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Abstract

Background: Sin a 2 (11S globulin) and Ara h 1 (7S globulin) are major allergens

from yellow mustard seeds and peanut, respectively. The ability of these two

allergens to interact with lipid components remains unknown.

Objective: To study the capacity of Sin a 2 and Ara h 1 to interact with lipid compo-

nents and the potential effects of such interaction in their allergenic capacity.

Methods: Spectroscopic and SDS-PAGE binding assays of Sin a 2 and Ara h 1

with different phospholipid vesicles and gastrointestinal and endolysosomal diges-

tions in the presence or absence of lipids were performed. The capacity of human

monocyte-derived dendritic cells (hmoDCs) to capture food allergens in the pres-

ence or absence of lipids, the induced cytokine signature, and the effect of aller-

gens and lipids to regulate TLR2-L-induced NF-kB/AP-1 activation in THP1

cells were analyzed.

Results: Sin a 2 and Ara h 1 bind phosphatidylglycerol (PG) acid but not phos-

phatidylcholine (PC) vesicles in a pH-dependent manner. The interaction of these

two allergens with lipid components confers resistance to gastrointestinal diges-

tion, reduces their uptake by hmoDCs, and enhances their stability to microsomal

degradation. Mustard and peanut lipids favor a proinflammatory environment by

increasing the IL-4/IL-10 ratio and IL-1b production by hmoDCs. The presence

of mustard lipids and PG vesicles inhibits TLR2-L-induced NF-kB/AP-1 activa-

tion in THP1 cells.

Conclusion: Sin a 2 and Ara h 1 interact with lipid components, which might well

contribute to explain the potent allergenic capacity of these two clinically relevant

allergens belonging to the cupin superfamily.

IgE-mediated food allergy is a worldwide health problem of

increasing incidence affecting around 6–8% of children and

4–6% of adults (1, 2). Peanut, tree nuts, and some seeds such

as yellow mustard seeds are among the most potent allergenic

foods of plant origin (3, 4). Although the prevalence of mus-

tard allergy is not very high, it is frequently associated with

severe symptoms (4). Mustard is consumed in homemade meals

and added as hidden condiment in sauces, salad dressing,
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and processed foodstuffs. Four clinically relevant allergens

have been characterized from yellow mustard seeds (www.al-

lergen.org). Sin a 1 (2S albumin) is a diagnostic marker for

sensitization to mustard (4, 5), Sin a 2 (11S globulin) predicts

severity of symptoms and is involved in cross-reactivity

among mustard, tree nuts, and peanut (4, 6, 7), and Sin a 3

(LTP) and Sin a 4 (profilin) are associated with sensitization

to other plant-derived foods (4, 8). Sin a 2 is a basic 51-kDa

protein composed of 2 polypeptide chains of 36 and 23 kDa

bound by 1 disulfide bridge that forms hexameric structures

(6, 9). Peanut allergy affects around 1–2% of the world pop-

ulation (1). Peanuts are used for the preparations of a wide

variety of foods, and small doses can trigger severe reactions

(1). Seventeen peanut allergens (Ara h 1 to Ara h 17) have

been characterized (www.allergen.org). Ara h 1 (7S globulin)

is a major peanut allergen recognized by more than 90% of

peanut-allergic patients showing cross-reactivity with other

food allergens (10). Ara h 1 consists of a polypeptide chain

of 63 kDa (11) that forms trimers, may oligomerize, and may

bind some small molecular compounds (12–15).
What makes a protein to become an allergen is still an open

question of intensive debate (16). Food allergens that are able

to sensitize via the gastrointestinal tract share common fea-

tures such as relatively low molecular weight (10–70 kDa),

high solubility in biologic fluids, thermal stability, and diges-

tion resistance (17, 18). Allergic sensitization is a multifactorial

process that depends not only on the allergens but also on

other molecules contained within the allergen source (19, 20).

Food allergens can bind ligands such as sugars or lipids modi-

fying their structural, immunogenic, and allergenic properties.

