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Glycation of a food allergen by the Maillard reaction
enhances its T-cell immunogenicity: Role of macrophage
scavenger receptor class A type | and 1l
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Background: The Maillard reaction occurs between reducing
sugars and proteins during thermal processing of foods. It
produces chemically glycated proteins termed advanced
glycation end products (AGEs). The glycation structures of
AGEs are suggested to function as pathogenesis-related immune
epitopes in food allergy.

Objective: This study aimed at defining the T-cell
immunogenicity of food AGEs by using ovalbumin (OVA) as a
model allergen.

Methods: AGE-OVA was prepared by means of thermal
processing of OVA in the presence of glucose. Activation of
OVA-specific CD4™ T cells by AGE-OVA was evaluated in
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cocultures with bone marrow—derived murine myeloid dendritic
cells (mDCs) as antigen-presenting cells. The uptake
mechanisms of mDCs for AGE-OVA were investigated by using
inhibitors of putative cell-surface receptors for AGEs, as well as
mDCs deficient for these receptors.

Results: Compared with the controls (native OVA and OVA
thermally processed without glucose), AGE-OVA enhanced the
activation of OVA-specific CD4* T cells on coculture with
mDCs, indicating that the glycation of OVA enhanced the T-cell
immunogenicity of the allergen. The mDC uptake of AGE-OVA
was significantly higher than that of the controls. We identified
scavenger receptor class A type I and II (SR-AI/II) as a
mediator of the AGE-OVA uptake, whereas the receptor for
AGEs and galectin-3 were not responsible. Importantly, the
activation of OVA-specific CD4™ T cells by AGE-OVA was
attenuated on coculture with SR-Al/II-deficient mDCs.
Conclusion: SR-AV/II targets AGE-OVA to the MHC class 11
loading pathway in mDCs, leading to an enhanced CD4* T-cell
activation. The Maillard reaction might thus play an important
role in the T-cell immunogenicity of food allergens. (J Allergy
Clin Immunol EEEE;NEN:NNE-EEN,)

Key words: Food allergy, food allergen, Maillard reaction, T-cell
immunogenicity, dendritic cells, macrophage scavenger receptor

The Maillard reaction is a chemical reaction between reducing
sugars and proteins and generates the so-called advanced glyca-
tion end products (AGEs; ie, protein derivatives with glycation
structures, such as Ne-carboxyethyl-lysine [CEL], Ne-carboxy-
methyl-lysine [CML], pyrralin, and GA-pyridine).! Because the
Maillard reaction occurs during storage and thermal processing
of foods, a possible involvement of AGEs in the pathology of
food allergy is of great concern. This assumption is corroborated
by the fact that some patients with food allergy show anaphylactic
reactions only against stored or heated foods.* Moreover, the
presence of AGEs in food allergens could be linked to an
increased binding ability of IgEs from patients allergic to the
respective allergen.*”’” These observations suggest that the Mail-
lard reaction creates new pathogenesis-related immune epitopes
in patients with food allergy.

Several studies have shown diverse effects of AGEs on
dendritic cells (DCs). For instance, AGEs derived from BSA
augmented maturation of human DCs and increased their capacity
to stimulate allogeneic T-cell activation.® In contrast, adrenocor-
ticotropic hormone—derived AGEs were shown to inhibit the
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Abbreviations used
AGE: Advanced glycation end product
APC: Antigen-presenting cell
CEL: Ne-carboxyethyl-lysine
CFSE: Carboxyfluorescein succinimidyl ester
CML: Ne-carboxymethyl-lysine
DC: Dendritic cell
FITC: Fluorescein isothiocyanate
GA: Glycolaldehyde
mDC: Myeloid dendritic cell
MR: Mannose receptor
OVA: Ovalbumin
RAGE: Receptor for AGEs
SR-AI/II: Scavenger receptor class A type I and II

maturation and T-cell stimulatory capacity of the human DCs.’
Together, these observations suggest that T-cell immunogenicity
of antigens could be influenced by the Maillard reaction. How-
ever, the effect of AGEs derived from food allergens on DC
function, the subsequent activation of allergen-specific T cells,
or both is poorly understood.

