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Immunodominant conformational and linear IgE epitopes lie in a single segment of Ara h 2
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Background: Contribution of conformational epitopes to the IgE-reactivity of peanut allergens Ara h 2 and Ara h 6 is, at least, as important as that of the linear epitopes.

However, little is known about these conformational IgE-binding epitopes.

Objective: To investigate the distribution of conformational epitopes on chimeric 2Salbumins.

Methods: Recombinant chimeras were generated by exchanging structural segments between Ara h 2 and Ara h 6. Well-refolded chimeras, as verified by circular dichroism analysis, were then used to determine the epitope specificity of monoclonal antibodies (mAb) by performing competitive inhibition of IgG-binding. Furthermore, we delineated the contribution of each segment to the overall IgE-reactivity of both 2S-albumins by measuring the chimeras' IgE-binding capacity with sera from 21 patients allergic to peanut. We finally assessed chimeras' capacity to trigger mast cell degranulation.

Results: Configuration of the conformational epitopes was preserved in the chimeras.

Mouse IgG mAb, raised against natural Ara h 6, and polyclonal human IgE antibodies recognized different conformational epitopes distributed all along Ara h 6. In contrast, we identified human IgG mAb specific to different Ara h 2 linear or conformational epitopes located in all segments but the C-terminal one. The major conformational IgE-binding epitope of Ara h 2 was located in a segment located between residues 33 and 81 that also contains the major linear hydroxyproline-containing epitope. Accordingly, this segment is critical for the capacity of Ara h 2 to induce mast cell degranulation.
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Conclusions: Chimeric 2S-albumins provide new insights on the conformational IgE-binding epitopes of Ara h 2 and Ara h 6. Proximity of the immunodominant linear and conformational IgE-binding epitopes probably contributes to the high allergenic potency of Ara h 2.

Key Messages:

-Conformation of the IgE-binding epitopes is preserved in chimeric 2S-albumins -Distribution of the conformational IgE-binding epitopes and the relative contribution of each segment to the IgE-reactivity differ between Ara h 2 and Ara h 6 -Proximity of the immunodominant linear and conformational IgE-binding epitopes probably contributes to the high allergenic potency of Ara h 2.

Capsule Summary

IgE-binding capacity of chimeric peanut 2S-albumins suggests that non-cross-reactive immunodominant epitopes of Ara h 2 are mostly located in one segment whereas they are more evenly distributed in Ara h 6.

