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ARTICLE INFO ABSTRACT

Keywords:

Food allergy is on the rise, and preventive/therapeutic procedures are needed. We explored a preventive protocol
for milk allergy with the oral administration of a Gly-m-Bd-30K soy-derived peptide that contains cross-reactive
epitopes with bovine caseins. B/T-cross-reactive epitopes were mapped using milk-specific human sera and

Cross-reactivity
Food allergy

ﬁflk aller monoclonal antibodies on overlapping and recombinant peptides of Gly-m-Bd-30K by SPOT and cell proliferation
Soy peptigz assays. Bioinformatics tools were used to characterize epitopes on the 3D-modelled molecule, and to predict the
Prevention binding to HLA alleles. The peptide was orally administrated to mice that were then IgE-sensitized to milk

proteins. Inmunodominant B-epitopes were mainly located on the surface of the Nt-fragment. The use of a soy-
peptide-containing an immunodominant cross-reactive T-epitope, along with a single B epitope, prevents IgE-
mediated milk sensitization through the induction of Thl-mediated immunity and induction of blocking IgG.

The use of a safe soy-peptide may represent a promising alternative for preventing milk allergy.

1. Introduction

Food allergy is caused by a breakdown in immunologic tolerance,
and its prevalence has increased worldwide over time (Tang & Mullins,
2017). Understanding the impaired immune regulatory circuits is
crucial for the development of new therapeutic options since the resto-
ration of immune tolerance is a goal in the treatment of allergy. Due to
early and frequent exposure to milk in life, cow’s milk allergy (CMA) is
one of the most common food allergies. On the other hand, soy allergy
has not been presented as a high-frequency disorder in atopic patients
(Kattan et al., 2011), as it might have been expected due to its high
exposure in the general population; additionally, soy proteins are less
immunogenic than milk or peanut allergens (Cordle, 2004).

We have previously described the in vitro and in vivo cross-reactivity
between bovine caseins and different soy proteins (Candreva et al.,
2016, 2015; Curciarello et al., 2014; Smaldini et al., 2012). The Gly m Bd
30K soy allergen showed to contain cross-reactive B and T epitopes

(Candreva, Smaldini, & Curciarello et al., 2015). Based on these find-
ings, we used a short peptide with immunodominant epitopes to control
IgE production and allergy induction in an experimental model. When
speaking of cross-reactivity, it should be distinguished between sensi-
tization and allergy, since only some cross-reactive IgE give rise to
clinical food allergy, depending on the level and affinity of cross-reactive
IgE, sensitization of mucosal mast cells, etc. (van Ree, 2004). Clinical
cross-reactivity has been usually reported between related allergens;
however, cross-reactivity between different protein families of seed
storage proteins and mammalian proteins (non-homologous allergens)
has also been described (Bublin & Breiteneder, 2020). The efficacy of
immunotherapy with peptides derived from the allergen has been
mainly investigated in respiratory allergy (Bouchaud et al., 2015). The
use of cross-reactive allergens or peptides for immune intervention
strategies in food allergy has not been thoroughly investigated. The use
of intact food allergens in preventive or therapeutic procedures pose a
risk of anaphylaxis (Valenta et al., 2016). Although few reports showed
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that peptides from food allergens reduced the allergic responses to the
naive allergens (Meulenbroek et al., 2013; Wai et al., 2016), no studies
demonstrated that cross-reactive peptides avoid sensitization and
allergic reactions (Lozano-Ojalvo & Lopez-Fandino, 2018).

Based on findings that show that B cell epitopes are key in thera-
peutic vaccines (Focke-Tejkl et al., 2015), and T cells play a central role
in immunotherapies (Mobs et al., 2010, 2012), we aimed to prove that
cross-reactivity can be exploited in a preventive protocol for milk al-
lergy. We evaluated the effect of the mucosal administration of a cross-
reactive soy peptide-containing B and T cell epitopes to elicit IgG
blocking antibodies and immunomodulatory T cells that prevent po-
tential sensitization and milk allergy.

2. Methods
2.1. Human sera and animal antibodies

Sera were obtained from 12 patients diagnosed with milk allergic
according to compatible clinical history, positive skin prick test (SPT)
with commercial milk allergen (Allergo Pharma, Buenos Aires,
Argentina), elevated total serum IgE and milk-specific IgE performed by
EAST (Docena et al., 1996), and positive diagnostic elimination diet.
These patients showed symptoms associated with milk exposure. Also,
eight sera from control subjects with no serum IgE or a history of food
allergy were included. The Ethics Committee of the Childrens Hospital
of La Plata (Buenos Aires, Argentina) approved the protocols (#389-
2014 and #389-2018), and patients or their parents gave written
informed consent.

Three monoclonal antibodies (mAb) specific for a-casein (1D5),
B-casein (4C3), and k-casein (3B5) were used (Candreva, Smaldini, &
Curciarello et al., 2016).

2.2. Peptide synthesis and SPOTs assay with overlapping peptides of Gly
m Bd 30K

Epitopes were mapped using an array of consecutive overlapping
peptides (15-mer soluble peptides frameshifted by 5 residues) spanning
the whole allergen sequence. Individual peptides were synthesized on a
derivatized cellulose membrane using N-(9-fluorenyl) methoxycarbonyl
(Fmoc) amino-acid-active esters (Frank, 2002). Membranes were
blocked with TBS-T 3% of equine serum (ES) (20 mM Tris and 150 mM
NaCl, 0.1% Tween) and incubated with the primary antibody (1:5
diluted pool of patient sera or 1:1000 monoclonal antibodies) overnight
at 4 °C, followed by biotinylated mouse anti-human IgE monoclonal
antibody (VECTOR Lab, Burlingame, CA, USA) and HRP-streptavidin-
conjugated (Thermo Scientific, Waltham, MA, USA) for 1 h at 37 °C.
Luminol-based chemiluminescent substrate and exposure to X-ray film
(Amersham Hyperfilm ECL, GE Healthcare, Chicago, IL, USA) were used
for spot visualization.

Sequences of overlapping peptides were included in Supplementary
Table 1.

2.3. Production of recombinant Nt and Ct polypeptides and
immunoblotting

Two fragments of the Gly m Bd 30K allergen corresponding to the N-
terminus (Nt) and the C-terminus (Ct) domains were cloned. The cDNA
encoding sequence for Gly m Bd 30K (gi | 195957142 from the GenBank
database) was obtained by PCR amplification of the cDNA library
(Candreva, Smaldini, & Curciarello et al., 2015). Amplified PCR prod-
ucts were cloned into pET200A vector for expression (Life Technology,
S.A. Waltham, MA, USA). E. coli BL21 STAR containing the constructs
PET200A His-Nt and pET200A His-Ct were induced, and recombinant
proteins were purified as described previously (Curciarello et al., 2014).
Sepharose-polymyxin B resin (Pierce, Waltham, MA, USA) was used to
deplete in lipopolysaccharide, followed with the Limulus amoebocyte
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assay (LONZA, Escobar, Bs As, Argentina). These polypeptides were
analysed by 12,5% SDS-PAGE and immunoblotted onto nitrocellulose
membranes (electro transference for 60 min). After blocking with TBS-T
and ES (2 h at 37 °C), membranes were revealed with different primary
human and mouse antibodies by stripping: 1D5, 4C3, and 3B5 mAbs,
His-probe (H-3) (Santa Cruz Biotechnology, Inc, Santa Cruz, CA, USA),
and pools of human sera. Secondary antibodies were used as described
in Peptide synthesis and SPOTs assay.