Lipid binding has been reported for food allergens that belong

to different protein families (20). The interaction between food

allergens and lipids can alter their degradation within the gas-

trointestinal tract, their transport across the intestinal epithe-

lial cells, the induced immune responses, and their potential

allergenicity (20). Mouse models of allergy and human data

have firmly demonstrated that dendritic cells (DCs) play a crit-

ical role in all the phases of allergy as well as in the generation

of tolerance to allergens (21–23).
The capacity of Sin a 2 (11S globulin) and Ara h 1 (7S globu-

lin) to interact with lipids and the effects of such interaction in

their allergenic capacity have not been investigated so far. In

this study, we demonstrated for the first time that Sin a 2 and

Ara h 1 are able to interact with phospholipid acid vesicles.

The interaction of these two allergens with lipid components

confers resistance to gastrointestinal digestion, reduces their

uptake by human DCs, enhances their stability to microsomal

degradation, and favors the production of pro-inflammatory

cytokines by human DCs, which might well contribute to

explain the potent allergenic capacity of these two clinically rel-

evant allergens of the cupin superfamily.

Material and methods

Human sera, allergens, and lipid extracts

Serum samples were obtained from a well-defined cohort of

patients allergic to mustard and peanut from the Allergy

Service of Hospital Fundaci�on Jim�enez D�ıaz, Madrid, Spain

(4). The study was approved by the Ethic Committee of

Hospital Fundaci�on Jim�enez D�ıaz, and written informed con-

sent was obtained from all subjects. Two pools of sera from

patients specifically sensitized to Sin a 2 or Ara h 1 were

used. Ara h 1 was purified from peanut seed extract as

described with minor modifications (12). Sin a 1 and Sin a 2

were purified from a yellow mustard seed extract (5, 6), and

Sin a 3 was produced as a recombinant allergen in Pichia

pastoris (8) as previously described. Peanut and mustard

lipids were obtained following the protocol described in (24)

with minor modifications. Pam3CSK (InvivoGen) was used

as TLR2-ligand (TLR2-L).

Detailed protocols are fully described in the supporting

information of this article.

Results

Sin a 2 and Ara h 1 interact with phosphatidylglycerol

vesicles

To assess the capacity of Sin a 2 and Ara h 1 to interact with

lipid membranes, increasing concentrations of these allergens

were incubated with different kinds of phospholipid vesicles at

several pHs and the absorbance at 360 nm was continuously

monitored. If the protein–lipid interaction induces vesicle

aggregation, the generated larger particles would scatter the

visible light, which can be determined as an absorbance varia-

tion at 360 nm. The maximum absorbance variation

(DA360 nm) after 10 min was assessed. Sin a 2 induced

DA360 nm after incubation with phosphatidylglycerol (PG) but

not phosphatidylcholine (PC) vesicles at pH 2.0 and 5.0 but

not at pH 7.0 in a dose-dependent manner. This indicates that

Sin a 2 interacts with PG acidic vesicles at these conditions

(Fig. 1A). Supporting these data, SDS-PAGE analysis after

centrifugation demonstrated the presence of Sin a 2 in the pel-

let fraction (protein bound to vesicles) when the allergen was

incubated with PG at pH 2.0 and 5.0, but not at pH 7.0, or

after incubation with PC vesicles at each of the three pHs

(Fig. 1B). Ara h 1 induced most aggregation of PG but not PC

vesicles at pH 5.0 in a dose-dependent manner (Fig. 1A). This

was also confirmed by SDS-PAGE after centrifugation and

analysis of the proteins contained in the pellet and super-

natants (Fig. 1B). Marginal or no variations in A360 nm were

observed after incubation of Ara h 1 with PG or PC vesicles at

pH 2.0 and 7.0 (Fig. 1A). At pH 2.0 and 7.0, most of Ara h 1

remained soluble in the supernatants, but a small fraction of

the allergen was also identified within the pellet in the presence

of PG vesicles. Sin a 2 and Ara h 1 were in the soluble fraction

without vesicles (control, C) at all the assayed pHs (Fig. 1B).

PG vesicles protect Sin a 2 and Ara h 1 from gastric and

intestinal digestion

Sin a 2 was almost completely degraded after 10 min of gas-

tric digestion in the absence (control) or presence of mustard

lipids or PC vesicles (Fig. 2A). The IgE reactivity to Sin a 2

was abolished after 1 min of digestion in the control, and
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after 10 min in the presence of mustard lipids or PC vesicles.