Introduction

IgE-mediated peanut allergy is a life-threatening disease with an increasing prevalence that requires effective diagnostics and therapies. 1,2 Ara h 2 and Ara h 6 are the most potent peanut allergens for triggering mast cell activation. [3][4][START_REF] Porterfield | Effector activity of peanut allergens: a critical role for Ara h 2, Ara h 6, and their variants[END_REF] Accordingly, IgE levels to these allergens are equally good predictors of clinical reactivity to peanut. [START_REF] Klemans | The diagnostic accuracy of specific IgE to Ara h 6 in adults is as good as Ara h 2[END_REF][START_REF] Koid | Ara h 6 complements Ara h 2 as an important marker for IgE reactivity to peanut[END_REF][START_REF] Van Erp | The IgE and basophil responses to Ara h 2 and Ara h 6 are good predictors of peanut allergy in children[END_REF][START_REF] Hemmings | Ara h 2 is the dominant peanut allergen despite similarities with Ara h 6[END_REF] 2S-albumins Ara h 2 and Ara h 6 share similar structural properties including five !-helices, four conserved disulfide bridges (DSB) and a sequence identity of 59%. [START_REF] Lehmann | Structure and stability of 2S albumin-type peanut allergens: implications for the severity of peanut allergic reactions[END_REF][START_REF] Mueller | Ara h 2: crystal structure and IgE binding distinguish two subpopulations of peanut allergic patients by epitope diversity[END_REF][START_REF] Otsu | Epitope analysis of Ara h 2 and Ara h 6: characteristic patterns of IgE-binding fingerprints among individuals with similar clinical histories[END_REF] Their compact structures confer a high resistance to proteolysis and explain the persistence of conformational IgE-binding epitopes in the digestive tract. Nevertheless, Ara h 2 differs from Ara h 6 by an insertion of 14 or 26 residues (isoforms Ara h 2.01 and 2.02, respectively). These insertions form a flexible surface loop that contains 2 or 3 repetitions of the hydroxyproline-containing motif DPYSP OH S, previously identified as an immunodominant linear IgE-binding epitope. [START_REF] Stanley | Identification and mutational analysis of the immunodominant IgE binding epitopes of the major peanut allergen Ara h 2[END_REF][START_REF] Albrecht | Relevance of IgE binding to short peptides for the allergenic activity of food allergens[END_REF][START_REF] Bernard | Allergenicity of peanut component Ara h 2: Contribution of conformational versus linear hydroxyproline-containing epitopes[END_REF] We recently showed that these motifs accounted on average for half of Ara h 2 IgE-binding capacity. [START_REF] Hazebrouck | Variable IgE crossreactivity between peanut 2S-albumins: The case for measuring IgE to both Ara h 2 and Ara h 6[END_REF] Ara h 6 contains also an additional DSB linking its C-terminus to the core structure. Although Ara h 2 and Ara h 6 are expected to cross-react extensively, we reported that 2S-albumin IgE-reactivity was mostly due to non-crossreactive epitopes. [START_REF] Hazebrouck | Variable IgE crossreactivity between peanut 2S-albumins: The case for measuring IgE to both Ara h 2 and Ara h 6[END_REF] Linear IgE-binding epitopes of peanut allergens have been exhaustively investigated and their profiling by peptide microarrays or bead-based epitope assays offers promising developments for diagnosis. [START_REF] Suarez-Farinas | Evolution of epitope-specific IgE and IgG4 antibodies in children enrolled in the LEAP trial[END_REF][START_REF] Suarez-Farinas | Accurate and reproducible diagnosis of peanut allergy using epitope mapping[END_REF][START_REF] Suprun | Early epitopespecific IgE antibodies are predictive of childhood peanut allergy[END_REF][START_REF] Santos | IgE to epitopes of Ara h 2 enhance the diagnostic accuracy of Ara h 2-specific IgE[END_REF] However, this strategy excludes IgE-binding to conformational epitopes, which may also be highly clinically relevant. [START_REF] Bernard | Allergenicity of peanut component Ara h 2: Contribution of conformational versus linear hydroxyproline-containing epitopes[END_REF][START_REF] Dreskin | IgE binding to linear epitopes of Ara h 2 in peanut allergic preschool children undergoing oral Immunotherapy[END_REF] Indeed, Tscheppe et al. reported that two thirds of peanutallergic patients preferentially recognized conformational epitopes and Otsu et al. proposed that conformational epitopes are most important for patients with relatively severe reactions. [START_REF] Otsu | Epitope analysis of Ara h 2 and Ara h 6: characteristic patterns of IgE-binding fingerprints among individuals with similar clinical histories[END_REF][START_REF] Tscheppe | Development of a novel Ara h 2 hypoallergen with no IgE binding or anaphylactogenic activity[END_REF] Moreover, 2S-albumin allergenic potential is dependent on the conformation since unfolding induced by DSB reduction drastically decreases their resistance to proteolytic digestion, their IgE-reactivity and their ability to trigger mast cell degranulation. [START_REF] Albrecht | Relevance of IgE binding to short peptides for the allergenic activity of food allergens[END_REF][START_REF] Hazebrouck | Trypsin resistance of the major peanut allergen Ara h 6 and allergenicity of the digestion products are abolished after selective disruption of disulfide bonds[END_REF][START_REF] Starkl | An unfolded variant of the major peanut allergen Ara h 2 with decreased anaphylactic potential[END_REF] Characterization of conformational epitopes remains particularly challenging because it requires preservation of protein folding. [START_REF] Aalberse | IgE-binding epitopes: a reappraisal[END_REF][START_REF] Breiteneder | Mapping of conformational IgE epitopes of food allergens[END_REF] X-ray crystallography or nuclear magnetic resonance spectroscopy of allergen-antibody complex can identify the residues involved in a conformational epitope but are applicable only to monoclonal antibodies (mAb). Recently, phage display technology has been employed to identify mimotopes of conformational epitopes. [START_REF] Chen | Conformational IgE epitopes of peanut allergens Ara h 2 and Ara h 6[END_REF] The mimotopes were mimics of both Ara h 2 and Ara h 6 epitopes and were mapped to overlapping surface patches on both Ara h 2 and Ara h 6. [START_REF] Chen | Conformational IgE epitopes of peanut allergens Ara h 2 and Ara h 6[END_REF] Another strategy is the grafting of surface areas from an allergen on a homologous non-allergen protein, by replacing segments of the recipient protein with IgE-binding segments. [START_REF] Gepp | Chimeras of Bet v 1 and Api g 1 reveal heterogeneous IgE responses in patients with birch pollen allergy[END_REF] This approach demonstrated that close proximity of IgE-binding epitopes on a protein enhanced IgE-dependent mediator release. [START_REF] Gieras | IgE epitope proximity determines immune complex shape and effector cell activation capacity[END_REF] Similarly, we generated chimeras between caprine and bovine "-caseins in order to identify epitopes recognized by IgE antibodies from patients allergic to goat's milk and tolerant to cow's milk. [START_REF] Hazebrouck | Goat's milk allergy without cow's milk allergy: suppression of non-cross-reactive epitopes on caprine betacasein[END_REF] In the present study, we aimed to investigate the conformational epitopes of peanut 2Salbumins by generating chimeric proteins between Ara h 2 and Ara h 6. The correct exposure of the conformational epitopes in these chimeras was assessed by using complementary solid-and fluidphase assays of antibody binding. In order to establish their functionality, chimeras were first used to determine the epitope specificity of different mAb, either obtained after immunization of mice to natural Ara h 6 or produced from Ara h 2-specific memory B cells isolated from patients undergoing peanut oral immunotherapy. [START_REF] Patil | Peanut oral immunotherapy transiently expands circulating Ara h 2-specific B cells with a homologous repertoire in unrelated subjects[END_REF] We delineated then the immunodominant conformational epitopes recognized by IgE antibodies from allergic patients.

Methods

Human sera

Sera were collected from 15 French and 6 US peanut-allergic subjects. French patients were recruited from the Paediatric Allergy Clinic of Hospital Necker (Paris) after informed consent from parents (Table E1, sera 1 to 15). [START_REF] Bernard | Allergenicity of peanut component Ara h 2: Contribution of conformational versus linear hydroxyproline-containing epitopes[END_REF][START_REF] Bernard | Serological characteristics of peanut allergy in children[END_REF] All samples were collected during routine clinical practice and were studied in accordance with the purpose of the initial study. [START_REF] Bernard | Serological characteristics of peanut allergy in children[END_REF] US peanut-allergic patients had a strong history of peanut-induced immediate hypersensitivity and peanut-specific IgE # 13 KAU/L (ImmunoCAP, Thermo Fisher Scientific, Watham, MA, USA) in serum (Table E1, sera 16 to 21). All adult patients and the parents or guardians of minors signed informed consent. Minors who were >6 years of age, signed an assent. The University of Colorado Denver Institutional Review Board (IRB) approved use of the sera for this study.

