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Abstract

Background: Lipids are required for mice sensitization to Ber e 1, Brazil nut
major allergen. Here, we characterized different lipid fractions extracted from
Brazil nuts and the lipid-binding ability of Ber e 1. Further, we determined their
in vivo ability to induce Ber-specific anaphylactic antibodies and the role of
invariant natural killer T (iNKT) cells in this process.

Methods: Wild-type (WT) and iNKT cell-deficient mice were sensitized with Ber e 1
and specific lipid fractions, and anaphylactic antibodies were measured by enzyme-
linked immunosorbent assay (ELISA) and passive cutaneous anaphylaxis (PCA).
The lipid-binding characteristic of Ber e 1 (Ber) was established by using fluorescent
probes and '"N-labeled NMR. In vitro production of IL-4 was determined in Ber/
lipid C-stimulated mouse iNKT cells and human T-cell lines containing NKTs
primed with CD1d+C1R transfectants by flow cytometry and ELISA, respectively.
Results: Only one specific lipid fraction (lipid C), containing neutral and common
phospholipids, induced Ber anaphylactic antibodies in mice. Ber e 1 has a lipid-
binding site, and our results indicated an interaction between Ber e 1 and lipid C.
iNKT-deficient mice produced lower levels of anaphylactic antibodies than WT
mice. In vitro, Ber/lipid C-stimulated murine iNKT cells produced IL-4 but not
IFN-gamma. Human T-cell lines derived from nut-allergic patients produced IL-4
to Ber/lipid C in a CD1d— and dose-dependent manner.

Conclusion: Lipid fraction C from Brazil nut presents an essential adjuvant activ-
ity to Ber e 1 sensitization, and iNKT cells play a critical role in the development
of Brazil nut-allergic response.

Food allergy is on the rise worldwide, and it is estimated that
6% of young children and 4% of adults are affected in Wes-
tern societies (1). Despite the heterogeneous protein intake in
normal diets, only few protein families are commonly impli-
cated as food allergens (2). Nuts are among the commonest
food allergens, and allergy to Brazil nut is now well docu-
mented (3). The protein Ber e 1, a seed storage 2S albumin,
was identified as the major allergen in Brazil nuts (4).

The mechanisms that lead to the development of food
allergy (sensitization) are still elusive; however, once estab-
lished, the cascade of events leading to elicitation of symp-
toms is well documented [for review, (5)]. The range of signs
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and symptoms observed in food-allergic patients include urti-
caria, abdominal discomfort, nausea, diarrhea, and, in some
cases, anaphylactic shock (6).

Ber e 1 possesses a compact, alpha-helical, disulfide-
bridged rigid structure that may confer on it resistance to
gastro-intestinal conditions (7, 8). However, 2S albumin pro-
teins with similar biophysical characteristics present in highly
consumed foods, such as sunflower seeds, are not frequently
associated with allergy. In addition to the properties of aller-
genic proteins, extrinsic factors present in the food matrix
may also participate in the development of an allergic
response (9). Previously we have shown that sensitization of
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mice with recombinant Ber e 1 alone did not induce the pro-
duction of anaphylactic antibodies, which, however, were
produced when Brazil nut lipids were added to the purified
protein (10). This characteristic is not particular to Ber e 1,
and the food matrix of peanuts was also necessary to the im-
munostimulatory activity of purified peanut allergens (11).

Lipid binding is a common characteristic of major aller-
gens (12). Lipid molecules have also been implicated in aller-
gic disorders (13), and pollen-allergic patients, but not
nonallergic subjects, displayed specific IgE and cutaneous
reactions to phospholipids present in pollen. There is evi-
dence that the recognition of pollen lipids as antigens by
human T cells involves CD1 (13), a MHC class-I-like mole-
cule. CDI binds distinct lipid-based antigens, which are rec-
ognized by invariant natural killer T (INKT) cells (14).
Specifically in allergy, it was shown that iNKT cells partici-
pate in Th2 responses through a CDIld-dependent mecha-
nism. OVA-immunized Jalphal8~/~ mice, deficient in the
invariant Valphal4(+) and CDI1d-restricted NKT cells, exhib-
ited a reduced OVA-specific IgE, airway hyper-reactivity, and
inflammation compared with wild-type (WT) mice (15).

In the present study, we confirmed that Ber e 1, the major
allergen of Brazil nut, requires lipid association to trigger
allergic Th2 responses in mice. One specific active lipid frac-
tion (lipid C) was identified, and its ligation to Ber e 1 was
carefully characterized. In addition, we showed that the Th2-
type responses induced by Ber e 1 and lipid C were enhanced
by iNKT cells on an in vivo model. Finally, we showed that
Ber/lipid C-activated NKT cells from mice and nut-allergic
patients produced IL-4, a key Th2 cytokine.