2.4. Synthetic peptides of Ct

Eleven overlapping 12-mer soluble peptides, frameshifted by three
residues covering a small region of the amino acid sequence of Ct, were
synthesized (ChinaPeptides Co., China). Sequences of overlapping pep-
tides were included in Supplementary Table 2.

2.5. Bioinformatic analysis

2.5.1. Insilico prediction of cross-reactive epitopes

The amino acid similarity in the primary sequences between Gly m
Bd 30K (gi | 195957142) and bovine casein peptides representing T and/
or B epitopes was analysed by multiple sequence alignment. The amino
acid sequence of 68 peptides from asl- (gi| 162792: 214 aa), as2- (gi|
27806963:222 aa), B- (gi| 162931: 224 aa) and x-casein (gi|
1228078:190 aa) designed according to Immune Epitope Database and
Analysis Resources IEDB were aligned with the Gly m Bd 30K protein
sequence by the ClustalW2 server as described in Curciarello et al.
(2014).

2.5.2. Secondary structure prediction

The secondary structure prediction from Gly m Bd 30K primary
sequence was performed using JPred 4 server (Drozdetskiy et al., 2015),
LOMETS, PSSpred and I-Tasser suite from Zhang lab web page and the
Phyre2 web portal (Kelley et al., 2015).

2.5.3. Homology modelling

Models of the 3D structure of the Gly m Bd 30K were generated to
localize the residues of the epitopes recognized by the different anti-
bodies. Homology modelling from the primary protein sequence of Gly
m Bd 30K was performed. The sequence of the protein Gly m Bd 30K (gi|
195957142) from the GeneBank database was used as a target sequence
as a query search in the Protein Data Bank (PDB) (Berman et al., 2002)
using the Protein BLAST server. The structure of procaricain from Carica
papaya (PDB Id = 1PCL; Chain A; gi| 2098464) was used as a template.
Then, a tentative model of Gly m Bd 30K was generated with the Mod-
eller 9v7 program (Eswar et al., 2007). The loops of this model were
further modelled with the DOPE-based loop modelling protocol. The Nt
and Ct domains of Gly m Bd 30K were initially modelled with the Swiss
Protein Workspace (Waterhouse et al., 2018). The sequence of the Nt
polypeptide sent as input to this server was defined from Gly1 to Ser182;
the structure of the precursor of a thermostable variant of papain (Carica
papaya) (PDB Id = 3tnx) was used as a template. The sequence sent as
input to obtain the modelled structure of the Ct polypeptide was a
fragment composed by Prol35 to Leu378, and the template was the
structure of papain fold-protein without the catalytic cysteines from
seeds of Pachyrhizus erosus (PDB Id = 2b1m). Additionally, the I-Tasser
Suite was employed to model the whole Gly m Bd 30K protein and its Nt
fragment (aa 1-182). A similar analysis was carried out using the Phyre2
server, obtaining an output corresponding to the whole Gly m Bd 30K
protein and the Nt fragment, respectively.

All models were refined with the Modrefiner algorithm (Xu & Zhang,
2011), the second round of refinement was performed with the 3D refine
web server (Bhattacharya et al., 2016). The Yasara Energy Minimization
server (Krieger et al., 2009) was also employed.

The quality of the protein structure model was evaluated with the
QMEAN server (Qualitative Model Energy Analysis) (Benkert et al.,
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2008). For a complete assessment of the protein models, the WHAT IF
server was employed (Vriend, 1990). Visualization and representations
of all models were made with Phymol 0.99rc6 program. The assignment
of secondary structure from three-dimensional coordinates was per-
formed by means of the 2struc Secondary Structure Server (Klose et al.,
2010).

2.5.4. Estimation of the isoelectric point of the peptides derived from Ct
We used the Isoelectric Point Calculator (IPC) to estimate the iso-
electric point (pI) at pH 7,4 (Kozlowski, 2016).

2.5.5. Estimation of the surface charges of the Gly m Bd 30K allergen

We employed the PBEQ Solver server to estimate the electrostatic
potential on the solvent-accessible surface on the molecular model ob-
tained (Jo et al., 2008).

2.5.6. Binding kinetics analysis using the BIACORE assay

The kinetics of binding Ag-Ab was performed using surface plasmon
resonance biosensor experiments on an IAsys Plus apparatus (Affinity
Sensors, Saxon Hill, U.K.) according to Curciarello et al. (2014).

More information about all the procedures and calculations are
included in Supplementary Materials and methods.

2.6. Animals, allergic sensitization and analysis of the immune response

Male 6- to 8-week old Balb/c mice (School of Animal Sciences,
University of La Plata) kept under pathogen-free conditions were
sensitized as described in Oliveira et al. (2019) with intragastric cow’s
milk protein (CMP) plus cholera toxin (CT) (Sigma Aldrich, St. Louis,
MO, USA). Animals were divided on groups of 5 mice each. As controls, a
group of naive mice received P3;; (intragastric) and then CMP (unsen-
sitized), other mice received PBS, and then CT + CMP (sensitized), other
received Gly m Bd 30K g (sublingual) and then CT 4 CMP, or P3;; and
then CT + CMP and finally, mice received CMPy)/;; and were further
sensitized. Oral challenges with CMP were done to evidence hypersen-
sitivity reactions. The clinical score was determined 30 min after the oral
challenge. The Institutional Committee for the Care and Use of Labo-
ratory Animals of the School of Sciences (University of La Plata)
approved the protocol (Protocol Number: 017-00-15).

2.6.1. Assessment of clinical signs

Ten days after the last boost, mice were intragastrically challenged
with 20 mg of CMP and observed during the following 15-60 min by two
independent observers in a blinded fashion. Clinical scores were: 0 = no
symptoms, 1 = scratching and rubbing around the nose and head, 2 =
puffiness around the eyes and mouth, diarrhoea, piloerection, reduced
activity, and/or decreased activity with increased respiratory rate, 3 =
wheezing, laboured respiration, cyanosis around the mouth and the tail,
4 = no activity after prodding, or tremor and convulsion, and 5 = death)
(Smaldini et al., 2012).

2.6.2. Cutaneous test

Analysis of skin mast cell activation was performed as described in
Smaldini et al. (2015). Briefly, mice were injected with 20 pg of CMP in
20 pl of sterile saline in one footpad, and saline in the contra-lateral
footpad as a negative control. Then, mice were injected intravenously
with 100 pl of 0.1% on saline of Evans blue dye (Anedra, CABA,
Argentina). Skin color and the footpad swelling (measured with a digital
calibre) were assessed 30 min after the administrations.