Monoclonal antibodies against Ara h 6

The IgG2 mAb specific to natural Ara h 6 were obtained in mice. They were used in different assay formats for epitope blockage or Ara h 6 quantitation in biological fluids and food matrices. [START_REF] Bernard | Immunochemical characterisation of structure and allergenicity of peanut 2S albumins using different formats of immunoassays[END_REF][START_REF] Bernard | Peanut allergens are rapidly transferred in human breast milk and can prevent sensitization in mice[END_REF][START_REF] Bernard | Circulating Ara h 6 as a marker of peanut protein absorption in tolerant and allergic humans following ingestion of peanut-containing foods[END_REF] 

Monoclonal antibodies against Ara h 2

The mAb were generated from Ara h 2-specific B cells isolated from peripheral blood obtained from children, aged 7-21, enrolled in a single-center, open-label randomized trial of peanut oral immunotherapy (OIT, NCT01324401), 1-2 months after starting therapy. [START_REF] Patil | Peanut oral immunotherapy transiently expands circulating Ara h 2-specific B cells with a homologous repertoire in unrelated subjects[END_REF] The Massachusetts General Hospital IRB approved this study. Briefly, Ara h 2-specific B cells were affinity selected using an Ara h 2 fluorescent multimer from peripheral blood mononuclear cells. [START_REF] Patil | Peanut oral immunotherapy transiently expands circulating Ara h 2-specific B cells with a homologous repertoire in unrelated subjects[END_REF] Single B cells underwent heavy and light chain amplification, with subsequent cloning for expression as IgG1 antibodies. [START_REF] Tiller | Efficient generation of monoclonal antibodies from single human B cells by single cell RT-PCR and expression vector cloning[END_REF] Monoclonal IgG1 antibodies were affinity purified using agarose protein G beads (Thermo Fisher Scientific), quantitated by Human IgG cytometric bead arrays (BD Biosciences, Franklin Lakes, NJ, USA) and validated using ImmunoCAP specific to Ara h 2 (Thermo Fisher Scientific). [START_REF] Tiller | Efficient generation of monoclonal antibodies from single human B cells by single cell RT-PCR and expression vector cloning[END_REF] 

Design of chimeric 2S-albumins

Recombinant 2S-albumins Ara h 2.01 (Swiss-Prot accession number Q6PSU2-2) and Ara h 6 (Q647G9) were produced in E. coli by expression of synthetic genes (Genscript USA Inc., Piscataway, NJ, USA) subcloned into plasmid pET9c, between NdeI and BamHI restriction sites (Novagen-Merck, Damstadt, Germany). Along codon optimization, three restriction sites were added. Insertions of PstI, AlwNI and DraI sites were silent in rAra h 2 while AlwNI insertion induced a mutation of Ile30 in Ara h 6 to Leu, the corresponding residue present in Ara h 2 (Fig. 1). This conservative mutation did not affect the IgE-binding capacity of rAra h 6 (Fig. E1). Chimeras were generated by restriction of Ara h 2/6 genes and ligation of the complementary fragments. As the presence of unpaired Cys residue could impair chimera's refolding, unpaired Cys residues at position 84 in chimera C-6662 and position 136 in chimera C-2226 were replaced by a Ser residue by site-directed mutagenesis. [START_REF] Hazebrouck | Trypsin resistance of the major peanut allergen Ara h 6 and allergenicity of the digestion products are abolished after selective disruption of disulfide bonds[END_REF] The variant rAra h 2.$ was obtained by replacing the sequence GRDPYSP OH SQDPYSP OH SP of Ara h 2.01 by the dipeptide DS occurring in Ara h 6. [START_REF] Bernard | Allergenicity of peanut component Ara h 2: Contribution of conformational versus linear hydroxyproline-containing epitopes[END_REF] Bacterial expression, purification and refolding of recombinant proteins were performed as previously described. [START_REF] Bernard | Allergenicity of peanut component Ara h 2: Contribution of conformational versus linear hydroxyproline-containing epitopes[END_REF] Refolding of recombinant proteins was assessed by circular dichroism spectroscopy. 3D-structures of the chimeras and Ara h 2.01 (Fig. 1), were generated with SWISS-MODEL Homology modeling Workspace, using Ara h 6 template 1w2q and DeepView-Swiss-PdbViewer. [START_REF] Guex | Automated comparative protein structure modeling with SWISS-MODEL and Swiss-PdbViewer: a historical perspective[END_REF][START_REF] Waterhouse | SWISS-MODEL: homology modelling of protein structures and complexes[END_REF] 

IgE-binding measurement by solid-phase assay

The chimeras' IgE-binding capacity was quantified using indirect ELISA with recombinant allergens (1 µg/mL) adsorbed on a solid phase. [START_REF] Hazebrouck | Variable IgE crossreactivity between peanut 2S-albumins: The case for measuring IgE to both Ara h 2 and Ara h 6[END_REF][START_REF] Bernard | Serological characteristics of peanut allergy in children[END_REF] After overnight incubation with sera (50 µL/well, diluted 20-to 400-fold), plates were washed and IgE-binding was revealed by addition of an antihuman IgE mAb (clone BS17) [START_REF] Grassi | Quantitative determination of total and specific human IgE with the use of monoclonal antibodies[END_REF] labeled with acetylcholinesterase (AchE, 2 Ellman Unit (EU)/mL). AChE activity was then revealed after addition of Ellman's reagent and absorbance was measured at 414 nm. The IgE-binding to each chimera was also evaluated in sera depleted of IgE antibodies recognizing either Ara h 6 or Ara h 2 (see online repository). [START_REF] Hazebrouck | Variable IgE crossreactivity between peanut 2S-albumins: The case for measuring IgE to both Ara h 2 and Ara h 6[END_REF] After overnight incubation with sera in plate coated with one 2S-albumin (1 µg/mL), depleted sera were not washed away but transferred into another plate (45 µL/well) coated with a chimera (1 µg/mL). Residual IgE-binding was revealed as described above.