Material and methods
Proteins

Uniformly, 13C/'5N-labeled, I>N-labeled, and nonlabeled
recombinant Ber e 1 were expressed as secreted proteins by
the methylotrophic yeast Pichia pastoris and purified by
FPLC using a heparin—Sepharose column as previously
described (7).

Lipid fractionation and analyses

Total lipid fraction (fraction T) was extracted from Brazil
nut seeds (70 g) with chloroform-methanol (2 : 1, 150 ml)
and then with chloroform alone (100 ml) and filtered through
filter paper (n.l1; Whatman, Maidstone, UK). Fraction T
(250 ml) was added to a glass silica gel column (230-400
mesh; Fluka, Darmstadt, Germany; 3 x 20 cm), and the flow
through fraction was named fraction L. Then, the following
solvents were added, and the respective fractions were col-
lected: chloroform/methanol (150 ml; fraction C) and metha-
nol (500 ml; fraction M). Lipid samples were concentrated in
a vacuum rota-evaporator and stored in chloroform-metha-
nol (2 : 1) and BHT (0.01%, m/V) at —20°C protected from
light.

Neutral lipid content of lipid fraction C was determined by
HPLC essentially as described by Christie et al. (16); the
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polar lipid content of lipid fraction C was determined by
TLC (17) and confirmed by NMR as described by Petzold
et al. (18); and the phosphorus concentration of lipid fraction
C was determined by perchloric acid digestion followed by
molybdenum blue method, as previously described (19).

ANS and bis-ANS fluorescence titrations

The ability of the fluorescent probes ANS (1-anilinonaph-
thalene-8-sulfonic acid; Sigma-Aldrich, St. Louis, MO,
USA) and bis-ANS (4,4-dianilino-1,1-binaphthyl-5,5 disulf-
onic acid; Sigma-Aldrich) to bind recombinant Ber e 1 was
measured as previously described (20). Fluorescent probes
were dissolved in 20% methanol (V/V), and the concentra-
tion of the stock solution was determined spectrophotomet-
rically using an extinction coefficient of 4990/M/cm at
350 nm for ANS and 16 790/M/cm at 383 nm for bis-ANS
(21). All fluorescence measurements were carried out on Jas-
co/FP-6500 spectrofluorometer, using an excitation/emission
wavelength of 383/498 nm for bis-ANS and 350/495 nm for
ANS. A reversed binding experiment was performed in a
quartz cuvette, using 12 uM ANS or bis-ANS in PBS buffer
containing methanol (2%, V/V). Ber e 1 in PBS (0-50 pM)
was titrated, and the fluorescence was measured at 25°C.
The dissociation constant of Ber e 1- bis-ANS complex was
estimated from a modified Hill equation: Fops = Fax [Ber e
11"/(Kq + [Ber e 1]%). Fops: observed fluorescence; Fy .. max-
imal fluorescence when all bis-ANS is bound, [Ber e 1]: pro-
tein concentration; Kg4. apparent dissociation constant; n:
Hill coefficient. Fitting of the binding curves was performed
using GraphPad Prism (GraphPad Software, San Diego,
CA, USA).

NMR lipid titration

NMR titration experiments were conducted at a tempera-
ture of 303 K on Bruker/DRX-600 spectrometer equipped
with a cryo triple-resonance (‘H/'*C/'>N) probe with Z-gra-
dient capability. The '*C and '*N chemical shifts were refer-
enced indirectly using the gyromagnetic ratio of '*C/'H and
SN/'H (22). All NMR spectra were processed in NMRPipe
(23) and analyzed with CCPN analysis (24). Fraction C was
titrated into a '"N-labeled sample of Ber ¢ 1. The spectral
change was followed in a '"H-'’N-correlated heteronuclear
single-quantum coherence (HSQC) spectrum, and the chemi-
cal shift changes for each residue were scaled as 0.15
A0 N + Ao'H. A control experiment was performed with
fraction C solvent without lipids, and no spectral changes
were observed.

Animals

Young adult (8-12 weeks old) female mice were used.
BALB/c mice were obtained from Harlan-Seralab (Oxford,
UK), Charles River (Margate, UK), or ICB-1V, USP (Bra-
zil). CD1d™/~ and C57BL/6 WT mice were obtained from
ICB-1V. Ja18/~ and C57BL/6 WT mice were bred in CNRS
UMRS147 facilities (Paris, France) or purchased from
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Janvier (Le Genet St Isle, France). Food (containing no nuts)
and water were available ad /libitum. The ambient tempera-
ture was maintained at 21 + 2°C, and relative humidity was
55 £ 10% with a 12-h light/dark cycle. All experiments were
carried out following the provision of each country/institu-
tion. UK: Home Office Licence, following UK Animals (Sci-
entific Procedures) Act 1986; Brazil: in accordance with the
Ethical Principles of the Brazilian College of Animal Experi-
mentation; and France: guidelines of the French Institutional
Committee.

