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Abstract

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 2S-

albumins.

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
(mADb) by performing competitive inhibition of 1gG-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 Arah 2 and Arah 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.

Keywords: Peanut allergy, 2S-albumin, IgE, conformational epitope, monoclonal antibody,

Arah2,Arah6

Abbreviations used: IgE: Immunoglobulin E; RBL: Rat Basophilic leukemia; P°H:
Hydroxyproline; mAb: monoclonal antibody; DSB: disulfide bridge; AChE:

Acetylcholinesterase; r/a: reduced and alkylated; OIT: oral immunotherapy.
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Introduction

IgE-mediated peanut allergy is a life-threatening disease with an increasing prevalence that
requires effective diagnostics and therapies.”? Ara h 2 and Ara h 6 are the most potent peanut
allergens for triggering mast cell activation.>*> Accordingly, IgE levels to these allergens are equally

good predictors of clinical reactivity to peanut.®®

2S-albumins Ara h 2 and Ara h 6 share similar structural properties including five a-helices,
four conserved disulfide bridges (DSB) and a sequence identity of 59%.'%* 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®"S, previously
identified as an immunodominant linear IgE-binding epitope.’3> We recently showed that these
motifs accounted on average for half of Ara h 2 IgE-binding capacity.'® 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-cross-

reactive epitopes.'®

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.'”2° However, this strategy excludes IgE-binding to conformational epitopes, which may
also be highly clinically relevant.’ 2! Indeed, Tscheppe et al. reported that two thirds of peanut-
allergic patients preferentially recognized conformational epitopes and Otsu et al. proposed that
conformational epitopes are most important for patients with relatively severe reactions.!? 22
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.'* 2324
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Characterization of conformational epitopes remains particularly challenging because it
requires preservation of protein folding.?> 26 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.?”’ 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.%7 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.?® This approach demonstrated that close proximity of IgE-binding epitopes on a protein
enhanced IgE-dependent mediator release.?® Similarly, we generated chimeras between caprine and
bovine B-caseins in order to identify epitopes recognized by IgE antibodies from patients allergic to

goat’s milk and tolerant to cow’s milk.3°

In the present study, we aimed to investigate the conformational epitopes of peanut 2S-
albumins 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 fluid-
phase 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.3! We delineated then the immunodominant conformational epitopes

recognized by IgE antibodies from allergic patients.
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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).1>32 All samples were collected during routine clinical practice and
were studied in accordance with the purpose of the initial study.3? 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.3*3°

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.3! 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.?! Single B cells underwent
heavy and light chain amplification, with subsequent cloning for expression as 1gG1 antibodies.3®
Monoclonal 1gG1 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).3¢
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Design of chimeric 2S-albumins

Recombinant 2S-albumins Ara h 2.01 (Swiss-Prot accession number Q6PSU2-2) and Arah 6
(Q647G9) were produced in E. coli by expression of synthetic genes (Genscript USA Inc., Piscataway,
NJ, USA) subcloned into plasmid pET9c, between Ndel and BamHI restriction sites (Novagen-Merck,
Damstadt, Germany). Along codon optimization, three restriction sites were added. Insertions of Pstl,
AlwNI and Dral sites were silent in rAra h 2 while AlwNI insertion induced a mutation of lle30 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.?® The variant
rAra h 2.A was obtained by replacing the sequence GRDPYSP®"SQDPYSP®HSP of Ara h 2.01 by the
dipeptide DS occurring in Ara h 6.1° Bacterial expression, purification and refolding of recombinant
proteins were performed as previously described.’® 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 1w2qg and

DeepView-Swiss-PdbViewer.3”: 38

IgE-binding measurement by solid-phase assay

The chimeras’ IgE-binding capacity was quantified using indirect ELISA with recombinant
allergens (1 pug/mL) adsorbed on a solid phase.!® 32 After overnight incubation with sera (50 pL/well,
diluted 20- to 400-fold), plates were washed and IgE-binding was revealed by addition of an anti-
human IgE mAb (clone BS17)* 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
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recognizing either Ara h 6 or Ara h 2 (see online repository).'® After overnight incubation with sera in
plate coated with one 2S-albumin (1 ug/mL), depleted sera were not washed away but transferred
into another plate (45 pL/well) coated with a chimera (1 pg/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.'3%* % For characterization of mouse 1gG2 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),* respectively. Fifty uL/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)*® and 25 pL 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. BO 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.* 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).* Mediator release was induced

by incubation with different concentrations of recombinant 2S-albumins and was measured by
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assaying the B-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.

