

DISCUSSION 

Ara h 2 and Ara h 6 are the most potent elicitors of the allergic reaction in peanut seeds. The IgE response in 

human patients is mainly directed against the native form of Ara h 6, whereas heat or chemically induced 

denaturation of these proteins decreases their IgE binding capacities and functionalities [27;42]. However, 

peanut is eaten after heating, which should lead to denaturation of Ara h 6 and then induction of IgE against the 

denatured form of this protein. However, despite the heating conditions of roasting, Ara h 2 and Ara h 6 

extracted from roasted peanut demonstrated a native structure and an even higher IgE immunoreactivity than 

that of Ara h 2 and Ara h 6 purified from raw peanut [43]. It thus seems that 2S albumins are (at least partially) 

protected from heating degradation within the seed and could then suggest that these native proteins are 

responsible for their allergenicity. However, in the present study, we demonstrated that native monomeric Ara h 

6 contained in raw peanut or extracted/purified from roasted peanut was unable to induce sensitization in mice, 

whereas extract from fried or roasted peanut do induce sensitization to native Ara h 6. 

We then further analyzed the composition of the protein extracted from raw and heat-processed peanut, i.e. 

fried, roasted or boiled peanuts, all corresponding to forms of peanut consumed worldwide. Electrophoresis 

patterns clearly differed depending on the process considered. As already reported, a drastic loss of low MW 

proteins in the cooking water was observed during boiling [30]. We also observed a high degradation of high 

MW protein during boiling, as previously observed for purified Ara h 1 heated in solution [32]. Frying and 

roasting led to different events. As already described by Kopper et al [44], we observed that roasting or frying 

reduces the extractability of peanut allergens (data not shown), due to high aggregation of proteins. Using anti-

Ara h 6 immunoblot in non-reducing conditions, we also identified the presence of Ara h 6 in high MW entities. 

This phenomenon is already apparent in raw extract but is highly enhanced during frying and roasting. Our 

results are in accordance with those from Schmitt et al [45] demonstrating that heating process induces global 

aggregation of proteins and that complexes recovered in the insoluble fraction are highly IgE reactive. 

By performing gel filtration of protein extracted from roasted peanut and different characterization methods 

(Immunoblots, homo- and hetero-immunoassays), we were able to separate complexed Ara h 6 from monomeric 

Ara h 6. Ara h 6 was demonstrated to be complexed either with itself (homo-complexes), or with other proteins, 

notably with Ara h 1 monomers, trimers and higher oligomers (MW>260kDa) (hetero-complexes). By 

administering the corresponding fractions to mice, we showed that immunogenicity and allergenicity of Ara h 6 

is strictly dependent on this hetero-complexation allowing the induction of both IgG1 and IgE specific for native 

Ara h 6. Ara h 1-Ara h 6 complexes would seem good candidates for the allergenicity of Ara h 6. In fact, Ara h 

1 has been demonstrated to specifically bind to dendritic cells via DC-SIGN receptor. This binding is dependent 

on Ara h 1 glycosylation and results in induction of Ara h 1-specific Th2 response [46;47]. Ara h 6 is not 

glycosylated but Ara h 6 – Ara h 1 complexation could enhance Ara h 6 uptake by dendritic cells via DC-SIGN-

Ara h 1 interaction, in a Th2 environment induced by Ara h 1. Interestingly, Ara h 1 – Ara h 6 hetero-complexes 

were also detected in protein extracts from fried peanut, i.e. an extract that also induced sensitization to native 

Ara h 6, whereas they were not detected in extracts from boiled peanut that was unable to elicit anti-native Ara h 

6 IgE. Ara h 3, the most abundant allergens of peanut seed, could be another candidate for an Ara h 6 carrier, as 
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electrophoretic analyses also suggested the formation of Ara h 6-Ara h 3 complexes. Moreover, Ara h 3 have 

been found in a high MW protein complexes containing also Ara h 1 and presenting IgE immunoreactivity [48]. 

The presence of such complexes and their role in the sensitizing potency of Ara h 6 should be further 

investigated. 

Interestingly, we also observed that homo-polymers of Ara h 6 were more immunogenic than monomeric native 

Ara h 6, allowing the production of IgG1 whereas no IgE production could be evidenced. This is in agreement to 

the increased immunogenicity of Bet v 1d, a Bet v 1 isoform that forms a dimer, compared to that of monomeric 

Bet v 1. This increase was due to more efficient antigen uptake and activation of dendritic cells after 

dimerization [49]. The higher sensitization capacity of Ara h 6 homo-complexes in fraction 3 could then be due 

to a more efficient proteolytic processing in dendritic cells compared to the monomeric protein in fraction 4. 