Sensitization protocol

Animals received two intraperitoneal (i.p.) injections of
recombinant Ber e 1 (2.5 mg) alone or in the presence of dif-
ferent lipid fractions (600 pg) (stoichiometry protein lipid
1: 1), in 0.2 ml of PBS, on days 0 and 7. Animals were bled
on day 14, by intracardiac route, after lethal anesthetic doses
(pentobarbital, 200 mg/kg).

Enzyme-linked immunosorbent assay

Total mouse sera IgE was determined by sandwich ELISA
and specific IgG1 or IgG2a by indirect ELISA, using com-
mercial kits (Bethyl Laboratories®, Montgomery, TX, USA
or BD Biosciences®, San Diego, CA, USA). For specific
immunoglobulins, 384- or 96-well Maxisorp plates (Nunc®,
Copenhagen, Denmark) were coated with Ber e 1, at 400 pg/
ml. The absorbance was measured at 450 nm using FLUO-
star Galaxy microplate reader (BMG Labtech, Ortenberg,
Germany).

Passive cutaneous anaphylaxis

Pooled serum samples (25 pl), neat or diluted in PBS, were
injected into the dermis of naive BALB/c mice’s ears.
Forty-eight hours later, Ber ¢ 1 (0.25 mg) and Evans blue
dye (1.25 mg) in physiological saline solution (0.25 ml) were
intravenously injected in the recipient mice. Animals were
kept at 39°C and culled after 30 min with lethal doses of
anesthesia (Pentobarbital, 200 mg/kg). Cutaneous reactions’
diameters >3 mm were considered positive reactions. Results
express PCA titers that represent the reciprocal of the high-
est dilution of serum that gave a lesion of >3 mm in
diameter.

Activation and cytokine production by mouse iNKT cells

15 x 10° splenocytes from C57BL/6 WT mice were stimulated
in vitro with Ber e 1 and lipid C (50 pg and 1.2 mg, respec-
tively) or a-galactosylceramide (a-GalCer, 200 ng) in the pres-
ence of 2 pg of brefeldin A (Sigma-Aldrich, Saint-Quentin
Fallavier, France) for 4 h, final volume of 1 ml. Cells were
stained with CD1d tetramer and anti-CD3 (BD Pharmingen,
Le pont de Claix, France). For intracellular staining, cells were
fixed in 1% PFA, washed, and permeabilized with 0.5% sapo-
nin (Sigma-Aldrich, Saint-Quentin Fallavier, France) and
incubated with anti-IL-4 and anti-IFNy or isotype controls
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(eBioscience, Paris, France). Cells were analyzed in a FACSC-
anto II (Becton Dickinson, Le pont de Claix, France) using
FlowJo software.

Human samples

Food-allergic subjects were selected based on their symptoms
(abdominal discomfort and diarrhea, urticaria, and/or
angioedema related to food ingestion), positive skin prick
tests with one or more of the selected food extracts (walnuts,
Brazil nuts, peanuts), and nut-specific IgE above 1.75 TU/dl
(ImmunoCap, Pharmacia, Sweden). Informed consent
approved by the local Ethical Committee was previously
obtained from each participant. PBMCs from normal sub-
jects (NC, n =15) and from patients with food allergy (FA,
n =4) were incubated with autologous dendritic cells previ-
ously induced by incubation with rhGM-CSF and rhIL-4 for
4 days, as previously described (13).

Generation of Brazil nut-specific T-cell lines

Bulk cultures were exposed to Ber e 1 (10 pg/ml), Ber e 1
and lipid C (10 pg/ml and 2.5 pg/ml, respectively), or vehicle
re-stimulated every 2 weeks with CDI1+ autologous dendritic
cells plus previously added extracts. Proliferating lines were
further expanded with recombinant human interleukin-2
(rhIL-2, 50-100 U/ml, EuroClone, Pero, Italy) and tested in
vitro for antigen specificity, as previously described (13).
Growing microcultures were expanded at weekly intervals
with 10° irradiated feeder cells and rIL-2. Immunophenotype
of emerging lines was detected by flow cytometry using
monoclonal anti-CD4-Cy-chrome (clone/RPA-T4; Phar-
Mingen, San Diego, CA, USA), anti-VBI11-PE (clone/21,
Serotec, Oxford, UK), anti-CDI161-FITC (NKR-PIA Ag,
clone DX12; PharMingen, San Diego, CA, USA), anti-CD§
(clone/LT8, Serotec), anti-off (clone BMAO31, Serotec), anti-
Va24 (clone C15, Serotec), anti-pan TCR vy (clone SA6.E9;
T Cell Diagnostics, Woburn, MA, USA) or -Vy9 (clone 7AS;
T Cell Diagnostics), -Vdl1, and -V32 (clones TS-1 and 15D,
all from T Cell Diagnostics).