10
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Results

Chimeras exhibit 25-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 a-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 Arah 6
(mouse 1gG2 mAb, Fig. 3A and E3A) or Ara h 2 (human IgG1 mADb, Fig. 3B and E3B). 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 | 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 Il, Il 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 and E3A).

We also identified human mAb specific of the first three segments of Ara h 2 (Fig. 3B and
E3B). The mAb U2 was specific of segment . 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.’>* The segment Il of Ara h 2 was recognized by two groups of

11



229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

Hazebrouck et al. 2022

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®" peptide, we showed that these
two mAb were specific of the DPYSP®MS motifs. In contrast, peptide pep2P, without hydroxyproline,
did not inhibit mAb M6-binding (Fig. 3B and E3B). Conversely to mAb M6, mAb P31 (and S4)
recognized a conformational epitope that did not involve any residues of the DPYSP®"S motifs.
Indeed, rAra h 2 and the variant lacking the DPYSP®"S motifs, rAra h2.A, displayed similar inhibitory
capacities. Finally, three mAb recognized a conformational epitope located in the segment Ill. 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 and E3B). No mAb

specific to segment IV was identified.

Contribution of each segment to 25-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 Il (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, IgE-
binding to a 2S-albumin was evaluated with sera depleted of IgE antibodies recognizing the other 2S-
albumin (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.

12
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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 Il 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 Il.

Conformational IgE-binding epitopes are distributed along Ara h 6

The chimeras’ immunoreactivity was further investigated by competitive inhibition of IgE-
binding 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 Arah 6
IgE-reactivity (Fig. 5A and E4A). For example, Ara h 6-specific IgE antibodies of serum 2 recognized
principally the segment | since only chimeras containing this segment inhibited IgE-binding. Segment
I and Il contributed the most to Ara h 6 IgE-reactivity for serum 9 whereas chimeras containing Ara h
6 segments Il and Il 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/arAra h 6

displayed no inhibitory capacity.

Ara h 2 segment Il 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.’ 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.A and rAra h 2 displaying similar inhibitory capacities

(Fig. E5). Accordingly, the unfolded r/a rAra h 2 displayed no inhibitory capacity (Fig. 5B and E4B).

13
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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 Il to Ara h 2 IgE-reactivity remained largely predominant. For
most sera, chimeras containing Ara h 2 segment |l 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 Il exhibited a marked reduction of
inhibitory capacity. It can be also noted that, in addition to segment Il, segment | and Ill could also
contribute significantly to Ara h 2 IgE-reactivity such as for sera 11 and 14 (segment |) and for serum
10 (segment ll). 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 Il is critical for mast cell degranulation

Finally, we wanted to confirm the importance of rAra h 2 segment Il 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 Il 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 Il could

efficiently trigger RBL cell degranulation (Fig. 6B).

14
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Discussion

Given our previous finding that IgE-reactivity of Ara h 2 and Ara h 6 was mediated mainly by
non-cross-reactive antibodies,® 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 a-helices 2 and 3, in Ara h 2 and Ara h 6, 1> 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®S motifs in Ara h 2 required the presence of hydroxyproline
residues, as previously described for IgE-binding.’> Moreover, cross-reactivity between Ara h 2 and
Ara h 6 was not observed with mAb specific to segment | or Il, but only with mAb specific to segment
[Il 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-cross-
reactive epitopes were mostly located in segment Il. This result was partly expected since this
segment contains the DPYSP®"S motifs, which accounted on average for about 50% of the IgE-binding
to Ara h 2.2 However, contribution of segment Il 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 Il. 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 Il was immunodominant. Thus, Ara h 2 segment Il contains at least two immunodominant