Competitive inhibition of IgG and IgE-binding

Competitive inhibitions were performed by using assays that measure the binding of biotinylated 2S-albumins by the tested antibodies, which were first captured by specific antibodies immobilized on the solid phase. [START_REF] Bernard | Allergenicity of peanut component Ara h 2: Contribution of conformational versus linear hydroxyproline-containing epitopes[END_REF][START_REF] Bernard | Immunochemical characterisation of structure and allergenicity of peanut 2S albumins using different formats of immunoassays[END_REF][START_REF] Clement | Expression in Escherichia coli and disulfide bridge mapping of PSC33, an allergenic 2S albumin from peanut[END_REF] For characterization of mouse IgG2 mAb, human IgG1 mAb or human IgE antibodies, plates were coated with a goat anti-mouse IgG polyclonal antibody (Jackson ImmunoResearch), a mouse anti-human IgG1-Fc-CH2 mAb (clone NL-16, Bio-Rab Laboratories Inc.) or a mouse anti-human IgE mAb (clone LE27), [START_REF] Grassi | Quantitative determination of total and specific human IgE with the use of monoclonal antibodies[END_REF] respectively. Fifty µL/well of purified mAb (0.5 to 10 ng/mL) or sera (diluted 20-to 400-fold) were incubated overnight at 4°C. After washing, 25 %L of inhibitors (i.e. increasing concentrations of recombinant chimera or peptides, ranging from 3.2 pM to 100 nM) [START_REF] Bernard | Allergenicity of peanut component Ara h 2: Contribution of conformational versus linear hydroxyproline-containing epitopes[END_REF] and 25 µL of biotinylated 2S-albumins (0.5 nM) were added and incubated for 4h at RT. After washing, neutravidin labeled with AChE (2 EU/mL) was added for 15 min. Binding inhibition induced by a known concentration of inhibitor was then calculated as the ratio B/B0. B0 and B represent the amount of labeled tracer measured in the absence or the presence of a known concentration of inhibitor, respectively.

Mediator release assay

Degranulation assays were performed with rat basophilic leukemia (RBL) SX-38 cells as previously described. 4 Cells were passively sensitized with total IgE antibodies from single sera, affinity purified by using anti-IgE mAb (equimolar mix of LE27 and BS17 clones, 1 mg/mL), coupled to CNBr-activated SepharoseTM 4B (GE healthcare, Uppsala, Sweden). 4 Mediator release was induced by incubation with different concentrations of recombinant 2S-albumins and was measured by assaying the "-hexosaminidase activity in culture supernatants. Results were expressed as percentage of the reference release, determined for each serum and induced with anti-human IgE (LE27 clone; 100 ng/mL).

Statistical analysis

Data on IgE-binding to coated chimeras were analyzed using the non-parametric Friedman's test with Dunn's multiple comparison test. Statistical analyses were performed with GraphPad Prism 8.3.0 software. A p<0.05 was considered to be significant.

Results

Chimeras exhibit 2S-albumin conformation

Design of the chimeric proteins led to the delineation of 4 segments (Fig. 1). Chimeras between Ara h 2 and Ara h 6 were then generated by substituting segments of one 2S-albumin by those of the other 2S-albumin (Fig. 1C). After production in E. coli, purification (Fig. E2A) and refolding, CD-spectroscopy confirmed the presence of !-helical secondary structures characteristic of native 2S-albumins for all chimeras (Fig. E2B). The chimeras' conformations were further probed by testing their capacity to inhibit the binding of IgE antibodies from sera displaying a strong IgE cross-reactivity between Ara h 2 and Ara h 6 (Fig. 2). Correct refolding of the chimeras was thus ascertained by their inhibitory capacities comparable to those of rAra h 6 and rAra h 2. Conversely, unfolded 2S-albumins, after DSB reduction and alkylation (r/a), displayed no inhibitory capacity.

Monoclonal antibodies recognize conformational and linear epitopes in chimeras

Chimeras were first applied to investigate the epitope specificity of mAb against Ara h 6 (mouse IgG2 mAb, Fig. 3A andE3A) or Ara h 2 (human IgG1 mAb, Fig. 3B andE3B). The segment recognized by each mAb was determined by identifying the chimeras able to inhibit IgG-binding. For example, mAb 641 was specific of Ara h 6 segment I since only chimeras containing this segment (i.e. C-6222, C-6622 and C-6662) inhibited mAb-binding (Fig. 3A). Likewise, mAb 614, mAb 215 and mAb 201 recognized segment II, III and IV, respectively. Most mAb recognized a conformational epitope since r/a rAra h 6 did not display any inhibitory capacity. Only binding of mAb 614 and 637 was partially inhibited by r/a Ara h 6, but with a 25-fold higher half-maximal inhibitory concentration than the folded allergen (Fig. 3A andE3A).