Antigen-specific T-cell activation is preceded by the uptake of
antigens by DCs. Receptors expressed on the cell surface mediate
the majority of antigen uptake by DCs. ' Importantly, antigen-
presenting cells (APCs), such as DCs and macrophages, express
several receptors known to bind AGEs, such as the so-called
receptor for AGEs (RAGE),'*"? galectin-?J,14 macrophage scav-
enger receptor class A type I and II (SR-AV/II),'>'® scavenger
receptor class B type L'" and CD36.'® These receptors have
been identified by investigating endothelial cells,'*'* macro-
phages,'>'® or Chinese hamster ovary cells transfected with puta-
tive receptors for AGEs.'"*'"1% However, the receptors that
mediate the uptake of AGEs by DCs remain to be identified.

The aim of this study was to define the influence of the Maillard
reaction on the T-cell immunogenicity of food allergens. We used
AGE-ovalbumin (OVA; ie, the Maillard reaction products of
glucose and the egg white allergen OVA) as a food allergen model
of AGEs. We found that AGE-OVA does not trigger the matura-
tion of bone marrow—derived murine myeloid dendritic cells
(mDCs) but enhances the activation of allergen-specific CD4" T
cells. Moreover, we demonstrated that the enhanced T-cell
immunogenicity of AGE-OVA depends on a SR-Al/Il-mediated
uptake of AGE-OVA by mDCs. Our findings support the signifi-
cance of AGEs as pathogenesis-related factors in food allergy.

METHODS
Mice

C57BL/6 J (B6) mice and SR-Al/Il-deficient mice on a B6 background
were purchased from Jackson Laboratories (Bar Harbor, Me).]9 RAGE-
deficient mice on a B6 background were kindly provided by Dr T. Shoji (Osaka
Medical College, Osaka, Japan).?® OT-II mice expressing a T-cell receptor
specific for the peptide OVAj3,3 339 were kindly provided by Professor H.
Schild and Dr S. Sudowe (Johannes-Gutenberg-University, Mainz, Ger-
many).>' Mice were housed under pathogen-free conditions, and animal
experiments were performed in compliance with German legislation.

Preparation of AGE-OVA and AGE-BSA
AGE-OVA and AGE-BSA (ie, the Maillard reaction products) were
prepared as described previously.?” Briefly, 1 mmol/L OVA or BSA (Sigma-
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Aldrich, Steinheim, Germany) was incubated with 1 mol/L glucose in 100
mmol/L sodium phosphate buffer (pH 7.4) at 50°C for 6 weeks. OVA
incubated under the same conditions but without glucose and native OVA
were used as controls. Protein concentrations of the final samples were mea-
sured by using a bicinchoninic acid assay kit (Pierce, Rockford, I11). The pro-
tein concentration was further verified by analyzing valin concentrations using
ion-exchange chromatography with Ninhydrin postcolumn derivatization
after acid and enyzmatic hydrolysis because valin is not modified by the
Maillard reaction.?®

Verification of glycation structures in AGE-OVA
A protocol is described in the Methods section of this article’s Online
Repository at www.jacionline.org.

Preparation of recombinant OVA
A protocol is described in the Methods section of this article’s Online
Repository.

Fluorescein isothiocyanate labeling of OVAs
A protocol is described in the Methods section of this article’s Online
Repository.

Generation of bone marrow-derived mDCs
A protocol is described in the Methods section of this article’s Online
Repository.

Assessment of mDC maturation
A protocol is described in the Methods section of this article’s Online
Repository.