Functional characterization of Brazil nut-specific T-cell lines

For evaluation of CDI restriction, CDI transfectants of cer-
vical carcinoma cell line HeLa or CIR lymphoblastoid
B-cell line expressing CDla, CDIlb, CDlc, or CDId, and
CDl-negative mock transfectants were employed. Irradiated
(50 Gy) CDI1 transfectants (10° per well) were seeded with
T cells (2 x 10* per well) in a 96-well round-bottom plate
(Costar) in 0.2 ml medium alone or containing either Ber e
1 or Ber ¢ 1 and lipid C (from 0.1 to 10 pg/ml). Specific
response and CD1 restrictions were evaluated, after 5 days
of culture, by measurement of IL-4 production (AID-Diag-
nostikaGmbh, Strassberg, Germany) using ELISPOT com-
mercial Kits. The antigens used for the assay were as
follows: Ber e 1 alone (Ber), Ber e 1 and lipid C (Ber/lipid
C), cypress-derived phosphatidylglycerol (PG), and a-GalCer
(GalCer).
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Results

Production of Th2-related antibodies is dependent on a
specific Brazil nut lipid fraction

We have previously shown that Ber e 1, the major allergen
from Brazil nuts, in its purified form is not able to induce sig-
nificant antibody responses in an animal model of sensitiza-
tion (10). In the present study, we assessed the effect of
various lipid fractions extracted from Brazil nuts (fractions T,
L, C, or M) in the sensitization to Ber e 1 in a near 1 : | stoi-
chiometry. Figure 1 shows that Ber e 1-sensitized (Ber/PBS
group) or naive mice presented similar levels of antibodies,
confirming previous results (10). In contrast, the association
of Ber e 1 and lipid C (Ber/lipid C group) promptly induced
high levels of Ber-specific IgG1, total IgE, and anaphylactic
antibodies in the serum of sensitized mice. The presence of
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Figure 1 Antibody response induced by Ber e 1 and different
Brazil nut lipid fractions. Antibodies in the serum of BALB/c mice
sensitized with PBS (Naive), Ber e 1 alone (Ber/PBS), or in the
presence of different lipid fractions (Ber/lipid T, Ber/lipid L, Ber/
lipid C, and Ber/lipid M) on days O and 7, intraperitoneally. Anti-
body levels were measured on day 14. (A-C) Antibody concentra-
tion measured by enzyme-linked immunosorbent assay (ELISA);
(D) Ber-specific anaphylactic antibodies measured by passive
cutaneous anaphylaxis (PCA). PCA titers represent the reciprocal

PCA titer
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lipid fraction M induced increased levels of Ber-specific
IgG2a, whereas the presence of fractions T and L did not
induce significant immune response, showing no alteration in
the titers of antibodies tested. The endotoxin content in the
lipid C fraction was undetectable by LAL assay. It was
further confirmed in an in vitro HEK-293 cell screening of
TLR activation that lipid C did not activate TLR-2, 3, 4, 5, 7,
8, or 9, and in the in vivo model of sensitization with Ber/
lipid C, C57BL/6 MyD88 KO animals produced similar
titers of anaphylactic antibodies as WT animals (data not
shown).

Altogether, these results corroborate our previous findings
(10); Ber e 1 is not able to sensitize animals to produce pro-
tein-specific antibodies. Even at the small stoichiometric con-
centrations, a specific fraction of Brazil nut lipids (lipid C)
was necessary to induce an in vivo Th2-type humoral
response.
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of the highest dilution of serum that gave a lesion of >3 mm in
diameter. Symbols represent individual animals. Statistical analy-
sis: one-way ANovA and Tukey's post test. #significant difference:
(A) P<0.05 (compared with Ber/lipid T), P<0.01 (compared
with naive, and Ber/lipid L), and P < 0.001 (compared with Ber/
PBS); (B) P<0.001 (compared with all groups); (C) P<0.05
(compared with Ber/lipid L), P<0.001 (compared with naive,
Ber/PBS, Ber/lipid T, Ber/lipid M); (D) P < 0.05 (compared with all
groups).
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Ber e 1 has a hydrophobic binding site: interaction with lipid
fraction C

The ability of Ber e 1 to bind hydrophobic molecules was
investigated using ANS and bis-ANS. These molecular
probes dramatically increase their fluorescence when trans-
ferred from a polar environment (water) to a more hydro-
phobic environment such the hydrophobic pockets in
proteins (25). Bis-ANS, in particular, consists of two ANS
molecules and has been shown to possess structural similarity
to lipopolysaccharide (LPS) (26).