We also identified human mAb specific of the first three segments of Ara h 2 (Fig. 3B andE3B). The mAb U2 was specific of segment I. As r/a Ara h 2 was able to inhibit mAb U2-binding, we further showed that this mAb recognized pep1-21, a peptide covering Ara h 2 N-terminus, which contains linear IgE-binding epitopes. [START_REF] Stanley | Identification and mutational analysis of the immunodominant IgE binding epitopes of the major peanut allergen Ara h 2[END_REF][START_REF] Albrecht | Relevance of IgE binding to short peptides for the allergenic activity of food allergens[END_REF] The segment II of Ara h 2 was recognized by two groups of mAb that differed by their capacity to bind r/a Ara h 2. The mAb M6 (and M7) recognized only nAra h 2 and r/a nAra h 2, but not rAra h 2 or r/a rAra h 2. By testing pep2P OH peptide, we showed that these two mAb were specific of the DPYSP OH S motifs. In contrast, peptide pep2P, without hydroxyproline, did not inhibit mAb M6-binding (Fig. 3B andE3B). Conversely to mAb M6, mAb P31 (and S4) recognized a conformational epitope that did not involve any residues of the DPYSP OH S motifs. Indeed, rAra h 2 and the variant lacking the DPYSP OH S motifs, rAra h2.$, displayed similar inhibitory capacities. Finally, three mAb recognized a conformational epitope located in the segment III. These mAb also recognized Ara h 6, but with varying affinities. The difference between inhibitory capacities of Ara h 2 and Ara h 6 was higher for mAb M3 than for mAb M33 or M17 (Fig. 3B andE3B). No mAb specific to segment IV was identified.

Contribution of each segment to 2S-albumin IgE-reactivity differs between Ara h 2 and Ara h 6

Chimeras were then used to profile the specificity of polyclonal IgE antibodies from allergic patients. First, we compared the IgE-binding to chimeras passively adsorbed on microplates (Fig. 4).

Despite a high interindividual variability, the level of IgE-binding to rAra h 2 and to chimeras

containing Ara h 2 segment II (i.e. C-6222, C-2266 and C-2226, in shades of red, Fig. 4A) was significantly higher than to rAra h 6. The chimera C-2266, which combined Ara h 2 N-terminal half and Ara h 6 C-terminal half, even exhibited a higher IgE-binding capacity than rAra h 2 itself. This result thus showed that the contribution of each segment to the overall IgE-reactivity differs among patients but also between the two 2S-albumins.

In order to further investigate the non-cross-reactive epitopes of Ara h 2 and Ara h 6, IgEbinding to a 2S-albumin was evaluated with sera depleted of IgE antibodies recognizing the other 2Salbumin (Fig. 4B). After depletion of Ara h 2-specific IgE antibodies, IgE-binding to rAra h 2 was expectedly minimal. The IgE-binding capacity of the chimeras then progressively increased with the sequential replacement of Ara h 2 segments by corresponding Ara h 6 segments, thus indicating that each segment of Ara h 6 contains IgE-binding epitopes.

In contrast, after depletion of Ara h 6-specific IgE antibodies, we did not observe a similar increase of IgE-binding when Ara h 6 segments were progressively replaced by those of Ara h 2 (Fig. 4C). Here, all chimeras containing Ara h 2 segment II displayed an IgE-binding capacity comparable to that of rAra h 2, thus indicating that the non-cross-reactive IgE-binding epitopes were mostly located in segment II.

Conformational IgE-binding epitopes are distributed along Ara h 6

The chimeras' immunoreactivity was further investigated by competitive inhibition of IgEbinding to rAra h 6. In this assay format, the profile of chimeras' inhibitory capacities was highly variable among patients thus confirming that all segments could contribute significantly to Ara h 6 IgE-reactivity (Fig. 5A andE4A). For example, Ara h 6-specific IgE antibodies of serum 2 recognized principally the segment I since only chimeras containing this segment inhibited IgE-binding. Segment I and II contributed the most to Ara h 6 IgE-reactivity for serum 9 whereas chimeras containing Ara h 6 segments II and III retained the highest inhibitory capacities for serum 12. Finally, for serum 17, all chimeras could inhibit a significant fraction of IgE-binding to Ara h 6 but the segment IV contributed to Ara h 6 IgE-reactivity slightly more than the other segments (Fig. 5A). Of note, r/a rAra h 6 displayed no inhibitory capacity.

Ara h 2 segment II contains an immunodominant conformational IgE-binding epitope

Competitive inhibition of IgE-binding to rAra h 2, instead of nAra h 2, was then performed to investigate specifically the conformational epitopes of Ara h 2. Indeed, the absence of hydroxyproline in rAra h 2 results in a 100-to 1000-fold decrease of IgE-binding affinity to the DPYSPS motifs in this fluid-phase assay. [START_REF] Bernard | Allergenicity of peanut component Ara h 2: Contribution of conformational versus linear hydroxyproline-containing epitopes[END_REF] Thereby, high-affinity IgE-binding to the conformational epitopes of labeled rAra h 2 outcompetes low-affinity IgE-binding to the DPYSPS motifs. The absence of significant IgE-binding to the linear motifs was confirmed with rAra h 2.$ and rAra h 2 displaying similar inhibitory capacities (Fig. E5). Accordingly, the unfolded r/a rAra h 2 displayed no inhibitory capacity (Fig. 5B andE4B).