Assessment of T-cell activation and proliferation

Splenic CD4™ T cells were isolated from OT-II mice using an isolation kit
from Miltenyi Biotec (Bergisch Gladbach, Germany). CD4 " T cells (8.0X 10°
cells/mL) were cocultured with mDCs (1.6X10° cells/mL) and stimulated
with either form of OVA for 24 hours to evaluate T-cell activation. In the ex-
periment with SR-Al/II-deficient mDCs the APCs (2.5X 10° cells/mL) were
first incubated with either form of OVA for 3 hours and then fixed with
0.008% glutaraldehyde before 21 hours of coculturing with CD4* T cells
(5.0X10° cells/ml). After coculturing, the concentration of IL-2 in the super-
natants was measured by means of ELISA (eBioscience, San Diego, Calif).
CD4" T cells were first stained for 15 minutes with 10 wmol/L carboxyfluor-
escein succinimidyl ester (CFSE; Invitrogen, Karlsruhe, Germany) and then
cocultured with mDCs stimulated with either form of OVA to evaluate T-
cell proliferation. Cell proliferation was evaluated by measuring the intensity
of CFSE in the CD4™" T cells with a flow cytometer, LSR II (BD Bioscience,
Heidelberg, Germany). Data were analyzed with FlowJo version 7 software
(Treestar, Inc, Ashland, Ore).

Assessment of the uptake of AGE-OVA by mDCs
mDCs (1.0X 108 cells/mL) were incubated for 15 minutes with fluorescein
isothiocyanate (FITC) conjugates of AGE-OVA or of native OVA and OVA
thermally processed without glucose as controls. Lactose (150 mmol/L;
Sigma-Aldrich) was added to the mDCs 30 minutes before the addition of
AGE-OVA or the controls to inhibit a possible galectin-3—mediated uptake.*
Only samples with a comparable FITC/protein molar ratio were used to eval-
uate the uptake level of AGE-OVA and the controls. After incubation with
FITC conjugates of AGE-OVA or the controls, mDCs were stained with
both phycoerythrin-conjugated anti-mouse CD11b and allophycocyanin-con-
jugated anti-mouse CD11c mAbs. The FITC intensity of CD11b*CD11c*
cells was then analyzed by using flow cytometry. mDCs were first
fixed with 4% paraformaldehyde solution (Pierce) after incubation of
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FIG 1. Glycation structures in AGE-OVA produced by the Maillard reaction. A, AGE-OVA was prepared by
means of incubation of 1 mmol/L OVA with 1 mol/L glucose at 50°C for 6 weeks. The formation of glycation
structures was verified by means of ELISA. Native OVA and OVA thermally processed without glucose
(thermally processed OVA) were analyzed as controls. The data represent means = SEMs of 3 independent
experiments. B, Structural formula of the glycation structures. Lys, Lysine residues of proteins.

FITC-conjugated AGE-OVA for 15 minutes and then stained with 4',6-dia-
midino-2-phenylindol (Invitrogen) to verify endocytosis of AGE-OVA by re-
ceptor-mediated uptake. Localization of FITC-conjugated AGE-OVA in the
cells was analyzed with a laser scanning microscope (LSM 510; Carl Zeiss,
Jena, Germany).

Statistical analysis

Significant differences between mean values were assessed by means of
ANOVA, followed by the Tukey honestly significant difference multiple
comparison test. A P value of less than .05 was considered significant.

RESULTS
Identification of AGEs in AGE-OVA

First, we investigated the AGEs of OVA (AGE-OVA) result-
ing from incubation with glucose at 50°C for 6 weeks.?? As
shown in Fig 1, the presence of CEL, CML, and GA-pyridine
glycation structures was observed, whereas pyrraline could not
be detected. High levels of CML (6.79 = 0.08 mmol/100 g
protein) and lower levels of pentosidine (10.2 = 0.7 wmol/
100 g protein) could be verified by means of reverse-phase
HPLC analyses.23’24 The respective glycation structures were
not detected in native OVA or OVA thermally processed without
glucose. SDS-PAGE analysis showed that the protein bands of
glycated proteins were very diffuse, indicating significant modifi-
cation of the protein caused by the glycation procedure (see Fig
El, A, in this article’s Online Repository at www.jaiconline.org).
Analyses of the secondary structures by means of circular di-
chroism spectroscopy revealed highly similar spectra for either
form of OVA (see Fig El, B), which indicates that OVA

thermally processed without glucose, as well as AGE-OVA,
retained the same or a highly similar secondary structure as
native OVA.