IgE-binding epitopes: one linear with the DPYSP°"S motifs and one conformational, probably
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involving residues in the third a-helix lying between residues 64 and 74 (Fig. 1). The close proximity
of these two immunodominant epitopes in segment Il certainly contributes to the outstanding
allergenic potency of Ara h 2, as previously described by Gieras et al.? Interestingly, mAb M6 (and
M7) has been shown to inhibit 40% to 60% of the IgE/FceR1 cross-linking induced by Ara h 2 but only
20 to 30% of the IgE/FceR1 cross-linking induced by a crude peanut extract.*! 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/FceR1 cross-linking induced by Ara h 2 or the crude peanut extract. Nevertheless, mAb M3
and M17, which also recognized the segment Ill of both 2S-albumins, inhibited only 17% and 3% of
the IgE/FceR1 cross-linking by Ara h 2, respectively.*! 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 l11/1V of both 2S-albumins,
inhibition of IgE/FceR1 cross-linking by mAb targeting the segment l11/1V 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.*** 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 2.1 42 Moreover, mimotopes identified

by phage display screening mapped to a higher number of surface patches on Ara h 6 than on Ara h
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2.7 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 25-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 Il 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.
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Figure legends

Figure 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 a-helices
correspond to underlined sequences. Substitution of lle 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
pepl-21 and pep2P®" 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.

Figure 2: Conformation of the IgE-binding epitopes is preserved in chimeric 2S-albumins. Competitive
inhibition of IgE-binding to rAra h 2 (A) or rAra h 6 (B). The assay was performed with two sera
displaying a high level of IgE cross-reactivity between Ara h 2 and Ara h 6 (serum 3 and 13, see Table

E1). r/a: reduced and alkylated (i.e. unfolded).

Figure 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 mADb, i.e. present in chimeras exhibiting the highest inhibitory capacities, are boxed in

green. (C) Schematic representation of the segments recognized by the different mAb.

Figure 4: IgE-binding to chimeras with sera from patients allergic to peanut (n=18). Chimeras were
passively adsorbed on the solid-phase of microplates. (A) IgE-binding to chimeras are expressed in %
of IgE-binding to rAra h 2; (B) IgE-binding to chimeras after depletion of anti-Ara h 2 IgE antibodies
(results are expressed in % of IgE-binding to rAra h 6); (C) IgE-binding to chimeras after depletion of

anti-Ara h 6 IgE antibodies (results are expressed in % of IgE-binding to rAra h 2). Statistical analyses
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were performed with the nonparametric Friedman test for multiple comparisons: a, p<0.05 vs rAra h

2 and b, p<0.05 vs rAra h 6.

Figure 5: Competitive inhibition of IgE-binding to rAra h 6 (A) and rAra h 2 (B) by the different chimeras.
Chimeras containing the segment Il of Ara h 6 are shown in shades of blue and chimeras containing
the segment Il 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.

Figure 6: Mediator release assay with RBL SX-38 cells sensitized with immunopurified total IgE
antibodies from 4 patients. (A) For serum 7 and 11, as Ara h 2 triggered RBL degranulation more
efficiently than Ara h 6, allergenic potencies of chimeras were directly compared. (B) For serum 9 and
14, rAra h 2, rAra h 6 and the chimeras exhibited comparable allergenic potencies (see Fig. E6). In order
to compare chimeras’ potencies, RBL cells were sensitized with immunopurified total IgE depleted of
anti-Ara h 6 antibodies. The x-axis shows the concentration of the tested molecule and the y-axis shows

the percentage of the reference release induced with the anti-human IgE mAb LE27.
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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 a-helices correspond to underlined
sequences. Substitution of lle 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° 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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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 Il of Ara h 6 are shown in shades of blue and

chimeras containing the segment Il 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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FIG 6: Mediator release assay with RBL SX-38 cells sensitized with immunopurified total IgE antibodies from 4
patients. (A) For serum 7 and 11, as Ara-h-2 triggered RBL degranulation more efficiently than Ara-h-6,
allergenic potencies of chimeras were directly compared. (B) For serum 9 and 14, rAra h 2, rAra h 6 and the
chimeras exhibited comparable allergenic potencies (see FIG E11). In order to compare chimeras’ potencies,
RBL cells were sensitized with immunopurified total IgE depleted of anti-Ara h 6 antibodies. The x-axis shows
the concentration of the tested molecule and the y-axis shows the percentage of the reference release

induced with the anti-human IgE mAb LE27.