The profile of chimeras' capacities to inhibit IgE-binding to Ara h 2 was then more consistent among patients than the one observed for Ara h 6. Indeed, despite the absence of IgE-binding to the DPYSPS motifs, contribution of segment II to Ara h 2 IgE-reactivity remained largely predominant. For most sera, chimeras containing Ara h 2 segment II displayed the highest inhibitory capacities, thus demonstrating the presence of an immunodominant conformational epitope in this segment (Fig. 5B and E4B). Accordingly, chimeras displaying Ara h 6 segment II exhibited a marked reduction of inhibitory capacity. It can be also noted that, in addition to segment II, segment I and III could also contribute significantly to Ara h 2 IgE-reactivity such as for sera 11 and 14 (segment I) and for serum 10 (segment III). The lowest inhibitory capacity was observed with C-6662 and the highest one with C-2226 thus suggesting that segment IV minimally contributed to Ara h 2 IgE-reactivity.

Ara h 2 segment II is critical for mast cell degranulation

Finally, we wanted to confirm the importance of rAra h 2 segment II for triggering the degranulation of RBL SX-38 cells sensitized with total IgE antibodies from allergic patients (Fig. 6). For sera 7 and 11, Ara h 6 displayed an allergenic potency markedly lower than that of Ara h 2 and as expected, chimeras containing Ara h 2 segment II were the most potent in triggering cell degranulation (Fig. 6A). For sera 9 and 14, rAra h 2, rAra h 6 and the chimeras, displayed comparable allergenic potencies, thus incidentally confirming that chimeras were functional (Fig. E6). The RBL cells were then passively sensitized with total IgE depleted of anti-Ara h 6 antibodies. In these conditions, rAra h 2, but not rAra h 6, and only the chimeras containing Ara h 2 segment II could efficiently trigger RBL cell degranulation (Fig. 6B).

Discussion

Given our previous finding that IgE-reactivity of Ara h 2 and Ara h 6 was mediated mainly by non-cross-reactive antibodies, [START_REF] Hazebrouck | Variable IgE crossreactivity between peanut 2S-albumins: The case for measuring IgE to both Ara h 2 and Ara h 6[END_REF] we generated chimeras between Ara h 2 and Ara h 6 in order to investigate their conformational IgE-binding epitopes.

First, we confirmed that conformation of the IgE-binding epitopes was preserved in the chimeric 2S-albumins. We further showed that most of the tested mAb recognized a conformational epitope since unfolding of the 2S-albumins prevented mAb-binding. Chimeras enabled then the identification of the different structural segments recognized by each mAb. Nevertheless, in line with the unstructured surface loop lying between !-helices 2 and 3, in Ara h 2 and Ara h 6, 10, 11 some mAb were still able to bind to r/a Ara h 2 (mAb M6) or to r/a Ara h 6 (mAb 614). It is noteworthy that binding of mAb M6 to the DPYSP OH S motifs in Ara h 2 required the presence of hydroxyproline residues, as previously described for IgE-binding. [START_REF] Bernard | Allergenicity of peanut component Ara h 2: Contribution of conformational versus linear hydroxyproline-containing epitopes[END_REF] Moreover, cross-reactivity between Ara h 2 and Ara h 6 was not observed with mAb specific to segment I or II, but only with mAb specific to segment III or IV, where the highest level of sequence identity occurs between Ara h 2 and Ara h 6.

We then profiled the conformational epitopes recognized by human IgE polyclonal antibodies. Using solid-phase assay and selective depletion of IgE antibodies, we determined the distribution of non-cross-reactive epitopes for both 2S-albumins. Considering Ara h 2, the non-crossreactive epitopes were mostly located in segment II. This result was partly expected since this segment contains the DPYSP OH S motifs, which accounted on average for about 50% of the IgE-binding to Ara h 2. [START_REF] Bernard | Allergenicity of peanut component Ara h 2: Contribution of conformational versus linear hydroxyproline-containing epitopes[END_REF] However, contribution of segment II was higher than anticipated since it accounted for about 90% of the IgE-binding to Ara h 2 (Fig. 4B). This result suggested the presence of other immunodominant epitopes in segment II. Accordingly, our use of human mAb demonstrated the presence of a conformational epitope bound by mAb P31. Competitive inhibition of IgE-binding to rAra h 2 and mast cell degranulation assay finally confirmed that the conformational epitope in the segment II was immunodominant. Thus, Ara h 2 segment II contains at least two immunodominant IgE-binding epitopes: one linear with the DPYSP OH S motifs and one conformational, probably involving residues in the third !-helix lying between residues 64 and 74 (Fig. 1). The close proximity of these two immunodominant epitopes in segment II certainly contributes to the outstanding allergenic potency of Ara h 2, as previously described by Gieras et al. [START_REF] Gieras | IgE epitope proximity determines immune complex shape and effector cell activation capacity[END_REF] Interestingly, mAb M6 (and M7) has been shown to inhibit 40% to 60% of the IgE/Fc&R1 cross-linking induced by Ara h 2 but only 20 to 30% of the IgE/Fc&R1 cross-linking induced by a crude peanut extract. [START_REF] Liao | Human monoclonal antibodies to Ara h 2 inhibit allergen-induced, IgE-mediated cell activation[END_REF] This difference was probably due to the fact that M6 and M7 were highly specific to Ara h 2. In contrast, mAb M33, which binds to both Ara h 2 and Ara h 6, was able to inhibit with the same efficiency (30% to 40%) the IgE/Fc&R1 cross-linking induced by Ara h 2 or the crude peanut extract. Nevertheless, mAb M3 and M17, which also recognized the segment III of both 2S-albumins, inhibited only 17% and 3% of the IgE/Fc&R1 cross-linking by Ara h 2, respectively. [START_REF] Liao | Human monoclonal antibodies to Ara h 2 inhibit allergen-induced, IgE-mediated cell activation[END_REF] These differences should be indicative of the mAb affinity for Ara h 2 or of steric hindrance phenomena that could block IgE-binding to other segments. Considering the structural homology between segments III/IV of both 2S-albumins, inhibition of IgE/Fc&R1 cross-linking by mAb targeting the segment III/IV should be also more efficient with sera displaying a high IgE cross-reactivity between Ara h 2 and Ara h 6, such as sera 3 and 13. Surprisingly, we identified human mAb specific to the first three segments of Ara h 2 but none to the segment IV, which also exhibited the lowest contribution to the IgE-reactivity of Ara h 2.