2.6.3. Proliferation assay by CFSE dilution

Spleen was removed, and a cell suspension was prepared in RPMI
medium with 10% fetal bovine serum and antibiotics. Splenocytes (1 x
10° cells) from CMP-sensitized animals were labelled with 3 uM CFSE
(Invitrogen, Waltham, MA, USA) and stimulated with medium, 20 pg/ml
of Nt, or 20 pg/ml of Ct for 72 h. Then, cells were labelled with anti-CD4
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PerCyP 5.5 (eBioscience, Waltham, MA, USA). Fluorescence acquisition
was performed with a FACScalibur cytometer (BD Pharmingen, San
Diego, CA, USA) using QuestProCell software. The gating strategy for
the cell analysis consisted of a lymphocyte gate based on SSC-H vs. FSC-
H parameters, followed by SSC-H vs. CD4 fluorescence. Then CFSE-
labelled cells were analysed.

2.6.4. Cytokine quantification

Splenocytes (4 x 10° cells/ml) of sensitized and control mice were
stimulated with a-CD3 (1 pg/ml of plate-bound), CMP (350 pg/ml), or
eleven overlapping peptides of Ct (see Supplementary Table 2 for the
sequence of peptides) for 72 h at 37 °C according to previous optimized
assays (Smaldini et al., 2015). Cytokines (IL-5, IL-13 and IFN-y) were
measured in supernatants by ELISA (eBioscience, Waltham, MA, USA)
following the manufacturers instructions.

2.6.5. Indirect enzyme-linked immunosorbent assay for 1D5, 4C3, and 3B5

Microtiter plates were coated with 1 pg/well P3 and blocked with
PBS-T with 5% ES for 2 h at 37 °C. Thereafter, 100 pl/well of monoclonal
antibodies were added overnight at 4 °C. Finally, the secondary anti-
body, HRP-conjugated goat anti-mouse IgG (H/L) monoclonal antibody
(BIORAD, Philadelphia, PA, USA), was added (1:3000, 1 h at 37 °C) and
the colour was developed with o-phenylenediamine and reaction was
stopped with 2 N HSO4. Optical density (OD) was measured at 492 nm.

2.6.6. Immunoassays for serum specific antibodies

CMP-specific IgE was measured in serum by EAST, and IgG was
quantified by indirect ELISA as previously described (Smaldini et al.,
2012). All samples were run simultaneously. Briefly, CNBr-activated
cellulose paper discs were coupled with CMP (1.75 mg/ml), discs
were blocked with ethanolamine, and incubated overnight at 4 °C with
50 pl of serum samples. They were then incubated with a biotinylated
anti-mouse IgE monoclonal antibody (BD Pharmingen, San Diego, CA,
USA) at 1:750 dilution for 5 h, at 4 °C. Finally, alkaline phosphatase-
streptavidin conjugate (Sigma-Aldrich, St. Louis, MO, USA) was added
at 1:1000 dilution and incubated for 30 min at 37 °C. The enzymatic
activity was revealed with p-nitrophenyl phosphate (Biochemika, Fluka,
St. Louis, MO, USA). The reaction was stopped using 0.1 M EDTA, and
the optical density (OD) was measured at 405 nm.

2.6.7. In vivo prevention of experimental food allergy

Prior to the allergic sensitization procedure, mice received intra-
gastric (ig) or sublingual (s]) administration of P3 (100 pg ig), CMP (10
mg ig), Gly m Bd 30K (20 pg sl), CMP (20 pg sl) or PBS. Following
sensitization with CMP and CT, mice were orally challenged with CMP,
and the immune response was evaluated by in vitro (serum antibodies
and cytokine secretion) and in vivo assays (clinical signs and cutaneous
tests) as previously described.

2.7. Statistical analysis

All statistical analysis was carried out using GraphPad Prism 5 soft-
ware. The significance of the difference was determined using one or
two-way ANOVA followed by Bonferroni’s test and Student’s t-test; p-
value <0.05 was considered as statistically significant.

3. Results
3.1. Identification of B epitopes in Gly m Bd 30K

Dot assays with synthetic overlapping peptides and immunoblotting
with recombinant fragments were performed for epitope mapping
(Fig. 1A and B) We found positive spots with IgG and IgE epitopes (#3, 7,
8, 11, and 13), while peptides in spots #10, 22, and 36 were only pos-
itive with monoclonal antibodies for IgG epitopes. The spot #36 was
positive with only pool 3 for IgE; also, the B-casein-specific 4C3 mAb
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Fig. 1. Epitope mapping of the Gly m Bd 30K soybean allergen. A and B, SPOT arrays depicting the overlapping 15-aminoacid peptides covering the complete
sequence of Gly m Bd 30K. A, Peptide reactivity with four different pools of serum from cow’s milk allergic patients (#1, #2, and #3 pools) and a control pool of sera
from non-atopic patient. B, Peptide reactivity with three different casein-specific mAbs (1D5 specific for a-casein, 4C3 specific for B-casein and 3B5 specific for
y-casein). C, Immunoblots of recombinant Ct (23 kDa) and Nt (19 kDa) domains of Gly m Bd 30K revealed with different specific antibodies: 1D5, 4C3, 3B5 mAbs and
pools #1 and #2 of sera from CMA patients. As a control, anti-histidine mAb was used.

identified IgG epitopes on spots #6 and 29. These findings led us to
conclude that spots #3, 7, 8, 10, 11, 13, and 36 contained both IgG and
IgE epitopes, while spots #6, 10, 22 and 29 contained only IgG epitopes.
No spot contained peptides with only IgE epitopes.

The recombinant fragments Nt (aa 1-116, 19 kDa) and Ct (aa
208-360, 23 kDa) were run under reducing conditions (Fig. 1C) and the
immunoblotting revealed strong positive bands in Nt for IgG and IgE,
which corresponds to peptides of spots #3, 7, 8, 10, and 11; the Ct
fragment, which only contains the peptide corresponding to spot #22,
showed faint bands for IgG and IgE reactivity. Supplementary Table 1
shows the primary sequence of peptides and the results of the spot array.
Overall, these findings suggest that most of B-cell epitopes are located in
the Nt domain (spots #1 to 12).

3.2. Insilico analysis of B epitopes in Gly m Bd 30K with similitude with
caseins

We analysed the molecular distribution of B epitopes in Gly m Bd 30K
in silico analysis, and Fig. 2A depicts the hit distribution of amino acid
similitude of B epitopes in casein and Gly m Bd 30K sequences and the
spot array results. We found that the Gly m Bd 30K sequence positions
with high hit values corresponded with the spots that were positive for
all antibodies (spots #7, 8, 10, and 11), and are included in Nt. The Ct
domain, which only contained IgG epitopes (spots #22, 29, and 36)
showed no relevant hit value.

We predicted cross-reactive IgE and IgG epitopes comprised in two
domains: a) positions 47-120 with the highest hit values and b) posi-
tions 209-236, with low hit values. Also, we carried out a multiple
sequence alignment between Gly m Bd 30K and epitopes of caseins, and
we found multiple amino acid similarities in short sequences (Fig. S1).

The spatial distribution of epitopes and the secondary structure of
Gly m Bd 30K was 3D-modelled using Carica papaya as a template and
other structurally similar proteins (Fig. 2B and C). The best model was
selected based on results from the prediction and calculation of sec-
ondary structure analysis. Three models were assessed: one for the entire
Gly m Bd 30K molecule, another for the Nt fragment (residues 1-182),
both from the Phyre2 server, and a third model of the entire Gly m Bd
30K from the I-Tasser server. These models showed high similarity, and
their structures were superimposable to each other, giving a root-mean-
square deviation value in the range of 1.08-1.13 A for C-alpha atoms.
The main difference between models obtained with the Phyre 2 server,
and that from the I-Tasser server, were in the Nt domain (Fig. S2),
specifically in the Nt fragment comprised by Gly2 to Ile19.