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 ug/mL) were passively adsorbed on microtiter plates as previously
described.! After overnight incubation with 2 or 3 dilutions of sera (50 pL/well, diluted 10- to 400-
fold) 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)?. BS17 tracer was
prepared by covalent linkage of the monoclonal antibody to the tetrameric form of
acetylcholinesterase (AChE)? 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)?, 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.!

The IgE-binding capacity of the chimeras was quantified using indirect ELISA in which
recombinant allergens (1 ug/mL) were passively adsorbed on the solid phase. After overnight
incubation with sera (50 pL/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.% Here, after overnight incubation with sera (50 pL/well, diluted
20- to 400-fold, approximately 0.05 1U (specific IgE)/well) in microtiter plate coated with rAra h 2 or
rAra h 6 (1 ug/mL), incubated/depleted sera were not washed away but transferred instead into

another plate (45 uL/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 rArah 6
(1 pg/mL). After overnight incubation, corresponding depleted sera were pooled and stored at -20°C

before performing the degranulation assay.

1. Bernard H, Paty E, Mondoulet L, Burks AW, Bannon GA, Wal JM, et al. Serological
characteristics of peanut allergy in children. Allergy 2003; 58:1285-92.

2. Grassi J, Didierlaurent A, Stadler BM. Quantitative determination of total and specific human
IgE with the use of monoclonal antibodies. J Allergy Clin Immunol 1986; 77:808-22.

3. Caruelle D, Grassi J, Courty J, Groux-Muscatelli B, Pradelles P, Barritault D, et al. Development
and testing of radio and enzyme immunoassays for acidic fibroblast growth factor (aFGF).
Anal Biochem 1988; 173:328-39.

4, Hazebrouck S, Guillon B, Paty E, Dreskin SC, Adel-Patient K, Bernard H. Variable IgE cross-
reactivity between peanut 2S-albumins: The case for measuring IgE to both Arah 2 and Ara h
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Legends of supplementary figures

Fig. E1: Comparison of the capacity of nAra h 6, rAra h 6 and rAra h 6 130L to inhibit IgE-
binding to nAra h 6. No significant difference was observed between native and recombinant

forms of Ara h 6.

Fig. E2: (A) SDS-PAGE analysis of purified recombinant chimeras (A, 1 pg 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 a-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.A were previously

shown to exhibit similar CD spectra (Bernard et al., JACI, 2015).

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. E4: Competitive inhibition of IgE-binding to rAra h 6 (A) and rAra h 2 (B) by the different
chimeras. Chimeras containing the segment Il of Ara h 6 are shown in shades of blue and
chimeras containing the segment Il of Ara h 2 are shown in shades of red. Denatured r/a rAra
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.



FIG E5: A, Because of the absence of hydroxyproline residue, competitive inhibition of IgE-
binding to rAra h 2 did not evidence IgE-binding to the linear DPYSPS motifs and only
revealed IgE-binding to the conformational epitopes of rAra h 2. Therefore rAra h 2 and rAra

h 2.A displayed similar capacities to inhibit IgE-binding to rAra h 2. B, Inhibition of IgE-binding

to the DPYSPOHS motifs can be evidenced only when performing competitive inhibition of
IgE-binding to nAra h 2 (with naturally occuring post-translationnal modifications), not to

rAra h 2.

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.