Considering that these human mAb were generated from B cells of patients undergoing OIT, their variable regions would have been influenced by OIT. Furthermore, our results are in agreement with recent studies of linear epitopes, reporting an overlap between the IgG and IgE repertoires induced by OIT. [START_REF] Chen | High-resolution epitope mapping by AllerScan reveals relationships between IgE and IgG repertoires during peanut oral immunotherapy[END_REF][START_REF] Vickery | Peanut oral immunotherapy modifies IgE and IgG4 responses to major peanut allergens[END_REF] Future studies will be needed to evaluate how the application of chimeric 2S-albumins may be also useful to monitor OIT-induced changes to epitope recognition and its relationship to clinical outcomes.

Distribution of conformational IgE-binding epitopes on Ara h 6 was quite different from that

of Ara h 2. This was also partially expected since conformational epitopes have been previously reported to be more important for Ara h 6 than for Ara h 2. [START_REF] Otsu | Epitope analysis of Ara h 2 and Ara h 6: characteristic patterns of IgE-binding fingerprints among individuals with similar clinical histories[END_REF][START_REF] Bernard | Allergenicity of peanut component Ara h 2: Contribution of conformational versus linear hydroxyproline-containing epitopes[END_REF][START_REF] Chen | High-resolution epitope mapping by AllerScan reveals relationships between IgE and IgG repertoires during peanut oral immunotherapy[END_REF] Moreover, mimotopes identified by phage display screening mapped to a higher number of surface patches on Ara h 6 than on Ara h 2. [START_REF] Chen | Conformational IgE epitopes of peanut allergens Ara h 2 and Ara h 6[END_REF] In this study, we identified sera where each of the four segments could contribute significantly to Ara h 6 IgE-binding capacity. For segment IV, the presence of conformational epitopes in Ara h 6, but not in Ara h 2, is probably due to the fifth DSB that structurally stabilizes the C-terminus of Ara h 6.

In conclusion, chimeric 2S-albumins provided new insights on conformational IgE-binding epitopes of Ara h 2 and Ara h 6. We showed that distribution of the conformational IgE-binding epitopes and their relative contribution to the overall IgE-reactivity were substantially different between the two 2S-albumins. Despite the known heterogeneity of individual IgE responses to peanut allergens, the outstanding allergenic potency of Ara h 2 is probably explained by the close proximity of two immunodominant epitopes in the segment II of Ara h 2: one linear and one conformational. In this regard, mAb specific to this segment may have potential in the development of immunomodulatory treatments, for example by blocking the IgE-mediated cascade of allergic inflammation. E1). r/a : reduced and alkylated (i.e. unfolded). E1). r/a : reduced and alkylated (i.e. unfolded). antibodies from 2 patients with peanut allergy in response to increasing concentrations of chimeras between rAra h 2 and rAra h 6. For sera 9 and 14, rAra h 2, rAra h 6 and the chimeras exhibited comparable allergenic potencies. 
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 2 Figure 2: Conformation of the IgE-binding epitopes is preserved in chimeric 2S-albumins. Competitive
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Figure 5 :

 5 Figure 5: Competitive inhibition of IgE-binding to rAra h 6 (A) and rAra h 2 (B) by the different chimeras.
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 6 Figure 6: Mediator release assay with RBL SX-38 cells sensitized with immunopurified total IgE

FIG 1 :

 1 FIG 1: 3D-structure of Ara h 2 (A) with the four segments as shown on the sequence alignement between Ara h 2 and Ara h6 (B). Identical residues are indicated by asterisks and α-helices correspond to underlined sequences. Substitution of Ile residue at position 30 in Ara h 6 with Leu residue, as found in Ara h 2, is indicated by a green asterisk. Sequences of the synthetic peptides pep1-21 and pep2P OH are shown. Chimeras were obtained by replacing progressively segments of one 2S-albumin by those from the other 2S-albumin (C).Conserved disulfide bridges and the supplementary one in Ara h 6 are indicated in plain and dotted lines, respectively.
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 34 FIG 3: Epitope specificity of IgG monoclonal antibodies. (A) Competitive inhibition of mouse mAb binding to rAra h 6 and (B) of recombinant human mAb binding to nAra h 2. Segments recognized by the tested mAb, i.e. present in chimeras exhibiting the highest inhibitory capacities, are boxed in green. Schematic representation of the segments recognized by the different mAb.
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 56 FIG 5: Competitive inhibition of IgE-binding to rAra h 6 (A) and rAra h 2 (B) by the different chimeras. Chimeras containing the segment II of Ara h 6 are shown in shades of blue and chimeras containing the segment II of Ara h 2 are shown in shades of red. Unfolded r/a rAra h 6 and r/a rAra h 2 (green symbols) displayed no significant IgE-binding capacity. Segments contributing the most to IgE-reactivity, i.e. present in chimeras exhibiting the highest inhibitory capacities, are boxed in green.
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 E1 Fig. E1: Comparison of the capacity of nAra h 6, rAra h 6 and rAra h 6 I30L to inhibit IgE-
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 E2 Fig. E2: (A) SDS-PAGE analysis of purified recombinant chimeras (A, 1 µg protein/lane, on