The structures obtained with the Phyre2 server showed a higher
content of a-helix secondary structure than the models from the I-Tasser
server. The secondary structure assigned by the Phyre 2 server was in
concordance with that predicted with JPred, PSSpred, and LOMETS
servers. Fig. 2B shows the ribbon structures with secondary structures
with different orientations, and Fig. 2C depicts the putative structure of
Gly m Bd 30K displaying the two domains and B-epitopes on the surface
of the molecule. The Nt domain-containing IgG and IgE epitopes were
predominantly composed of o-helix structure, whereas the Ct-domain
was formed by a summation of a-helix, p-sheet, and coiled secondary
structure. The analysis showed in Fig. S2 also depicts that a-helix is the
predominant secondary structure of the cross-reactive IgE/G epitopes.
As seen in the figure, most of the cross-reactive B-epitopes were located
on the surface of the molecule, highly accessible for antibodies. The grey
zone that contained a-helix showed no cross-reactive B-epitopes.



A.M. Candreva et dl.

A

hits

1 10 20 30
%1 00000000080800000000000000000000008] Spot arrays
- I Recombinant fragments
40+
35+

30+

0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360
aas positions

29

Ntin red - Ct in green - IgE epitopes in light yelow - IgG epitopes in cyan

3.3. Binding affinity constants of caseins and Gly m Bd 30K

The binding of Gly m Bd 30K and a-casein to the a-casein-specific
1D5 mADb was characterized by SPR. Table 1 includes the kinetics and

Food Chemistry 346 (2021) 128926

Fig. 2. In silico analysis of cross-reactive
peptides of Gly m Bd 30K. A, Hit distribu-
tion analysis of the sequence alignment of
Gly m Bd 30K with B or T epitopes in
bovine caseins (IEDB) shown as amino acid
similitude per position along the sequence
of Gly m Bd 30K. Above, positions of Gly m
Bd 30K with high hit values (black col-
umns) correlate with positive spots of the
overlapping assay. Nt (1-116 aa) and Ct
(208-360 aa) are depicted. B, Secondary
structure of Gly m Bd 30K predicted from
the sequence (consensus structure) and
modelled with the Phyre2 web portal.
Ribbon diagram of the Gly-m-bd-30K is
presented in two different orientations;
helix is shown in light green, p-sheet in
purple, and loops in grey. C, 3D-modelled
structure of Gly m Bd 30K. The orienta-
tion of the molecules is the same as shown
in B. Surfaces of Nt (red), Ct (green), IgE/
1gG epitopes (light yellow and circled), and
IgG epitopes (cyan and boxed) are indi-
cated. (For interpretation of the references
to color in this figure legend, the reader is
referred to the web version of this article.)

affinity constants obtained. We found a 74 times greater affinity con-

stant (Kp) for 1D5 with a-casein than with Gly m Bd 30K, which was less

than two orders of magnitude. The analysis of the kg5 and kg;ss values for
both complexes showed that the difference in Ky was mainly due to the
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Table 1

Kinetic and equilibrium constants for complexes formed by bovine a-casein and
Gly m Bd 30K with the 1D5 mAb, specific for a-casein. kg Association constant;
kaiss: Dissociation constant; Ka: Affinity constant; Kp: Equilibrium Dissociation
constant.

Kass M1 s71) Kaiss (s71) Ky (M) Kp
nM
Bovine 1.05 x 10* + 8.88 x 107* + 1.18 x 107 + 84,4
a-casein 0.14 x 10* 0.22 x 107* 0.13 x 107
P34 3.17 x 10° + 1.97 x 1072 + 1.60 x 10° + 6250
0.30 x 10° 0.07 x 102 0.16 x 10°

difference in kgjs: the 1D5- Gly m Bd 30K complex dissociated 22 times
faster than the one formed by a-casein.

We also observed that Gly m Bd 30K associated 3.3 times slower to
1D5 than a-casein. Recent studies (Schreiber et al., 2010) about the
kinetics of protein-protein interactions argued that hotspot residues
affecting dissociation rates are both charged and uncharged nature,
while hotspots for the association are almost always charged residues.
Then, according to our comparative kinetic study, we suggest that the
difference in the Ag-Ab binding does not seem to be merely electrostatic.

3.4. Detection of cross-reactive T epitopes in Gly m Bd 30K peptides

The sensitization of mice (Fig. 3A) induced intestinal inflammation,
milk-specific IgE, and milk-specific T cells (Candreva et al., 2016, 2015;
Curciarello et al., 2014; Smaldini et al., 2012). Splenocytes were
cultured with Nt and Ct, and we found that milk-specific CD4" cells
proliferated mainly with the Ct-domain (CFSEI‘)W gate) (Fig. 3B). Hence,
cells were then exposed to Gly m Bd 30K overlapping peptides (209-241
aa) (Supplementary Table 2) for the detection of peptide-containing T
epitopes, and we quantified secreted cytokines (Fig. 3C). As controls, we
stimulated cells with anti-CD3/anti-CD28, CMP or medium. We found
high levels of IL-5, IL-13, and IFN-y with the positive control compared
with cells exposed to the medium. Cells exposed to CMP induced the
secretion of IL-5 and IL-13, while the overlapping peptides generated
different patterns of cytokine secretion. In particular, peptides 2 (P2)
and 3 (P3) seemed to be the most effective for T-cell recall. We selected
P3 (214-225 aa) for immunotherapy because it promoted the highest
secretion of IL-5 and IL-13.

To study the presence of B epitopes on P3, we carried out an ELISA
with casein-specific mAbs, and skin test in CMP-sensitized mice. As
shown in Fig. 3D and E, 4C3 revealed a B-casein cross-reactive I1gG
epitope on P3, while the negative cutaneous test ruled out the presence
of at least 2 IgE epitopes. As controls, sensitized animals showed a
positive skin test with CMP, whereas unsensitized animals that received
only CMP showed negative skin tests either with CMP or P3. These
findings confirmed the presence of B and T epitopes on P3 and discarded
the capacity to activate mast cells. We next modelled the structure of Gly
m Bd 30K (Fig. 3F) with the secondary structure (I and II) and surface
charge (IV), and we located P3 (III) on the surface of the molecule. This
region was dominated by a-helix structure with positive and negative
charged areas. The analysis of the secondary structure of P3 in the whole
Gly m Bd 30K rendered some a-helix and p-sheet (Fig. S3A); the sequence
alignment of P3 and epitopes on caseins showed amino acid similarities
with major and minor B epitopes described (Chatchatee et al., 2003)
(Fig. S3B).