Ber e 1 is capable of interacting with both ANS and bis-
ANS (Fig. 2A), but the ANS-Ber ¢ 1 complex shows a Hill
coefficient below 1, indicating unspecific binding. The bis-
ANS-Ber e 1, however, shows a 1 : 1 binding stoichiometry
with an apparent K4 of 5.6 = 0.1 pM. The Hill coefficient for
ANS is estimated to be 1.7, which suggests a slightly cooper-
ative binding mechanism that involves a two-step binding
event. These interactions provide two possible binding sce-
narios: (i) the Hill coefficient reflects the cooperativity
between the hydrophobic interaction in one part of the
bis-ANS molecule, and the other part makes electrostatic
interactions; (ii) one of the two identical halves of the bis-
ANS molecule makes the initial interaction, placing the other
half of the molecule into position, thus yielding a stronger
interaction.

The hydrophobic binding sites were further investigated
using NMR spectroscopy. Lipid fraction C was titrated into
a ""N-labeled Ber ¢ 1 sample, and the spectral changes for
each residue were followed. The chemical shift changes upon
addition of fraction C are visualized in Fig. 2B, C. As
shown, many residues throughout the protein are affected,
which is indicative of an interaction between Ber e 1 and
fraction C components.

These results indicate that Ber e 1 possesses one hydropho-
bic site able to accommodate one bis-ANS or a lipid mole-
cule of approximately the size, electrostatic and hydrophobic
properties of an LPS molecule. This is also a strong indica-
tion that Ber e 1 interacts with lipid fraction C. We recently
showed structural evidence that Ber e 1 possesses a hydro-
phobic pocket of the same size as the lipid-binding area in
wheat ns-lipid transfer proteins (LTP). It is, therefore, most
likely that Ber e 1 interacts with lipids in the same manner as
ns-LTP’s, which have lipid affinity similar to the affinity
between Ber e 1 and bis-ANS (27).

Murine invariant natural killer T cells are critically involved
in anaphylactic antibody production

In mice, invariant NKT cells, expressing Val4Jal8 TCR
rearrangement, recognize lipids presented by CDI1d, a MHC
class-I-like antigen-presenting molecule. When activated,
iNKT cells rapidly produce large amounts of cytokines, such
as IL-4 and IFN-y, and are implicated in allergic responses
(28). Because the lipid fraction C proved to be required for
Th2-type antibody production, we investigated the participa-
tion of iNKT cells in our model. To evaluate cytokine pro-
duction by iNKT cells, we stimulated spleen cells from naive

© 2012 John Wiley & Sons A/S
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Figure 2 Lipid-binding properties of Ber e 1 (A) Ber e 1 was
titrated into a reaction mixture containing 12 uM of bis-ANS or
ANS, and the emission fluorescence were followed at 498 and
495 nm, respectively. The bis-ANS binding shows a specific inter-
action with Ber e 1 and apparent Kd of 5.6 + 0.1 uM. ANS shows
unspecific interaction with Ber e 1 as seen by the lack of a plateau;
(B) HN, 15N NMR chemical shift perturbations upon addition of
lipid fraction C. A threshold value of 0.05 was used to identify resi-
dues that show significant chemical shift perturbation upon addition
of lipid fraction C; and (C) distribution of significant accumulated
chemical shift perturbations mapped on the primary structure of
Ber e 1, along with a schematic representation of the secondary
structure. Boxes correspond to helices, lines are random coil
regions, and the pattern of disulfide bridges are connected with
lines. (*) indicates that the chemical environment around the amide
group in the protein backbone for those residues has changed.
Black boxes indicate alpha-helical regions of the protein. ANS, 1-
anilinonaphthalene-8-sulfonic acid.