The relationship between hydrolysis resistance and allergenicity of proteins is not clearly established [50;51]. 

Resistance to digestion of food proteins may allow reaching and stimulating the gut-associated immune system. 

However, proteins also have to be degraded by specific proteases within dendritic cells (DC) to be processed 

and then presented as allergen-derived peptides in association with major histocompatibility molecule class II 

(MHC II) at the cell surface of the DC. This presentation supports specific T-cell induction [52]. Studies from 

Delamarre et al [53;54] and Egger et al [55] suggest that resistance to lysosomal proteolysis is determinant in 

the immunogenicity of proteins by favoring efficient and long lasting antigen presentation in draining lymph 

nodes. Conversely, labile proteins failed to induce an immune response due to a too rapid degradation of the T 

epitopes. However, by using snake neurotoxin , a structured protein containing 4 DB, and different synthetic 

variants, it was demonstrated that efficacy of antigen presentation and T-cell stimulation by the antigen was 

inversely correlated with their conformational stability and cathepsin L sensitivity [56]. Additionally, magnitude 

of in vivo T-cell response, including Th2 response, and IgG production was inversely correlated to the 

conformational stability and endopeptidase sensitivity of hen egg lysozyme (HEL) [57;58]. Accordingly, we 

demonstrated the absence of immunogenicity of native Ara h 6 whereas anti-Ara h 6 immune response was 

induced by using more labile proteins, such as Ara h 6 denatured either by heat or chemical-modification or Ara 

h 6 mutants. Altogether, these results thus demonstrated an inverse relationship between stability to digestion 

and immunogenicity/allergenicity. These results are in accordance with previous results demonstrating that 

heating allows enhancing IgG and IgE Ara h 2-specific production in an oral immunization protocol of BALB/c 

mice [59]. These results further suggest that there is no direct and linear relationship between digestion 

resistance and immunogenicity/allergenicity. 

It is worth noting that the presence of complexed allergens may jeopardize the interpretation of IgE-

immunoblots and IgE-immunoassays when using peanut extracts and proteins purified thereof. This may thus 

reinforce the use of recombinant allergens in such analysis. However, we also recently demonstrated that post-

translational modifications of Ara h 2 are involved in recognition of this natural allergen by IgE from most of 

the patients tested [28]. To really assess the respective role of the different allergens in peanut allergy, IgE 

reactivity of extracts and allergens should then be assessed following different experimental conditions, i.e. 

reducing and non-reducing conditions and using both purified natural and recombinant allergens. Such 

observations may be extended to other food sources, notably if consumed after heating. 

In conclusion, despite being a major peanut allergen, soluble monomeric native Ara h 6 did not evidenced 

intrinsic sensitization capacity. Heat-processing of peanut seed, and probably peanut matrix [60], are 
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necessary for sensitization to native Ara h 6. We clearly displayed that heating process applied to peanut seed, 

such as frying and roasting, led to i) the formation of complexes of high MW between proteins, notably 

implicating Ara h 6 and Ara h 1, the latter probably acting as carrier for Ara h 6 uptake, DC activation and 

induction of specific Th2 immune response to Ara h 6, and ii) partial denaturation of Ara h 6, favouring its 

hydrolysis and its processing by APC and the induction of specific T cells. Nevertheless some Ara h 6 remains 

protected from thermal process within the seed, keeping its native conformation that supports IgE reactivity 

and functionality. All these results also suggest that sensitization and elicitation potency of a protein can be 

supported by different structures, modified and/or produced during processing in interaction with other food 

constituents. The sole sensitizing potential of purified proteins would then not be relevant in the global 

allergenicity assessment of new proteins/ingredients. 
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LEGENDS TO FIGURES 

Figure 1: Impact of peanut seed heating on sensitization to native Ara h 6. Peanut protein extracts (PE) 

from raw, blanched (130°C, 20 min), blanched and fried (150°C, 3.5 min), blanched and roasted (180°C, 30 

min) or blanched and boiled (30 min) peanut seeds were absorbed on alum and injected to BALB/c mice (see 

Materials and Methods). Intra-peritoneal injections of 100 µg of protein were performed on day 1 and 21, and 

sera were collected on day 28. Anti-native Ara h 6 specific IgG1 (A) and IgE (B) were assayed in sera diluted 

1:1000 and 1:40, respectively. Results are expressed as absorbance units at 414 nm. Each point represents an 

individual mouse and median is indicated. *: p<0.05, **: p<0.01, ***: p<0.001 using Kruskal-Wallis and 

Dunn’s multiple comparison posttest. 