PG vesicles significantly enhanced the resistance of Sin a 2 to

gastric digestion. After 2 h, around 17% of Sin a 2 remained

intact and the allergen retained its IgE reactivity after 30 min

of digestion (Fig. 2A). Ara h 1 was quickly processed in the

absence or presence of peanut lipids or PC vesicles, and pro-

teolytic fragments of around 44, 32, 20, and 11 kDa were

visualized (Fig. 2B). The IgE-binding capability of intact Ara

h 1 was abolished within the first 5 min, and only the prote-

olytic fragments showed IgE reactivity, which disappeared

after 30 min of treatment (Fig. 2B). PG vesicles significantly

increased the resistance of Ara h 1 to gastric digestion, and

around 40% of the allergen remained intact with IgE binding

still detectable after 2 h (Fig. 2B). The theoretical cleavage

sites (TCS) for pepsin were located in the three-dimensional

(3D) structure of Sin a 2 and Ara h 1 (Fig. 2C,D). Although

from academic point of view TCS were mainly located in the

inner parts of the molecules, Sin a 2 and Ara h 1 were

rapidly digested by pepsin in all the tested conditions except

in the presence of PG vesicles. Circular dichroism (CD) anal-

ysis at pH 2.0 showed that PC vesicles did not considerably

alter the secondary structure content of the allergens

(Fig. S1). In contrast, PG vesicles slightly increased the per-

centage of a-helix in Sin a 2 or b-sheet in Ara h 1, indicating

that at pH 2.0, the presence of PG vesicles enhances the con-

tent of ordered secondary structures in both allergens.

Sin a 2 was very resistant to intestinal digestion, but

after 2 h of incubation around 55% of the protein was

degraded. In the presence of PG vesicles, Sin a 2 remained

undigested after 2 h of treatment (Fig. 3A). The IgE reac-

tivity of Sin a 2 was significantly reduced after 5 min of

digestion and almost completely abolished after 2 h, but in

the presence of PG vesicles Sin a 2 retained the IgE reac-

tivity (Fig. 3A). Intestinal digestion of Ara h 1 resulted in

the rapid appearance of different proteolytic fragments.

Neither peanut lipids nor PC or PG vesicles modified this

process (Fig. 3B). The resulting fragments of around 39

and 20–30 kDa retained IgE-binding capability, which was

abolished after 2 h of digestion (Fig. 3B). The academic

analysis of the TCS for trypsin and chymotrypsin in the

3D structure of these allergens revealed that the number of

the TCS for trypsin in Ara h 1 (n = 73) was significantly

higher than in Sin a 2 (n = 35), which might justify the

observed differences to intestinal digestion. Half of the TCS

were located on the surface of both molecules (Fig. 3C,D).

CD analysis at pH 7.0 demonstrated that the presence of

PC or PG vesicles did not significantly alter the secondary

structure content of Sin a 2 (Fig. S2). In contrast, PG but

not PC vesicles slightly increased the percentage of random

coil secondary structure in Ara h 1 at pH 7.0, suggesting

that PG vesicles might favor the unfolding of Ara h 1 at

this pH.

Figure 1 Interaction of Sin a 2 and Ara h 1 with PC or PG vesi-

cles at different pHs. (A) Maximum absorbance increase

(DA360 nm) after 10-min incubation of vesicles with allergens vs

allergen concentration at pH 2.0, 5.0, and 7.0. (B) SDS-PAGE and

Coomassie blue staining of the pellet and soluble fractions after

centrifugation of the allergen–vesicle mixture (10-min incubation)

at the maximum allergen concentration. Molecular mass markers

are indicated in kDa. The controls (C) show the corresponding

allergen at the same protein concentration and pH without phos-

pholipid vesicles.
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Lipid components modify the uptake of food allergens by

human dendritic cells

Human monocyte-derived DCs (hmoDCs) from healthy

donors were cultured with different fluorescence-labeled

plant-derived food allergens, and the capture was analyzed

by flow cytometry and confocal microscopy (Fig. 4A,B). Sin

a 2 and Ara h 1 were efficiently captured by around 80–90%
of hmoDCs after 1 h of incubation (Fig. 4A). Sin a 1 (2S