3.5. Prevention of allergy sensitization

The presence of B and T cross-reactive epitopes in the soy peptide
prompted us to investigate the impact of the mucosal administration of
P3 in the prevention of IgE sensitization (Fig. 4A). As controls, a group of
naive mice received P3;j; and then CMP (unsensitized), other mice
received PBS, and then CT + CMP (sensitized), other received Gly m Bd
30K and then CT + CMP or P3;; and then CT + CMP and finally, mice
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received CMPy/;; and were further sensitized. Oral challenges with CMP
were done to evidence hypersensitivity reactions. The clinical score was
determined 30 min after the oral challenge. We observed the highest
clinical score in sensitized mice that previously received PBS, no signs in
unsensitized mice that were administered P3 and then CMP, thus indi-
cating that P3 or CMP do not sensitize the mice, low clinical scores in
mice pre-treated with CMPy/;; and then sensitized, and finally, inter-
mediate but significant low scores were observed in sensitized animals
that were pre-treated with P3;g (Fig. 4B). These findings indicate that
symptoms can be alleviated in sensitized mice that were pre-treated
intragastrically with P3.

The cutaneous test was performed with CMP, and we observed a
significant reduction of inflammation in mice pre-treated with P3;;, Gly
m Bd 30Kg or CMPjg/5 compared with sensitized mice (Fig. 4C). As a
control, sensitized mice that were given PBS;g/s] showed a positive skin
test.

Based on these findings, we explored the humoral and cellular im-
mune responses, and we found that the administration of P3;; sup-
pressed IgE (p < 0.01) with the induction of CMP-specific IgG (IgG1 and
IgG2a). Animals that received CMPjg/5 or Gly m Bd 30Ky significantly
reduced IgE secretion, whereas no significant induction of IgG1 or IgG2a
was observed. Finally, spleen cells from mice of the different groups
were cultured with CMP, and we observed no secretion of IL-5 or IFN-y
in control mice, while IL-5 was significantly elevated in supernatants of
cells from sensitized animals that were pre-treated with PBS. Interest-
ingly, IL-5 production was inhibited in P3-pre-treated animals that were
further sensitized (p < 0.0001). Furthermore, pre-treatment of mice
with CMPg ;g or Gly m Bd 30K significantly reduced the production of
IL-5 (Fig. 4E). IFN-y was elevated in supernatants of cells from mice pre-
treated with P34, although not reaching statistical significance.

3.6. In silico prediction of MHC binding

To gain more insight into the binding capacity of P3 to HLA alleles,
we used different bioinformatic prediction tools. We found that the
minimum core sequence NKIQDKVTIDGY containing B and T epitopes of
P3 fitted into the epitope-binding groove of several frequent HLA class [
and class II alleles. Table 2 only includes alleles with the lowest
percentile rank or highest estimated affinity binding.

4. Discussion

A promising strategy to reverse or prevent IgE-mediated allergic
diseases considers the use of peptides. The efficacy of the early admin-
istration of peanut and egg allergens in the diet in at-risk infants has
been recently demonstrated to protect them from the onset of food al-
lergy (Du Toit et al., 2016). However, the use of whole allergens could
potentially promote sensitization and anaphylaxis overtime. In this
respect, the administration of peptides with negligible IgE cross-linking
capacity constitutes a safer option.

There is no report showing that cross-reactive allergens may be used
for prevention. Our findings support novel evidence for a preventive
procedure using a short peptide containing B and T epitopes derived
from Gly m Bd 30K. We identified a domain (Nt) containing most of the
IgG and IgE sequential epitopes, which in silico matched with the se-
quences of casein epitopes and demonstrated to be on the surface of the
3D modelling of the allergen. Also, our analysis revealed that cross-
reactive B epitopes are mainly composed of a-helix secondary struc-
ture, and IgE epitopes could be conformational, the latter being critical
to define the natural history of food allergy with age (Chatchatee et al.,
2003). The primary sequences for IgE epitopes were coincident with
some IgG epitopes, which is crucial for immune intervention focused on
inducing blocking IgG antibodies using peptidic component-containing
these epitopes. The Ct domain of Gly m Bd 30K showed low IgE-
reactive and contained a 12-amino acid peptide (P3) with an immuno-
dominant cross-reactive T epitope. Interestingly, this peptide had a
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Fig. 3. Invivo and in vitro epitope mapping of synthetic peptides of Gly m Bd 30K. A, Schematic drawing of the experimental protocol for CMP sensitization of mice. B,
CFSE analysis by flow cytometry to evaluate T lymphocyte proliferation. Splenocytes of CMP-allergic mice were incubated with recombinant Nt and Ct fragments
from Gly m Bd 30K for 72 h and stained with anti-CD4. C, T epitope mapping with splenocytes from CMP-sensitized mice incubated with eleven soluble overlapping
peptides spanning the Ct domain of Gly m Bd 30K, RPMI as a negative control, and CMP and anti-CD3 as positive controls (unpaired t-test analysis with *p < 0.05). D,
Titration indirect ELISA of P3 (1 pg) immobilized on microtiter plates and then incubated with the different casein-specific mAbs. E, Skin test of sensitized mice with
CMP or P3. Non-sensitized mice were included as control. F, Ribbon diagram of Gly m Bd 30K (I-III) with P3 residues in light blue and surface charge of the 3D-
modelled Gly m Bd 30K(IV). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).
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Fig. 4. Use of the P3 soy peptide for prevention in an IgE-mediated food allergy mouse model. A, Schematic drawing of the experimental protocol (n = 5 mice/
group). B, Clinical signs scored 30 min following the intragastric challenge with CMP. Control group corresponds to unsensitized mice that received only CMP and
were challenged with CMP. C, Cutaneous test in sensitized mice. Animals were injected into the pad of either rear foot with PBS or CMP. The presence of blue colour
in the skin within minutes was considered a positive cutaneous test (left panel). Control PBS corresponds to the contralateral pad injected with PBS. The thickness of
the feet was measured with a calliper (right panel). D, Humoral immune response specific to CMP. Specific IgE (EAST), specific IgG1 and specific IgG2a (ELISA) were
analysed in sera from sensitized or unsensitized mice (control group). E, Systemic cytokines secreted by spleen cells stimulated with CMP. Levels of IL-5 and IFN-y
were quantified (ELISA) in supernatants of spleen cells isolated from sensitized or unsensitized mice (control group). In all graphs, the white points and bars
correspond to the intragastric protocol, and the grey points and bars correspond to sublingual protocol. Statistical significant difference with one-way Anova followed
by Bonferroni’s test: ****p < 0.0001, ***p < 0.001, **p < 0.005, *p < 0.01. CMP, cow’s milk proteins; P3, peptide #3 of the Ct domain of Gly m Bd 30K; CT, cholera
toxin. Mouse groups: Control: untreated and unsensitized mice; PBS: treated with PBS and sensitized; P3: treated with P3 and sensitized; Gly m Bd 30K: treated with
Gly m Bd 30K and sensitized; CMP: treated with CMP and sensitized. (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)

Table 2

Prediction of HLA binding affinity of P3. The table shows the results obtained by
analysing the sequence of the P3 with Epitope Analysis Resource tools to predict
the binding of peptide 3 (NKIQDKVTIDGY) to the MHC I and II alleles.