 

 

Figure 2: Impact of peanut seed heating on profile of peanut proteins extracted. A. SDS-PAGE under non-
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reducing conditions of peanut extract (PE) from raw (lane 1) or blanched peanut (lane 2). Blanched peanuts 

were then fried for 3.5 or 10 min (lanes 3 and 4), dry roasted for 10 or 30 min (lanes 5 and 6) or boiled in water 

for 30 or 120 min (lanes 7 and 8). Corresponding cooking waters were also analyzed (lanes 9 and 10). 

Immunoblot using anti-Ara h 6 mAb was performed under non-reducing conditions (B) and reducing conditions 

(C). 

 

 

Figure 3: Fractionation of proteins from roasted peanut by gel filtration and their characterization. A. 

Gel filtration chromatogram. Four fractions, 1 to 4, were collected. B. SDS-PAGE under non-reducing 

conditions of protein extract from roasted peanut (PE), of GF fraction 1 to 4 or of purified allergens Ara h 1, Ara 

h 3, Ara h 2 and Ara h 6 (see Material and Methods). Immunoblot of roasted PE and GF fractions with anti-Ara 

h 1 mAb under non reducing conditions (C), and with anti- Ara h 6 mAb under non-reducing conditions (D) and 

reducing conditions (E). 
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Figure 4: Ara h 6 is involved in hetero and homo-polymeric structures after peanut seed roasting. A. 

Evidence of Ara h 1-Ara h 6 interactions using heterogeneous sandwich assay with anti-Ara h 6 mAb as capture 

mAb and anti-Ara h 1 as detection mAb B. Evidence of Ara h 6 homo-oligomers using homogeneous sandwich 

assay with the same anti-Ara h 6 mAb as capture mAb and as detection mAb. Results are expressed as 

absorbance units at 414 nm and are representative of three independent experiments. 
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Figure 5: Sensitization to Ara h 6 is not induced by the fraction containing free 2S albumins. Anti- Ara h 6 

specific IgG1 (A) and IgE (B) induced in BALB/c mice after two intra-peritoneal injections of protein extract 

from roasted peanut and GF fractions. Sera were diluted 1:40000 and 1:40 for IgG1 and IgE assays, 

respectively. Results are expressed as absorbance units at 414 nm. Each point represents an individual mouse 

and median is indicated. *: p<0.05, **: p<0.01, ***: p<0.001 using Kruskal-Wallis and Dunn’s multiple 

comparison posttest. 
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Figure 6: Relation between the structure and the sensitization potency of Ara h 6. Mice were i.p. 

administered with native Ara h 6 (nAra h 6), Ara h 6 denatured by heating at 110°C for 30 minutes (nAra h 6 

110) or r/a-Ara h 6. Specific IgG1 were then assayed in individual sera diluted 1:100 on plates coated with 

native Ara h 6 (A) or r/a Ara h 6 (B). Results are expressed as absorbance units at 414 nm. Each point represents 

an individual mouse and median is indicated. *: p<0.05, **: p<0.01, ***: p<0.001 using Kruskal-Wallis and 

Dunn’s multiple comparison posttest. 
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Figure 7: Relation between hydrolysis sensitivity and sensitization to native Ara h 6. Anti-native Ara h 6 

specific IgG1 induced in BALB/c mice after three intraperitoneal injections of Ara h 6 DB mutants. Specific 

IgG1 were then assayed in individual sera diluted 1:100 on plates coated with Ara h 6. Results are expressed as 

absorbance units at 414 nm. Each point represents an individual mouse and median is indicated. *: p<0.05, **: 

p<0.01, ***: p<0.001 using Kruskal-Wallis and Dunn’s multiple comparison posttest. 
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Figure 8: Digestion of Ara h 6 DB mutants by Cathepsin L. Native Ara h 6, rAra h 6-5, rAra h 6-5.1, rAra h 

6-5.2, rAra h 6-5.3 and rAra h 6-5.4 mutants and r/a-Ara h 6 were submitted to cathepsin L digestion with 

enzyme:protein ratio of 91 mU:mg. Samples were collected at various time points and were analyzed by SDS-

PAGE under non-reducing conditions. 
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Figure 9: Complexed Ara h 6 is more sensitive to digestion by trypsin than free Ara h 6. Gel filtration 

fractions of roasted peanut were submitted to Trypsin digestion with enzyme:protein ratio of 1:20 (w:w). SDS-

PAGE (A) and immunoblot using anti-Ara h 6 mAb (B) were performed under non-reducing conditions. 
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