albumin) and Sin a 3 (LTP), two well-defined allergens from

yellow mustard seeds able to induce primary sensitization

and trigger systemic reactions, were also efficiently captured

by hmoDCs (Fig. 4A). These data were confirmed by confo-

cal microscopy (Fig. 4B). Next, hmoDCs were cultured with

Figure 2 Simulated gastric digestion of purified Sin a 2 (A) and Ara h

1 (B). (A–B) Coomassie blue staining (CBS) and Western blot of the

digestion products with a pool of sera from patients sensitized to Sin

a 2 or Ara h 1 in the absence of lipids (control) or presence of mus-

tard or peanut lipids, respectively, and PC or PG vesicles. Molecular

mass markers are indicated in kDa. (C–D) Theoretical cleavage sites

(TCS) for pepsin at pH < 2 in the 3D structure of Sin a 2 (modeled

based on the 11S globulin from B. napus, PDB accession number

3KGL) and Ara h 1 (PDB accession number 3S7I) are shown in red:

on the surface (left) or in the inner parts of the molecule (right).
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the different food allergens in the presence of mustard or

peanut lipids, and PC or PG vesicles. The presence of mus-

tard lipids or PG but not PC vesicles impaired the capacity

of hmoDCs to capture Sin a 2 after 1 h of incubation

(Fig. 4C). Although none of the lipid components altered the

capture of Sin a 3, the presence of PG vesicles for Ara h 1,

or mustard lipids or PG vesicles for Sin a 1 slightly reduced

the capture of these allergens after 1 h of incubation

(Fig. 4C). We tested whether longer incubation times in the

presence of lipids contained in the food matrix would affect

allergen uptake. The presence of mustard or peanut lipids

significantly reduced the capture of Sin a 2 and Ara h 1,

respectively, by hmoDCs after 24, 48, and 72 h of incubation

(Fig. 4D). As shown in this figure, mustard lipids signifi-

Figure 3 Simulated intestinal digestion of purified Sin a 2 (A) and Ara

h 1 (B). (A–B) CBS and Western blot with a pool of sera from patients

sensitized to Sin a 2 or Ara h 1 of the digestion products in the absence

of lipids (control) or presence of mustard or peanut lipids, or PC or PG

vesicles. Molecular mass markers are indicated in kDa. (C–D) TCS for

trypsin and chymotrypsin are shown in blue and green, respectively, in

the 3D structure of Sin a 2 and Ara h 1 (as described in Fig. 2): on the

surface (left) or in the inner parts of the molecule (right).
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cantly reduced the capture of Sin a 1 after 48 h without

affecting Sin a 3 uptake at any of the assayed times.

Lipid components protect food allergens from endolysosomal

degradation

The allergens captured by DCs are processed in endolysoso-

mal compartments to generate MHC-II–peptide complexes

that are presented to T cells. Antigens that are rather stable

to endolysosomal proteolysis ensure efficient presentation to

T cells and high immunogenicity (25). To assess the potential

effect of lipids in the resistance to endolysosomal degrada-

tion, the purified food allergens were incubated alone or in

the presence of mustard or peanut lipids with microsomal

enzymes under reducing conditions. After 48 h of digestion,

around 40% of Sin a 2 was degraded, but in the presence of

mustard lipids around 90% of the allergen remained undi-

gested as determined by scanning densitometry of the sub-

units linked by a disulfide bond (36 and 23 kDa in the SDS-

PAGE) that constitute the allergen (Fig. 5). The endolysoso-

mal digestion of Ara h 1 rendered a main proteolytic frag-

ment of around 55 kDa after 48 h of digestion in both the

absence and the presence of peanut lipids. The presence of

peanut lipids slightly enhanced the resistance of this Ara h 1-

derived fragment (50% vs 65% after 48 h digestion). Mus-

tard lipids did not significantly modify the high stability of

Sin a 1 to endolysosomal degradation. In contrast, the stabil-

ity of Sin a 3 was also enhanced and around 48% of the

allergen remained undigested in the presence of mustard

lipids compared with around 20% of Sin a 3 alone. The high

susceptibility of peroxidase to microsomal degradation was

not modified by mustard or peanut lipids (Fig. 5).