C57BL/6 mice with Ber e 1 and lipid fraction C (Ber/lipid C)
for 4 h followed by intracellular staining. For positive con-
trol, we used aGalCer, a derivative of a marine sponge,
which specifically binds CD1d and strongly stimulates NKT
cells to secrete large amounts of cytokines including IL-4
and IFN-y. Figure 3A indicates that splenic iNKT cells pro-
duced IL-4 in response to in vitro Ber/lipid C stimulation.
IL-4 production was low but significant (2.7 = 0.2% vs
1.6 £ 0.3% of IL-4+ cells among gated iNKT lymphocytes
stimulated with Ber/lipid C or PBS, respectively; P < 0.05).
Neither IFN-y (Fig. 3A) nor IL-17 (data not shown) produc-
tion were observed. As expected, aGalCer induced large
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Figure 3 /n vitro cytokine production by splenic invariant natural
killer T (iNKT) cells and in vivo antibody response in Ber/lipid C-sensi-
tized wild-type (WT) and iNKT-deficient C57BL/6 mice. (A) Spleno-
cytes from naive WT C57BL/6 mice were stimulated in vitro with
medium (PBS) Ber e 1 (50 ng) and lipid C (1.2 mg) (Ber/lipid C) or a-
GalCer (200 ng), for 4 h. Representative FACS profile showing the
gate used to specifically detect iINKT cells (CD3P°° CD1d tetramer®®®)
(top). IL-4 and IFNy production by these gated iNKT cells (bottom).
Data are representative of at least three independent experiments
with 2-3 mice per experiment. Percentages of each subset are indi-

secretion of IL-4 and IFN-y. To further test the role of
iNKT cells in our model, animals deficient in iNKT cells,
namely Jal8 /= (lacking the TCR receptor Vol4Jul8) or

cated in quadrants. T-test, P < 0.05 (Ber/lipid C- vs PBS-stimulated
cells) (B) Antibodies in the serum of WT C57BL/6, Jalpha18 knockout
(Jalpha18 KO), or CD1 knockout (CD1 KO) mice sensitized with Ber e
1 (2.5 mg) and lipid fraction C (600 mg), on days 0 and 7, intraperito-
neally. Parameters evaluated on day 14. (B, C, E, and F). Antibodies
measured by enzyme-linked immunosorbent assay (ELISA); (D and
G) Ber-specific anaphylactic antibodies measured by passive cutane-
ous anaphylaxis (PCA). PCA titers represent the reciprocal of the
highest dilution of serum that gave a lesion of >3 mm in diameter.
Symbols represent individual animals. Statistical analysis: T-test.

CDI1d /™ (lacking all CDId-restricted T cells including iNKT
cells), and their WT counterparts were sensitized with Ber e
I and lipid fraction C, and the antibody production was

© 2012 John Wiley & Sons A/S
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Table 1 Clinical characteristics of study subjects and frequency of lipid-specific T-cell lines

Nut-specific Prick tests Lipid-specific CD161 +
Subject Age Sex Clinical symptoms IgE (IU/dl) (main reactivity) T-cell lines T cells (%)
FA Patient 1 22 Male Abdominal 2.35 Nuts FA-1 48"
discomfort, FA-2 13
diarrhea, FA-3 21
asthma
FA Patient 2 15 Male Urticaria 15.5 Nuts FA-4 22
FA-5 41
FA Patient 3 16 Female Urticaria/ 20.0 Brazil nuts, FA-6 24
angioedema nuts FA-7 43
FA-8 31
FA-9 67
FA Patient 4 18 Female Abdominal 6.35 Nuts FA-10 35
discomfort
NC-1 15 Female None <0.35 Negative 0.2
NC-2 22 Male None <0.35 Negative NC-1 1
NC-3 18 Female None <0.35 Negative 0.2
NC-4 17 Male None <0.35 Negative 0.4
NC-5 20 Female Diarrhea <0.35 Milk NC-2 5
NC, normal subjects; FA, food allergy.
*Percentage of T cells co-expressing the CD161 in proliferating T-cell lines after priming with Ber/lipid C..
/- A IL-4 production

determined. As shown in Fig. 3, Jal8 /" mice produced sig-

nificantly lower titers of anti-Ber IgGl, total IgE, and Ber- PG
specific anaphylactic antibodies compared with WT animals NC Ber/(;’iglig%
(Fig. 3B-B-B-B-D). CDId /" animals also produced less Ber
Ber-specific 1gG1, total IgE, and Ber-specific anaphylactic Vehicle
antibodies than WT C57BL/6 mice (Fig. 3E-E-E-E-G). Col- GaICPS
lectively, these results indicate that iNKT cells are involved Patients  Beripid ¢
in the production of Th2-type antibodies induced by Ber e 1 VehE:T;

and lipid fraction C.