Allele MHC II BINDING Peptide Percentile rank
HLA-DRB1*03:01 NKIQDKVTIDGYETL 6.14
HLA-DRB1*08:02 CKANKIQDKVTIDGY 8.04
HLA-DRB3*01:01 NKIQDKVTIDGYETL 9.71
HLA-DRB1*08:02 KANKIQDKVTIDGYE 11
HLA-DRB1*08:02 ANKIQDKVTIDGYET 10.79
HLA-DRB1*08:02 NKIQDKVTIDGYETL 12.99
HLA-DRB1*03:01 CKANKIQDKVTIDGY 17.15
HLA-DRB1*03:01 KANKIQDKVTIDGYE 17.15
HLA-DRB1*03:01 ANKIQDKVTIDGYET 17.15
HLA-DPA1*01:03/DPB1*02:01 NKIQDKVTIDGYETL 19.82
HLA-DQA1*01:01/DQB1*05:01 NKIQDKVTIDGYETL 26.47
HLA-DRB3*01:01 CKANKIQDKVTIDGY 28.81
HLA-DRB3*01:01 KANKIQDKVTIDGYE 28.81
HLA-DRB3*01:01 ANKIQDKVTIDGYET 28.81
Allele MHC I Start End Length  Peptide Percentile_rank
BINDING

HLA-A*01:01 3 12 10 IQDKVTIDGY 2.2
HLA-A*30:02 3 12 10 IQDKVTIDGY 2.35
HLA-B*15:01 3 12 10 IQDKVTIDGY 3.27
HLA-A*30:02 4 12 9 QDKVTIDGY 6.1
HLA-B*53:01 1 9 9 NKIQDKVTI 8.2
HLA-B*44:02 4 12 9 QDKVTIDGY 9.25
HLA-A*26:01 4 12 9 QDKVTIDGY 10.7
HLA-B*51:01 1 9 9 NKIQDKVTI 12.0
HLA-A*32:01 2 10 9 KIQDKVTID 12.0
HLA-B*44:02 1 9 9 NKIQDKVTI 12.5
HLA-A*26:01 3 12 10 IQDKVTIDGY  13.55
HLA-B*15:01 4 12 9 QDKVTIDGY 15.0
HLA-B*44:03 4 12 9 QDKVTIDGY 15.2
HLA-A*03:01 3 12 10 IQDKVTIDGY  16.5
HLA-A*01:01 4 12 9 QDKVTIDGY 17.5
HLA-A*30:01 2 11 10 KIQDKVTIDG 17.75
HLA-B*35:01 3 12 10 IQDKVTIDGY  18.5
HLA-A*23:01 1 9 9 NKIQDKVTI 18.5
HLA-A*11:01 3 12 10 IQDKVTIDGY 21.5

single IgG epitope, and its sequence NKIQDKVT, which is contained in
the positive IgG spot #22, is rich in hydrophilic residues shared with
casein epitopes (Fig. S3B) (Chatchatee et al., 2003). The negative skin
test obtained with P3 test ruled out the possibility of IgE cross-linking on
mast cells, which confers clinical safety. Also, and not less relevant, the
mucosal administration of this peptide without any adjuvant induced
milk-specific IgG1 and IgG2a in pre-treated mice. These antibodies may
act as blocking antibodies for milk allergens, although this effect de-
pends on the IgE/IgG ratio and the dose of the allergen. Besides, P3
contains a T epitope that promoted Thl cell activation with the pro-
duction of IFN-y, thus conferring immunoregulatory properties. Finally,
we predicted that this core aminoacidic sequence might bind different
common HLA Class I and Class II alleles, rendering this peptide as
appropriate for clinical use. These points rendered this peptide as a safer
and promising candidate for milk allergy treatment, compared with full
allergens.

Overall, this targeted Gly m Bd 30K peptide that combines the ability
to stimulate T cells and to promote IgG production was used in a pre-
ventive protocol for experimental IgE-mediated food allergy. The
intragastric administration of this peptide with negligible potential to
cross-link IgE prevented the oral sensitization with milk allergens and
controlled the allergic reaction upon exposure to CMP. This procedure
suppressed the IgE secretion, inhibited a positive skin test, reduced the
production of Th2 cytokines, and rendered a low clinical score following
the oral administration of the allergen. Remarkably, the given peptide
redirected the immune response with the induction of blocking milk-
specific IgG1, IFN-y secretion, and lack of inflammation. Our findings
represent a proof-of-concept that immunochemical cross-reactivity be-
tween unrelated allergens can be exploited to prevent or likely reverse
food allergy.

Several mouse models and human trials proved that dominant pep-
tides are valid options for aeroallergen therapies (O’Hehir et al., 2016).
Regarding food allergies, the use of peptides is mainly based on the
administration of hydrolysates (Giavi et al., 2016). Giavi et al. per-
formed the only clinical trial in a double-blind placebo-controlled ran-
domized immunotherapy with a hydrolysate in egg-allergic patients.
Specific IgG4 was induced, IgE was suppressed, tolerance to the hy-
drolysate was achieved, and no severe side effects were induced. How-
ever, no statistical difference with the placebo-treated group was
reached upon the final open oral challenge. Several studies in animal
models demonstrated the relative efficacy of hydrolysates and synthetic
peptides (Lozano-Ojalvo & Lopez-Fandino, 2018), and the associated
cellular immunity that accompanied the therapeutic effect to restore the
immunological balance: tolerance induction (Yang et al., 2009) or Thl
immunity (Wai et al., 2016).

Other studies of food allergy used hydrolysed milk proteins to pre-
vent the allergic sensitization with different efficacy depending on the
grade of hydrolysis, the composition of the mix of peptides, and the
concentration of dominant peptides (Lozano-Ojalvo & Lopez-Fandino,
2018). The preventive administration of p-lactoglobulin-derived single
polypeptide showed a more robust immunomodulatory capacity than a
mix of peptides to diminish further sensitization to native f-lactoglob-
ulin (Meulenbroek et al., 2013). Notwithstanding, no study has been
performed using cross-reactive peptides to prevent allergen
sensitization.

5. Conclusion

We characterized major cross-reactive IgE and IgG epitopes of soy
Gly m Bd 30K, and we identified a short peptide with an immunodo-
minant T and IgG epitopes, not capable of cross-linking IgE on basophils
and mast cells, and with stimulating Th1 cell capacity. This peptide
displayed degeneracy for binding to frequent HLA alleles, thus rendering
it as a potential clinically relevant safer alternative to full allergens to
prevent IgE-mediated milk allergy. The use of this peptide could be
considered a novel candidate for the new class of allergy treatment
Synthetic Peptide Immuno-Regulatory Epitopes or SPIRE.
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Materials and Methods

Binding kinetics analysis using the BIACORE assay

The kinetics of binding Ag-Ab was performed using surface plasmon resonance biosensor
experiments on an IAsys Plus apparatus (Affinity Sensors, Saxon Hill, U.K.). Streptavidin
(Sigma Aldrich, USA) (100pg/ml in Acetate buffer, pH 5.0) was covalently coupled to
carboxymethyl dextran sensor chips in a final derivatized mass of 5.0 ng of protein per cuvette.
A solution of 20pg/ml of the biotinylated mAb 1D5 (the ligand) in PBS buffer was allowed to
react with the cuvette surface for 10 minutes, and the antibody excess was removed by adding
IM NaCl and 10mM Acetate buffer at pH 4.5. Binding reactions with the ligate (a-casein or
Gly-m-bd-30K) were carried out in PBS, 0.05% Tween 20 at 25°C, with constant stirring. Data
were collected at intervals of 0.3 sec. Ligate binding to the immobilized ligand was monitored
at multiple ligate concentrations, ranging 10-fold below to at least 10-fold above preliminary

estimates of equilibrium dissociation constants (Kp) for each reaction. Kinetic and Scatchard

analysis was performed by using the FAST FIT software (Affinity Sensors, Saxon Hill, U.K.).
Bioinformatic analysis