Lipid components condition the capacity of human dendritic

cells to produce cytokines and inhibit TLR2-L-induced

NF-kB/AP-1 activation in THP1 cells

We assessed the capacity of hmoDCs to mount cytokine

responses against allergens in the presence of lipid compo-

nents. The IL-4/IL-10 ratio was significantly higher when

hmoDCs were stimulated with Sin a 2 in the presence of

mustard lipids than with Sin a 2 alone, which was also

accompanied by a significant increment in the production of

IL-1b (Fig. 6A). As shown in this figure, the same profile for

IL-4/IL-10 ratio was observed for the mustard allergens Sin

a 1 and Sin a 3 but without significant enhanced production

of IL-1b. Although the IL-4/IL-10 ratio was not significantly

altered when hmoDCs were stimulated with Ara h 1 in the

presence of peanut lipids compared with Ara h 1 alone, the

levels of IL-1b were significantly higher in the presence of

peanut lipids (Fig. 6A). Mustard or peanut lipids in combi-

nation with Sin a 2 or Ara h 1, respectively, increased the

mRNA expression of IL-1b compared with the allergens

alone without modifying other inflammasome-associated

genes such as caspase 1, ASC, or NLRP3 (Fig. 6B). Western

blot experiments showed that the combination of the aller-

gens and lipids also slightly increased the activation of cas-

pase 1 compared with the allergens alone (Fig. 6C).

Figure 4 Capture of allergens by hmoDCs. (A) Representative dot

plots for the capture of the indicated fluorescence-labeled allergens by

hmoDCs after 1 h of incubation. The percentage of HLA-DR+/allergen-

Alexa 647+ cells is indicated (mean � SEM of 4 independent experi-

ments). (B) Confocal microscopy images of hmoDCs after 20 h of incu-

bation with the indicated allergens: HLA-DR (green), nucleus with DAPI

(blue), and Alexa 647-labeled allergens (red). (C) Mean fluorescence

intensity (MFI) of Alexa 647-labeled allergens captured by HLA-DR+

hmoDCs after 1 h of incubation with the indicated allergens alone or in

the presence of mustard lipids (ML) or peanut lipids (PL), and PC or PG

vesicles. One of three representative experiments with the same

results is displayed. (D) Increment of MFI (DMFI) after 24, 48, and 72 h

of incubation of hmoDCs with the indicated allergens alone (open cir-

cles) or in the presence of mustard lipids (ML) or peanut lipids (PL)

(closed circles). DMFI was calculated as the ratio between the MFI val-

ues of each condition respect to the MFI value at 24 h in the absence

of lipids for each allergen. The data show the mean � SEM of four

independent experiments. Paired t-test, *P < 0.05; **P < 0.01.
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We studied the capacity of the purified allergens, lipid-free

mustard or peanut protein extracts, and different lipid com-

ponents to induce NF-jB/AP-1 activation in THP1 cells as a

suitable commercially available reporter cell line. None of the

assayed components directly induced NF-kB/AP-1 activation

in THP1 cells (Fig. S3A,B). In the same way, the combina-

tion of the purified allergens with the different lipids did not

induce NF-kB/AP-1 activation (Fig. S3C). Next, we analyzed

the capacity of purified allergens, protein extracts, or lipids

to interfere with TLR2-L-induced NF-kB/AP-1 activation in

THP1 cells. As shown in Fig. 6D, Sin a 2, Ara h 1, Sin a 1,

or Sin a 3 did not modify TLR2-L-induced NF-kB/AP-1

activation. In contrast, mustard and peanut protein extracts

inhibited TLR2-L-induced NF-kB/AP-1 activation in THP1

cells in a dose-dependent manner. Interestingly, mustard

lipids and PG vesicles but not peanut lipids or PC vesicles

significantly inhibited TLR2-L-induced NF-kB/AP-1 activa-

tion in THP1 cells in a dose-dependent manner (Fig. 6D).

Cell viability was not modified in any case (Fig. S4).

Discussion

We demonstrate for the first time that Sin a 2 (11S globulin)

and Ara h 1 (7S globulin), two clinically relevant allergens

from yellow mustard seeds and peanut, respectively, are able

to interact with phospholipid acid vesicles. The capacity of

Sin a 2 and Ara h 1 to interact with membranes confers pro-

tection to gastrointestinal degradation, which might well

allow them to cross the gastrointestinal tract in an immuno-

logical active form. Mustard and peanut lipids significantly

reduced the capacity of human DCs to capture Sin a 2 and

Ara h 1 and increased the resistance of Sin a 2- or Ara h 1-

derived proteolytic fragment to endolysosomal degradation.

The IL-4/IL-10 ratio was significantly higher when human

DCs were simultaneously stimulated with mustard allergens

and lipids than allergens alone, which was also accompanied

by significant higher levels of IL-1b for Sin a 2. Stimulation

of human DCs with peanut lipids and Ara h 1 did not alter

the IL-4/IL-10 ratio compared with Ara h 1 alone, but it sig-

nificantly increased the production of IL-1b. In conclusion,

our results indicate that the capacity of Sin a 2 and Ara h 1

to interact with lipids is a relevant feature of allergens

belonging to the cupin superfamily that might well contribute

to their potent allergenicity.