Human iNKT cells are also activated by lipid fraction C

Stimulation of PBMCs from nut-allergic patients and healthy
controls generally gives rise to multiple T-cell lines; however,
only two vs ten proliferating lines were recovered from plates
containing control (NC, n = 5) and nut-allergic patients’ T
lymphocytes (FA, n = 4), respectively (Table 1). The pheno-
types of FA and NC T-cell lines were quite different, with a
clear prevalence of NKT cells in cultures primed with Ber e 1
and lipid fraction C (Ber/lipid C) extract from the FA group.
As all emerged T-cell lines, from both NC and FA patients,
were derived from wells primed with Ber/lipid C, their CDI1-
restriction and cytokine production after re-stimulation with
relevant and irrelevant lipid substances in the presence of
CIR transfectants were determined. Figure 4 illustrates the
results obtained from all experiments, performed in triplicate.
NC-derived T-cell lines, which contained few iNKT cell pro-
portions (CD161+ cells ranging from 1% to 5% of all T
cells) produced very low amounts of IL-4 when stimulated
with Ber/lipid C or aGalCer, comparable with that of the
vehicle. On the contrary, they produced appreciable amounts
of IFN-y when stimulated with aGalCer (data not shown) in
a CDld-restricted manner. The patient T-cell lines with a
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Figure 4 |L-4 responses of human T-cell lines. (A) Average (means of
triplicates) IL-4 results (ELISPOT) from all T-cell lines comparing health
controls (NC) and nut-allergic patients (FA) stimulated with cypress-
derived phosphatidylglycerol (PG), a-GalCer (GalCer), Bere 1 and lipid C
(Ber/lipid C), Bere 1 alone (Ber), and vehicle; (B) Bere 1 and lipid fraction
C (Ber/lipid C) dose-response curve of two T-cell lines, one from a nut-
allergic patient (FA1) and one from a normal control (NC) primed with
CD1d+C1Rtransfectantsas APC. Statistical analysis: (A) one-way ANOVA
and Tukey's posttest, (B) T-test. *Significantdifference (P < 0.001).
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Table 2 Descriptive table of lipid fraction C components. Neutral
lipids, polar lipids, and phosphorus concentration. Analyses per-
formed as described in Material and Methods

Lipid classes Components %
Neutral lipids Triglycerides 37.8
Sterol 39.9
Acylsterylglycosides 3.3
Sterylglycosides 15.5
Unknown 3.3
Total 100
Polar lipids Phosphatidylcholine 10.0
(184 mg/l of phosphorus) Phosphatidylethanolamine 45.0
Phosphatidylinositol 27.0
Phosphatidic acid 9.0
Sulfo-digalactosyldiacylglycerol 9.0
Total 100

higher frequency of CD161+ T cells, comprising iNKT cells
(i.e., FAS5, FA6, FA9: TCRaf+ (85-90%), FAl: 55%
CD47CD8" Vu24/VBI1 + iNKT; FA7 and FA10: 45 and
78% TCRyd+ T cells, respectively), were all responsive to the
stimulation with Ber/lipid C in a CDIld-restricted manner to
produce IL-4. In particular, the FA1 iNKT cell line, with a
higher frequency of iNKT Va24/VBI11 cells, produced very
large amounts of IL-4 when primed with CD1d+CI1R trans-
fectants, demonstrating a clear specific dose-response curve,
with a maximal cytokine production upon stimulation with a
mixture of the Ber/lipid C in a constant stoichiometry ratio
of 1:1 (5pg/ml of protein and 1.25 pg/ml of lipid)
(Fig. 4B). These findings underscore the ability of human
iNKT cells issued from allergic patients to produce 1L-4 in
response to Ber e 1 and lipid fraction C stimulation.

Discussion

The intrinsic immunogenicity of Ber e 1, the major allergen
from Brazil nuts, has been investigated. Early experiments in
animals showed that Ber e 1, when injected intradermally,
did not induce specific IgG1 or IgE (29). More recently, we
confirmed that the purified native or recombinant Ber e 1
when injected in mice did not elicit antibody production,
indicating that components other than the proteins might
influence the intrinsic sensitization potential of this protein.
Indeed, lipids from Brazil nuts were shown to be required for
the sensitization of mice and for the induction of an anti-Ber
e 1 anaphylactic antibody response (10).

In the present work, we used various lipid fractions
extracted from Brazil nuts and found that a specific fraction
(lipid fraction C) was essential for the induction of a Th2
response. Fraction C is composed of complex lipids, mainly
triglycerides,  sterylglycosides,  phosphatidylethanolamine
(PE), phosphatidylcholine (PC), phosphatidic acid, and a sul-
phonated di-galacto lipid with c.a. 184 mg/l of phosphorous
(Table 2). The specific active component(s) present in frac-
tion C were not identified, as a further fractionation of this
fraction did not elicit immune responses (data not shown).
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However, the presence of PE and PC alone could explain the
activity observed (18).