Influence of AGE-OVA on the activation and
proliferation of OVA-specific CD4* T cells

To examine the T-cell immunogenicity of AGE-OVA, we
cocultured OVA-specific CD4™ T cells derived from OT-II mice
with mDCs and stimulated them either with AGE-OVA or with
native OVA or OVA thermally processed without glucose as con-
trols. Subsequently, the IL-2 concentration in the cell culture
supernatants was determined as a measure of CD4 " T-cell activa-
tion. Compared with the controls, AGE-OVA induced a higher
production of IL-2 (Fig 2, A). In the absence of mDCs, CD4™ T
cells did not produce detectable levels of IL-2 on AGE-OVA
stimulation (data not shown).

Next, we investigated whether AGE-OVA affects the prolifer-
ation of OVA-specific CD4" T cells. Therefore CFSE-stained
CD4" T cells were cocultured with mDCs and stimulated either
with AGE-OVA or with native OVA and OVA thermally
processed without glucose as controls. Cell division was detect-
able after 72 hours. The number of dividing CD4 ™ T cells was sig-
nificantly higher on stimulation with 2.0 or 20 pg/mL AGE-OVA
when compared with that seen in cells stimulated with the
controls (Fig 2, B). This effect was not significant if T cells
were stimulated with 200 pg/mL protein. Together, these results
indicate that glycation of OVA by using the Maillard reaction
increases the CD4" T-cell immunogenicity of the allergen and
that this effect is mediated by mDCs.
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FIG 2. AGE-OVA enhances the activation and proliferation of OVA-specific CD4"* T cells. A, CD4" T cells
isolated from OT-ll mice were cocultured with mDCs and stimulated with native OVA, OVA thermally pro-
cessed without glucose, or AGE-OVA for 24 hours. Concentration of IL-2 in the culture supernatant was
measured by means of ELISA. *P < .001. B, CFSE-stained CD4™" T cells were cocultured with mDCs and stim-
ulated with either form of OVA. After 72 hours, CFSE intensity of CD4" T cells was measured by means of
flow cytometry. The data are representative of 3 independent experiments.

Next, we examined the influence of glycation structures on
cytokine production by CD4" T cells. OVA-specific CD4" T
cells from DO11.10 mice were cocultured with mDCs and
stimulated with either form of OVA. Production of Ty2-type
cytokines, such as IL-4, by allergen-specific CD4" T cells is
a critical component in inducing food allergy. Because CD4 ™"
T cells from OT-II mice predominantly produce Ty1-type cyto-
kines, such as IFN-vy, but hardly any Ty2-type cytokines, for
the cytokine assay, we used CD4" T cells from DOI11.10
mice, which efficiently produce Ty2-type cytokines. Compared
with the controls, AGE-OVA induced higher production of
IL-2, IL-4, and IFN-y (see Fig E2 in this article’s Online
Repository at www.jacionline.org). The results suggest that
glycation structures enhance production of both Tyl- and
Tyx2-type cytokines.

Influence of AGE-OVA on the maturation of mDCs

To investigate the mediator function of mDCs, we first
examined the influence of AGE-OVA on the maturation of these
APCs. Expectedly, LPS-stimulated mDCs (LPS is a known
inducer of mDC maturation) displayed enhanced expression of
the maturation markers CD40, CD80, CD86, and MHC class 11
molecule. In contrast, the expression of these markers was not
enhanced by either form of OVA (Fig 3, A). Moreover, these
OVAs also did not induce a detectable secretion of IL-12 p70
or IL-10, which was observed when mDCs were stimulated
with LPS (Fig 3, B). Together, these results suggest that the
OVA allergens are not capable of stimulating the maturation
of mDCs.

Uptake of AGE-OVA by mDCs

To further elucidate the mediator function of mDCs, we next
investigated whether glycation through the Maillard reaction
influences the uptake of antigen by mDCs. Therefore these cells
were incubated with FITC conjugates of AGE-OVA or native
OVA, OVA thermally processed without glucose, and recombi-
nant OVA without any natural carbohydrate residues or glycation
structures as controls. The FITC intensity of mDCs was analyzed
by means of flow cytometry as a measure of antigen uptake. If
compared with native OVA and thermally processed OVA, we
observed a fluorescence shift of approximately 5- to 10-fold in
mDCs incubated with AGE-OVA, indicating higher uptake of the
AGE (Fig 4, A). Importantly, the mDC uptake of recombinant
OVA was lower than that of native OVA (see Fig E3 in this article’s
Online Repository at www.jacionline.org). Subsequent confocal
microscopic analyses showed that the majority of AGE-OVA
was not merely attached on the cell surface of mDCs but was
endocytosed into the cells (Fig 4B).