Fig. E3 :

 E3 Fig. E3: Epitope specificity of IgG monoclonal antibodies directed against Ara h 6 (A) or Ara h

Fig. E4 :

 E4 Fig. E4: Competitive inhibition of IgE-binding to rAra h 6 (A) and rAra h 2 (B) by the different

Fig. E2 :

 E2 Fig. E2: (A) SDS-PAGE analysis of purified recombinant chimeras (A, 1 µg protein/lane, on NuPage™ 4-12% Bis-Tris gels). (B) Circular dichroism analysis of the chimeras. nAra h 2, rAra h 2, nAra h 6, rAra h 6 and the chimeras exhibited spectra characteristic of 2S-albumin structure, with two minima at around 208 and 222 nm indicative of a high content of α-helix. In comparison, reduced and alkylated (r/a) Ara h 6 displayed a spectrum characteristic of unfolded 2S-albumin with a minimum at 200 nm. rAra h 2 and rAra h 2.Δ were previously shown to exhibit similar CD spectra (Bernard et al., JACI, 2015).

Fig. E4 :

 E4 Fig. E3: Epitope specificity of IgG monoclonal antibodies directed against Ara h 6 (A) or Ara h 2 (B). (A) Competitive inhibition of mouse mAb binding to rAra h 6 and (B) of recombinant human mAb binding to nAra h 2. Segments recognized by the tested mAb, i.e. present in chimeras exhibiting the highest inhibitory capacities, are boxed in green.

  Fig. E6. Mediator release assay with RBL SX-38 cells sensitized with immunopurified IgE

  

  

  h 6 and r/a rAra h 2 (green symbols) displayed no significant IgE-binding capacity. The domains contributing the most to Ara h 6 or Ara h 2 IgE-reactivity for the tested serum, i.e. present in chimeras exhibiting the highest inhibitory capacities, are boxed in green. Because of the absence of hydroxyproline residue, competitive inhibition of IgEbinding to rAra h 2 did not evidence IgE-binding to the linear DPYSPS motifs and only
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Fig. E6. Mediator release assay with RBL SX-38 cells sensitized with immunopurified IgE

antibodies from 2 patients with peanut allergy in response to increasing concentrations of chimeras between rAra h 2 and rAra h 6. For sera 9 and 14, rAra h 2, rAra h 6 and the chimeras exhibited comparable allergenic potencies.
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Supplementary methods

Indirect ELISA

The IgE levels to native 2S-albumins (Table E1) were quantified using an indirect ELISA in which purified native antigens (2.5 µg/mL) were passively adsorbed on microtiter plates as previously described. 1 After overnight incubation with 2 or 3 dilutions of sera (50 µL/well, diluted 10-to 400fold) in order to be in the range of the standard curve, IgE-binding was revealed by the addition of a labeled anti-human IgE monoclonal antibody (clone BS17, produced in-house) 2 . BS17 tracer was prepared by covalent linkage of the monoclonal antibody to the tetrameric form of acetylcholinesterase (AChE) 3 and added at a concentration of 2 Ellman's Unit (EU)/mL. After washing, Ellman's reagent was used as the enzyme substrate and absorbance was measured at 414 nm. Quantification of specific IgE was performed by comparison with dose-response curves obtained with a total IgE assay performed with human IgE standards (WHO Reference Regent serum IgE, NIBSC). The corresponding immunometric assays of total and specific IgE were performed in parallel, under identical conditions, an anti-human IgE mAb (clone LE27) 2 , complementary to the BS17-AChE tracer, being used as capture antibody for the total IgE assay, instead of the immobilized allergen used for specific IgE-binding measurement by solid-phase assay. 1 The IgE-binding capacity of the chimeras was quantified using indirect ELISA in which recombinant allergens (1 µg/mL) were passively adsorbed on the solid phase. After overnight incubation with sera (50 µL/well, diluted 20-to 400-fold, approximately 0.05 IU (specific IgE)/well), plates were washed and IgE-binding was revealed by addition of BS17-AChE.

The IgE-binding to each chimera was also evaluated in sera depleted of IgE antibodies recognizing either Ara h 6 or Ara h 2. 4 Here, after overnight incubation with sera (50 µL/well, diluted 20-to 400-fold, approximately 0.05 IU (specific IgE)/well) in microtiter plate coated with rAra h 2 or rAra h 6 (1 µg/mL), incubated/depleted sera were not washed away but transferred instead into another plate (45 µL/well) coated with either the same allergen (to confirm the depletion efficiency) or with one chimera (to measure the residual non-cross-reactive IgE-binding). The initial plate is then washed and IgE-binding is revealed after incubation with BS17-AChE. Results from the initial plate set the "100%" of IgE-binding to Ara h 2 or Ara h 6 (Fig. 4). After ON incubation with the depleted sera, the plates are washed and non-cross-reactive IgE-binding to the chimera is revealed as described above.

Of note, for RBL SX-38 cell degranulation, depletion of IgE recognizing Ara h 6 from immunopurified total IgE was done by using the same protocol performed in 24 wells of a plate coated with rAra h 6 (1 µg/mL). After overnight incubation, corresponding depleted sera were pooled and stored at -20°C before performing the degranulation assay.