The amount of the putative lipid necessary to trigger the
observed response is low as the animal experiments were
designed with a stoichiometry of protein/lipid of 1 : 1. Due
to its structural similarity to plant LTP, Ber ¢ 1 may also be
able to bind lipids or other hydrophobic compounds from
Brazil nuts. Indeed, the results of the ANS binding and
NMR experiments showed that Ber e 1 possesses a hydro-
phobic site able to accommodate a lipid molecule with a stoi-
chiometry close to 1 : 1. The chemical shift differences upon
addition of fraction C were distributed throughout the whole
protein, similarly to what is observed in LTPs, showing that
components in lipid fraction C interact with Ber e 1 (30).
The fact that lipid C is still a complex mixture certainly has
a strong influence on the large number of AA affected. In
LTPs, the long fatty acid chain of a lipid is buried in a
hydrophobic pocket within the protein, hence interacting
with many residues. In lipid fraction C, the vast majority of
the fatty acid side chain contains either 16 or 18 carbon
atoms as determined by gas chromatography (data not
shown). In addition, the size of a bis-ANS molecule is com-
parable with the length of a fatty acid from fraction C, thus
is likely that the hydrophobic pocket of Ber e 1 is large
enough to accommodate a lipid.

Some allergens possess structural similarity to the Toll-like
receptor accessory protein MD-2, and in this case, the high-
affinity bis-ANS binding site overlaps with the LPS binding
site (26). However, this might not be the case of Ber e 1,
because in our previous work, we did not find differences in
DC-T-cell polarization between Myd88~/~ compared with
WT animals (31). Further, lipid fraction C had no detectable
endotoxin levels, it was not able to activate human TLRs in
vitro, and C57BL/6 MyD88 KO animals sensitized with Ber/
lipid C produced titers of anaphylactic antibodies similar to
WT mice (data not shown).

Lipid antigens can stimulate CDI1d-restricted T cells. Five
CD1 isoforms (CDla-e) are present in humans, while CD1d-
restricted T cells (iNKT) are the only subset in mice (32). Invari-
ant natural killer T cells are involved in Th2 pathologies, such
as respiratory allergy (15, 33). Consequently, iNKT cells were
putative candidates to be implicated in the lipid-dependent spe-
cific immunoglobulin production in response to Ber e 1. First,
we observed that Ber e 1 associated with lipid C induced 1L-4
production by murine splenic iNKT cells in culture. We further
used two different iNKT cell-deficient mice: animals lacking the
invariant Vol4 + Jal8 + of iNKT cells (Jalphal8™/7) and
animals lacking the CD1d molecule (CD1d /7). Both iNKT
cell-deficient groups of mice exhibited significant reduced
Ber-specific Th2-type antibodies when compared with WT mice.
These results clearly demonstrate the role of iNKT cells in the
allergic response induced by Ber e 1 and lipid C.

We extended our investigation to human patients allergic
to nuts. Nut-allergic patients exhibited a discrete array of
Ber/lipid C-specific T-cell responses that give rise to both
iNKT (Voa24 + VB11+, FA1 cell line) and other CDId-
restricted NKT cells (CD161+), some of which belong to the
vOTCR type, capable of recognizing CDld-restricted aller-
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gens as previously reported by us (34). A set of human CDI-
restricted T cells can recognize pollen lipids (13), but the pos-
sible implication of human iINKT CDIld-restricted cells on
the Th2 responses to Brazil nut allergies was not analyzed
before. Here, we demonstrated that CDI1d-restricted human
T-cell lines, including the iNKT cell FA1 line, expand in
response to Ber/lipid C complex and produce IL-4. This type
of response has been described in humans allergic to pollens
both in the peripheral blood and at mucosal surfaces (13, 34),
mostly sustained by pollen-derived PE. Like the humoral
reaction to T-dependent antigens, such observed specific
immune response to Ber/lipid C appears to develop from the
synergistic action of innate-like T cells and DCs (35).

In summary, our results indicated that the immunogenicity
of the Ber e 1 protein was dependent on a specific lipid frac-
tion natural to Brazil nuts. Ber e 1 was able to bind this lipid
fraction in a 1 : 1 stoichiometry. In vivo, iNKT cells were
required for the production of Th2-type antibodies. More-
over, both murine iNKT and human CDIld-restricted NKT
cell lines produced IL-4 in response to Ber e 1 and lipid C,
suggesting that IL-4-producing iNKT cells could represent
the missed link to explain the enhanced production of ana-
phylactic antibodies in subjects allergic to Brazil nuts. There-
fore, our findings contribute to explain why a large number
of experiments based solely on proteins failed to identify the
intrinsic factor(s) that confer allergenic properties on com-
mon proteins. We also identified CDI1d-restricted NKT cells
as regulators of nut-allergic immune responses opening new
potential targets for immunotherapy.

Role of lipids and iNKT cells in Brazil nut allergy
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