-In silico prediction of cross-reactive epitopes: The amino acid similarity in the primary
sequences between Gly m bd 30K (Sequence ID, gi | 195957142 from the GenBank database)
and bovine casein peptides representing T and/or B epitopes was analysed by multiple
sequence alignment. The amino acid sequence of 68 peptides from asl- (gi | 162792: 214 aa),
as2- (gi | 27806963:222 aa), B- (gi | 162931: 224 aa) and x-casein (gi | 1228078:190 aa)
designed according to Immune Epitope Database and Analysis Resources IEDB were aligned

with  the Gly m bd 30K protein sequence by the ClustalW2 server

(http://www.ebi.ac.uk/Tools/msa/clustalw?2/) as described in Curciarello et al., (2014). The hits

represent the accumulation of consensus amino-acid in every position of the sequence
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analysed. Conserved amino-acids (identity) were assigned with a score of “3”. Not identical
amino acids (similar) were committed with a score of "2" and slightly similar amino acids were
designated by a score of "1" (Curciarello et al., 2014).

-Secondary structure prediction: Secondary structure prediction from Gly m bd 30K primary
sequence was performed using JPred 4 server (Drozdetskiy et al., 2015), LOMETS, PSSpred
and I-Tasser suite from Zhang lab web page
(https://zhanglab.ccmb.med.umich.edu/publicdata/ benchmark1/) and the Phyre2 web portal

(Kelley et al., 2015) (http://www.sbg.bio.ic.ac.uk/~phyre2/html/ page.cgi?id=index). A

consensus prediction was made considering the methods and algorithms included in the JPred4
server: Jnet (final secondary structure prediction), a neural network prediction algorithm that
works by applying multiple sequence alignments, alongside PSIBLAST (Jpsssm) and HMM
(Jhmm) profiles, and other algorithms from the servers described above. Such consensus
secondary structure prediction of each residue was calculated considering its occurrence in
more than 60% of the generated predictions.

-Homology modelling: In order to visualize the residues contained in the epitopes recognized
by the different antibodies, several models of the 3D structure of the Gly m bd 30K protein
were generated. Homology modelling from the primary protein sequence of Gly m bd 30K was
performed. The sequence of the protein Gly m bd 30K (gi: 195957142) was obtained from the
GeneBank database and was used as a target sequence (without the signal peptide) as a query
search in the Protein Data Bank (PDB) (Berman et al., 2002) using the Protein BLAST server.
The first model was generated using the structure of procaricain from Carica papaya (PDB
Id=1PCI; Chain A; gi | 2098464) as a template. This protein belongs to the papain family,
shares 39% sequence similarity and the same enzymatic function (cystein-type endopeptidase
activity). The first tentative model of Gly m bd 30K was generated with the Modeller 9v7

program (Eswar et al., 2007) using the structure of procaricain from Carica papaya (PDB
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Id=1PCI; Chain A; gi | 2098464) as a template (PDB ID: 1PCI, Groves, M.R., Taylor, M.A.J.,
Scott, M., Cummings, N.J., Pickersgill R.W., Jenkins, J.A. The prosequence of procaricain
forms an alpha-helical domain that prevents access to the substrate-binding cleft. DOI:
10.2210/pdb1PCl/pdb). This protein belongs to the papain family, shares 39% sequence
similarity and the same enzymatic function (cystein-type endopeptidase activity). The output
from that server comprised a structure from residue Thr 31 to Glu 357. The loops of this
particular model were further modelled with the DOPE-based loop modelling protocol.

The Nt and Ct domains of the Gly m bd 30K protein were initially modelled with Swiss Protein

Workspace (Waterhouse et al., 2018) (https://swissmodel.expasy.org/interactive). The

sequence of the Nt polypeptide sent as input to Swiss Model server was defined form Gly 1 to
Ser 182; the structure of the precursor of a thermostable variant of papain (Carica papaya) at
2.6A resolution (PDB ID: 3TNX. Roy, S., Choudhury, D., Dattagupta, J.K., Biswas, S.
Structure of the precursor of a thermostable variant of papain at 2.6 A resolution. DOI:
10.2210/pdb3TNX/pdb) with 38% sequence similarity (55% positive similarity) was used as
template. However, the output from Swiss Model comprised the three-dimensional structure of
a fragment formed by Lys 32 to Ser182. The sequence sent as input to obtain the modelled
structure of the Ct polypeptide, was a fragment composed by Pro 135 to Leu 378, and the
template was the structure of papain fold-protein without the catalytic cysteines from seeds of
Pachyrhizus erosus at 2.0 A resolution PDB I1D: 2B1M. Zhang, M., Wei, Z., Chang, S. Crystal
structure of a papain-fold protein without the catalytic cysteines from seeds of Pachyrhizus
erosus. DOI: 10.2210/pdb2B1M/pdb. This protein has an 80% of sequence similarity (89% of
positives and 0% gaps) with Gly m bd 30K (from the residue Pro135 to Leu 378). Swiss Model

Server delivered an output of the same length as the input.
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Additionally, the I-Tasser Suite was employed to model the whole Gly m bd 30K protein and
its Nt fragment (aa 1-182). A similar analysis was carried out using the Phyre2 server, obtaining
an output corresponding to the whole Gly m bd 30K protein and the Nt fragment, respectively.
All models were refined with the Modrefiner algorithm (Xu & Zhang, 2011), where the
conformational search is guided by a composite of physics-and knowledge-based force field.
The second round of refinement was performed with the 3D refine web server (Bhattacharya
et al., 2016) that employs iterative optimization of hydrogen bonding network combined with
atomic-level energy minimization, along with physics- and knowledge-based force fields. The
Yasara Energy Minimization server (Krieger et al., 2009)
(http://www.yasara.org/minimizationserver.htm) was also employed settled on knowledge-
based potentials.

The quality of the protein structure models was evaluated with the QMEAN server (Qualitative
Model Energy Analysis) (Benkert et al., 2008) (https://swissmodel.expasy.org/gmean/™). The
server reported an output with a global and local quality score. For a complete assessment of
the protein models, the WHAT IF server (Build/check/repair model and Structure validation)
was employed (Vriend, 1990). Visualization and representations of all models were made with
Phymol 0.99rc6 program. The assignment of secondary structure from three-dimensional
coordinates was performed by means of the 2struc Secondary Structure Server (Klose et al.,
2010) (https://2struc.cryst.bbk.ac.uk/twostruc)

-Estimation of the surface charges of the Gly m bd 30K allergen: We employed the PBEQ
Solver server to estimate the electrostatic potentials on the solvent-accessible surface,