The allergic sensitization depends not only on the allergens

but also on the presence of other biological components con-

tained in the allergenic sources that are concomitantly

ingested or inhaled (19, 20). In the case of food allergy, dif-

ferent studies showed that lipid components are of para-

mount importance to induce allergic sensitization (20). For

example, the major allergen from Brazil nut, Ber e 1 (2S

albumin), required the lipid fraction obtained from the seeds

Figure 5 Endolysosomal degradation of allergens. SDS-PAGE and

Coomassie blue staining of the digestion products after 0 (control

without enzymes) and 48 h of endolysosomal degradation of Sin a

2, Ara h 1, Sin a 1, Sin a 3, and peroxidase in the absence (�) or

presence of mustard lipids (ML) or peanut lipids (PL). The percent-

age of degradation as determined by scanning densitometry for

each condition is also displayed.
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for eliciting IgE responses (26). Similarly, peanut lipids were

shown necessary to induce potent allergic sensitization (27).

Lipid-binding capacity has been reported for food allergens

belonging to different protein families such as Bet v 1-like

proteins (28), LTPs (29), 2S albumins (26, 30, 31), lipocalins

(32), or oleosins (33). The potential lipid interaction capacity

of clinically relevant allergens belonging to the cupin super-

family, such as the 11S globulin Sin a 2 from yellow mustard

seeds or the 7S globulin Ara h 1 from peanut, was unknown

prior to this study. Herein, we showed that Sin a 2 and Ara

h 1 are able to interact with PG but not PC vesicles in a pH-

dependent manner, indicating that both allergens are able to

physically interact with biological membranes.

A large number of dietary proteins come in contact with

the gastrointestinal tract daily, but only a few of them reach

the gut immune system in an immunological active form able

to induce allergic sensitization (22). Resistance to gastroin-

testinal digestion has been proposed as a useful tool for eval-

uating potential food allergenicity, but it cannot be

considered as definitive criterion to define a given protein as

Figure 6 Capacity of purified allergens and lipid components to

stimulate the production of cytokines by hmoDCs and modulate

NF-jB/AP-1 activation in THP1 cells. (A) IL-4/IL-10 ratio and IL-1b

production by hmoDCs treated with purified Sin a 2, Ara h 1, Sin a

1, or Sin a 3 in the absence or presence of mustard lipids (ML) or

peanut lipids (PL). The data are the mean � SEM of five indepen-

dent experiments. Wilcoxon test, *P < 0.05. (B) Analysis of IL-1b,

caspase 1, APC, and NLRP3 mRNA expression in hmoDCs stimu-

lated with purified Sin a 2 or Ara h 1 in the absence or presence of

ML or PL. One of three representative experiments with same

results is displayed. (C) Western blot for pro-caspase 1 and quanti-

tative analysis of pro-caspase 1 processing respect to b-actin and

relative to C- in hmoDCs stimulated with Sin a 2 or Ara h 1 in the

presence or absence of ML or PL for 6 h. C-, cells alone; C+, cell

stimulated with aluminum hydroxide 100 lg/ml plus LPS 100 ng/

ml. (D) Modulation of TLR2-L-induced NF-jB/AP-1 activation in

THP1 cells by purified allergens, peanut or mustard protein extract,

ML, PL, and PC or PG vesicles. C�, cells alone; C+, TLR2-L-

induced NF-jB/AP-1 activation. The data show the mean � SEM of

four independent experiments. Wilcoxon test, *P < 0.05.
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a food allergen (34). Mustard allergens Sin a 1 and Sin a 3

are considered as genuine food allergens able to induce pri-

mary sensitization and trigger systemic reactions (18), but

their capacity to interact with human DCs has not been pre-

viously studied. Herein, we showed that Sin a 2 is highly sus-

ceptible to gastric digestion but resistant to intestinal

degradation as shown for its homologous Act d 12 from kiwi

seeds (24, 35). Ara h 1 was rapidly degraded by gastric and

intestinal enzymes generating fragments with IgE-binding

capacity as previously reported (36, 37). Interestingly, the

presence of PG acid vesicles protected both allergens from

gastrointestinal digestion, suggesting that their capacity to

interact with phospholipid vesicles may enhance their resis-

tance to degradation. Although we employed PC and PG

from chicken egg as a suitable model to generate vesicles

(38), similar lipid components are contained in allergenic

sources from plant origin such as mustard and peanut (30).