Table E1. Clinical features and serum IgE concentrations from patients with peanut allergy

Patients no.  Age/sex Symptoms Specific IgE levels (IU/mL)
WPPE Arah2 Arah6
1 6/M A.R.U 190.0 77.8 45.0
2 3/F AD 0.9 0.6 1.2
3 9/M U 261.0 114.0 66.4
4 11/M QO, GU.V 323.0 90.7 43.3
5 8/F A 463.0 215.6 71.6
6 8/M AUV 60.0 30.3 256
7 6/M GU,V 155.0 2.2 264
8 2/M cP 5.4 0.1 4.0
9 7™M A.R 94.0 324 20.7
10 9/F A, AP 20.6 12.6 0.9
11 6/M GU 28.0 15.6 2.2
12 4.5/M U 256 4.7 19.0
13 6/M LO, UV 348.0 122.8 88.9
14 SM LO, AS 338.0 122.0 23.0
15 9/F L0, GU, V 629.0 293.0 124.0
16 13/M Vv 156.0 40.2 542
17 15/M GU,LO. A 64.0 19.2 17.2
18 13/F GU. A 66.1 35.8 254
19 7™M U A 285.0 140.7 146.8
20 11/F A L AO.AP. V 43.2 30.5 6.1
21 23/F GU, A AS 34.0 13.6 12.5

A, Asthma; AD, atopic dermatitis; AO, angioedema; AP, abdominal pain; AS, anaphylactic shock; CP, cutaneous
pruritus; F, female; GU, generalized urticaria; LO, laryngeal edema; M, male; QO, Quincke edema; R, rhinitis;
RC,rhino-conjunctivitis; U, urticaria; V, vomiting; WPPE, whole peanut protein extract.



Supplementary data

Table E1. Clinical features and serum IgE concentrations from patients with peanut allergy

Patients no.  Age/sex Symptoms Specific IgE levels (IU/mL)
WPPE Arah2 Arah6
1 6/M A.RU 190.0 77.8 45.0
2 3/F AD 0.9 0.6 1.2
3 9/M U 261.0 114.0 66.4
4 11/M QO,GU. V 323.0 90.7 433
5 8/F A 463.0 215.6 71.6
6 /M AUV 60.0 30.3 25.6
7 6/M GU, V 155.0 522 26.4
8 2M CP 4 0.1 4.0
9 7™M AR 94.0 324 20.7
10 9/F A, AP 20.6 12.6 0.9
11 6/M GU 28.0 15.6 2.2
12 4.5/M U 25.6 4.7 19.0
13 6/M LO. U,V 348.0 122.8 88.9
14 5M LO, AS 338.0 122.0 23.0
15 9/F LO, GU,V 629.0 293.0 124.0
16 13/M v 156.0 40.2 542
17 15/M GU,LO, A 64.0 19.2 17.2
18 13/F GU, A 66.1 35.8 254
19 7™M U.A 285.0 140.7 146.8
20 11/F A, AO, AP, V 432 30.5 6.1
21 23/F GU. A. AS 34.0 13.6 12.5

A, Asthma; AD, atopic dermatitis; AO, angioedema; AP, abdominal pain; AS, anaphylactic shock; CP, cutaneous
pruritus; F, female; GU, generalized urticaria; LO, laryngeal edema; M, male; QO, Quincke edema; R, rhinitis;
RC,rhino-conjunctivitis; U, urticaria; V, vomiting; WPPE, whole peanut protein extract.
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Fig. E1: Comparison of the capacity of nAra h 6, rAra h 6 and rAra h 6 I30L to inhibit
IgE-binding to nAra h 6. No significant difference was observed between native and

recombinant forms of Ara h 6.
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Fig. E2: (A) SDS-PAGE analysis of purified recombinant chimeras (A, 1 pg 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 a-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.A were previously shown to

exhibit similar CD spectra (Bernard et al., JACI, 2015).
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Fig. E3: Epitope specificity of IgG monoclonal antibodies directed against Arah 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.
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FIG E5: A, Because of the absence of hydroxyproline residue, competitive inhibition of IgE-
binding to rAra h 2 did not evidence IgE-binding to the linear DPYSPS motifs and only revealed
IgE-binding to the conformational epitopes of rAra h 2. Therefore rArah 2 and rAra h 2.A
displayed similar capacities to inhibit IgE-binding to rAra h 2. B, Inhibition of IgE-binding to the
DPYSPOHS motifs can be evidenced only when performing competitive inhibition of IgE-binding

to nAra h 2 (with naturally occuring posttranslationnal modifications), not to rAra h 2.
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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.