(http://www.charmm-gui.org/?doc=input/pbegsolver) on the molecular model previously

obtained. The PBEQ Solver server was used to calculate and visualize the electrostatic potential

of the molecule by solving the Poisson-Boltzmann equation (Jo et al., 2008).
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SUPPLEMENTARY TABLES
Supplementary Table 1. Peptide spot sequences. The table summarizes the data obtained

from the immunoreactivity tests, the spots corresponding to figure 1. Their sequences are also

shown.
Spot # aa positions Sequence IgG/IgE-binding capacity
1 1-10 ISTHRSILDL negative
2 5-20 STILDLDLTKFTTQKQ negative
3 15-30 TTOKQVSSLFOLWKS POO?DlE)__ Zc&%l#s -
4 25-40 QLWKSEHGRVYHNHE negative
35-50 YHNHEEEAKRLEIFK negative
6 45-60 LEIFKNNLNYIRDMN 4C3
7 55-70 TRDMNANRKSPHSHR POOI?}Ds !Dggls#_ZSBpgoI%
8 65-80 PHSHRLGLNKFADIT Pool#lllj—sl?(zcz:lgz_ -Slgcgol#3 )
9 75-90 FADITPQEFSKKYLQ negative
10 85-100 KKYLQAPKDVSQQIK Pool#2 - 1D5 - 4C3 - 3B5
11 95-110 SOQIKMANKKMKKEQ Pool#llD—SF_’czcz:lgz_ '3';(;0'#3 )
12 105-120 MKKEQYSCDHPPASW negative
13 115-130 PPASWDWRKKGVITQ Pool#llD—SF_’czcz:lgz_ '3';(;0'#3 )
14 125-140 GVITQVKYQGGCGSG negative
15 135-150 GCGSGWAFSATGAIE negative
16 145-160 TGAIEAAHAIATGDL negative
17 155-170 ATGDLVSLSEQELVD negative
18 165-180 QELVDCVEESEGCYN negative
19 175-190 GCYNGWHYQSFEWVL negative
20 185-200 FEWVLEHGGIATDDD negative
21 195-210 ATDDDY PYRAKEGRC negative
22 205-220 KEGRCKANKIQDKVT 1D5 - 4C3 - 3B5
23 215-230 ODKVTIDGYETLIMS negative
24 225-240 TLIMSDESTESETEQ negative
25 235-250 SETEQAFLSAILEQP negative
26 245-260 ILEQPISVSIDAKDF negative
27 255-270 DAKDFHLYTGGIYDG negative
28 265-280 GIYDGENCTSPYGIN negative
29 275-290 PYGINHFVLLVGYGS 4C3
30 285-300 VGYGSADGVDYWIAK negative
31 295-310 YWIAKNSWGEDWGED negative
32 305-320 DWGEDGYIWIQRNTG negative
33 315-330 ORNTGNLLGVCGMNY negative
34 325-340 CGMNYFASYPTKEES negative
34 335-350 TKEESETLVSARVKS negative
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Pool#3 -

36 345-360 ARVKGHRRVDHSPL 1D5 - 4C3 - 3B5

Gray shading: Positive peptides only with monoclonal antibodies (1gG epitopes).
Italic: Sequence represented by 12-aa soluble peptides.

Underlined sequence: P3

Supplementary Table 2. Aminoacidic sequences of overlapping peptides of Ct and charge
analysis. pl and charge at pH 7.4 for peptides of the overlapping assay estimated with the

Isoelectric Point Calculator (IPC). Bold: P3

Peptide Iso-el«_actric Net

" Sequence point charge
pH atpH 7,4

1 EGRCKANKIQDK 8,63 15
2 CKANKIQDKVTI 8,63 15
3 NKIQDKVTIDGY 6,39 -0,1
4 QDKVTIDGYETL 3,8 -2
5 VTIDGYETLIMS 3,29 -2
6 DGYETLIMSDES 3,09 -4
7 ETLIMSDESTES 3,18 -4
8 IMSDESTESETE 3,13 -5
9 DESTESETEQAF 3,13 -5
10 TESETEQAFLSA 3,36 -3
11 ETEQAFLSAILE 3,36 -3

Legends to Supplementary figures

Figure S1. Multiple sequence alignment between the complete sequence of Gly m Bd 30K
and peptides containing B epitopes of bovine caseins. Bioinformatics analysis of the
sequence alignment of Gly m Bd 30K with peptides of a-S1, a-S2, g and « bovine caseins
described as B or T epitopes (IEDB-Immune Epitope Data Base) showed as hit distribution

of amino acid similitude per position along the sequence of Gly m Bd 30K (figure 2). Casein
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peptides containing 1gG or IgE epitopes are numbered in blue (left), whereas the length of the
casein peptide is indicated in black (right); the same casein peptides aligned with Gly m Bd
30K are the displayed showing as (*) conserved aminoacids (identity), (:)similar, but not
identical aminoacids, and (.) slightly similar amino acids. The positions of the Gly m Bd 30K
sequence with high hit values correlated with positive spots of the overlapping assay
displayed in figure 1 A and B and is shadowed in red for Nt.

The Gly m Bd 30K sequence with letters in red corresponds to the Nt domain (1-116 aa), and
with letters in green corresponds to the Ct domain (208-360 aa). The box in the Ct domain
contains the sequence analyzed as overlapping peptides for T epitopes; P3 is highlighted in
black and aminoacids are numbered.

The Gly m Bd 30K sequence underlined with dashed line denotes IgE recognition of epitopes
in overlapping peptides, and aminoacids underlined with continuous line denotes 1gG

recognition.

Figure S2. Secondary structure assignment from different homology modeling structures.
The secondary structure was assigned using the Secondary Structure Server and the DSSP
definition to the complete molecule of Gly m Bd 30K, Nt and Ct domains modeled with
different servers. H corresponds to a-helix; S, to B-sheet and “-*, to disordered structure.

Abbreviations used are: P34 | Tasser: whole Gly m Bd 30K protein modeled with I-TASSER
Server; N-term_|_Tasser: N-terminal fragment (residues 1 to 180) modeled with I-TASSER
Server; P34 _Phyre_2: whole Gly m Bd 30K modeled with Phyre2 Server; N-term_Phyre 2: N-
terminal fragment (residues 1 to 180) modeled with Phyre2 Server; N-term P34 SM: N-
terminal fragment (residues 32 to 182) modeled with Swiss Model Workspace using the
precursor of a thermostable variant of papain at 2.6 A resolution (PDB Id: 3TNX); C-

term P34 SM: C-terminal fragment (residues 135-358) modeled with Swiss Model
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Workspace using a papain-fold protein without the catalytic cysteines from seeds of

Pachyrhizus erosus at 2.0 A resolution (PDB Id: 2B1M).

Figure S3. Structural bioinformatics analysis of peptide 3. A. Abbreviations and methods
applied in the prediction of the secondary structure of P3: H corresponds to a-helix, S, to p-
sheet; “=”, to disordered structure; P34 1 Tasser: whole Gly m Bd 30K using I-TASSER
Server. P34_Phyre_2: whole P34 protein using Phyre2 server. C-term_P34_SM: C-terminal
Gly m Bd 30K protein using Swiss Model server with 2B1M as template structure. B. Multiple
sequence alignments between peptide 3 of Gly m Bd 30K and peptides of aS1-bovine casein
described by Chatchatee et al. Analysis of the sequence alignment of the peptide 3withB or T
epitopes in aS1-bovine casein. Symbols: “*”for conserved aminoacids (identity), “: for
similar, but not identical amino acids, and “.”” for slightly similar amino acids. The P3 sequence
underlined with dashed line denotes IgE recognition of epitopes in overlapping peptides, and

aminoacids underlined with continuous line denotes IgG recognition.
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Figure S2
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