Ingestion of egg or other lipid sources at the same time as

eating mustard or peanut might well also lead to the reported

effects.

DCs play a key role in the sensitization phase of allergic

diseases; however, how the interaction of food allergens with

lipid components could condition the capacity of DCs to

promote allergic sensitization and the underlying molecular

mechanism are not yet completely understood (20). We ques-

tioned whether the capacity of food allergens to interact with

lipid components could influence the ability of human DCs

to uptake them. All the tested food allergens were efficiently

captured by human DCs, and the presence of mustard or

peanut lipids significantly reduced the uptake of Sin a 2 or

Sin a 1 and Ara h 1, respectively. The capture of LTP Sin a

3 was not affected by the presence of mustard lipids, indicat-

ing that only the uptake of those allergens able to interact

with membranes (2S albumin, 7S or 11S globulins) was

reduced in the presence of lipids. The effective dose of aller-

gen captured by DCs is essential in the generation of toler-

ance (high doses) or allergic sensitization (low doses) (22, 39,

40). Our data support that the capacity of lipids to interact

with food allergens could reduce the doses of allergen cap-

tured by DC, thus favoring the generation of allergic Th2

responses. Sin a 2- and Ara h 1-derived proteolytic fragment

displayed moderate resistance to endolysosomal degradation,

but the presence of mustard or peanut lipids, respectively,

increased their stability. Although Sin a 1 showed a high

intrinsic resistance to microsomal degradation, the presence

of mustard lipids also increased the resistance of Sin a 3.

Antigen stability to lysosomal proteolysis leads to low-den-

sity MHC-II–peptide complexes on DC surface, which favors

Th2 responses in contrast to high-density expression (40, 41).

Different phospholipids can interact with immune cells and

modulate immune responses (20). Our data showed that the

presence of mustard lipids in combination with allergens sig-

nificantly increased the IL-4/IL-10 ratio produced by DCs,

suggesting that lipids might influence the capacity of human

DCs to promote allergic Th2 response. For Sin a 2, mustard

lipids also increased the production of IL-1b, a proinflamma-

tory cytokine able to break tolerance to allergens (23).

Although peanut lipids did not modify the IL-4/IL-10 ratio

induced by Ara h 1 alone, they also enhanced IL-1b produc-

tion by human DCs. Acidic phospholipids have been previ-

ously shown as antagonist of LPS-induced inflammation by

interacting with CD14/MD-2 components (42). Phospholipids

from helminthes or bacteria are also able to generate Th2

responses by interfering with TLR4 signaling pathways (43).

Recently, it has been shown that the probiotic Lactobacillus

rhamnosus is able to promote tolerance by generating IL-10-

producing Treg cells through mechanisms involving TLR2

and DC-SIGN (44). We used the human THP-1 XBlue

reporter cell line to assess the capacity of allergens and lipids

to induce NF-jB/AP-1 activation or to cross talk with TLR

signaling pathways as a suitable commercially available sys-

tem. We showed that whole mustard and peanut protein

extracts, mustard lipids, and acidic PG vesicles inhibited

TLR2-L-induced NF-jB/AP-1 activation in THP1 cells, sug-

gesting that the capacity of lipids interacting with food aller-

gens to cross talk with TLR-mediated signaling pathways

might well contribute to break tolerance to allergens. The

increment of IL-1b induced by Sin a 2 and Ara h 1 in the

presence of mustard and peanut lipids, respectively, was

accompanied by a slight increase in IL-1b mRNA expression

and activation of caspase 1, suggesting inflammasome induc-

tion. Whether the capacity of these two allergens to interact

lipids might lead to lysosome disruption and subsequent

release of inflammatory components as it has been previously

described by other adjuvants such as aluminum hydroxide

needs to be further investigated (45).

In summary, our results demonstrated for the first time

that Sin a 2 and Ara h 1 bind acidic phospholipid vesicles

and interact with lipid components, which might well con-

tribute to explain the potent allergenic capacity of these two

clinically relevant allergens of the cupin superfamily.
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