Involvement of SR-Al/ll in the uptake of AGE-OVA
by mDCs

Native OVA has natural mannose residues, and its uptake is
known to be mediated by the mannose receptor (MR).>° AGEs
are known to bind to several cell-surface receptors, such as
RAGE, SR-AI/I, and galectin-3.'"'® Hence we hypothesized
that the uptake of AGE-OVA by mDCs is mediated by 1 or
more of these receptors for AGEs in addition to the MR for natural
mannose residues. To identify the responsible receptor or recep-
tors for the AGE-OVA uptake by mDCs, we investigated


http://www.jacionline.org
http://www.jacionline.org

J ALLERGY CLIN IMMUNOL
VOLUME mmm, NUMBER um

A 100 100
80 - 807
e
g 60 60 -
s
& 0 40
20 20
. 4 ey \ 0 Lo
AT T T T 10!
| -
L gl
CD40
100 100
80 1 80 1
.
g 60 - 60 |
k]
© 40 401
20 20 1
- [ B
14 10
MHC class I
= = = Native OVA
sweseses Thermally processed OVA
= = = AGE-OVA
— LPS
IL-10 IL-12 p70
100 2000 L
= 80 — E
% E 1500
260 b
— £ 1000-]
40 =
= a
20 - d 500
B l<l(2i I<l[l | <10 - <25 <2.5 <2.5
£ o e < g7 2T «
. 2 =F =z Aoz =z oz
= 2 E° ¢ S g° 9
2 5% 8 : 23 8
SEE 2 5% <
g =8 £ 5 g
= =
B &

FIG 3. AGE-OVA does not induce the maturation of mDCs. mDCs were
stimulated with 20 pg/mL native OVA, OVA thermally processed without
glucose or AGE-OVA or with 10 ng/mL LPS. A, Expression of CD40, CD80,
CD86, and MHC class Il molecules on mDCs was analyzed with flow cytom-
etry. Gray areas represent mDCs cultured without stimulation. B, Levels of
IL-10 and IL-12 p70 in the culture supernatants of mDCs were measured by
means of ELISA. The data are representative of 3 independent experiments.

RAGE- and SR-Al/II-deficient mDCs, as well as the galectin-3
inhibitor lactose and the MR inhibitor mannan.?®%’

We observed almost identical uptake of FITC-conjugated
AGE-OVA in wild-type mDCs, RAGE-deficient mDCs, or
lactose-treated wild-type mDCs (Fig 4, C and D), indicating
that RAGE and galectin-3 would not be involved in the uptake.
Likewise, the uptake of native OVA and OVA thermally processed
without glucose was not affected in RAGE-deficient mDCs or in
lactose-treated wild-type mDCs (see Fig E4 in this article’s On-
line Repository at www.jacionline.org). In contrast, SR-AI/IT
deficiency resulted in a significant reduction of the AGE-OVA
uptake by mDCs (Fig 5, A). The additional treatment of SR-AI/
II-deficient mDCs with mannan led to a further reduction of the
uptake of AGE-OVA (see Fig E5 in this article’s Online
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Repository at www.jacionline.org). Together, these results
suggest that SR-AI/II and the MR, but not RAGE and galectin-
3, are essential mediators of the mDC uptake of AGE-OVA. Un-
expectedly, SR-AI/II deficiency also led to a slight reduction of
the mDC uptake of native OVA and OVA thermally processed
without glucose (Fig 5, A, and see Fig E6 in this article’s Online
Repository at www.jacionline.org). The additional treatment of
SR-I/II-deficient mDCs with mannan resulted in a complete
suppression of the uptake of the non-AGE forms of OVA (see
Fig ES5). The SR-AI/II deficiency, however, did not inhibit the
mDC uptake of recombinant OVA (see Figure E5, A).

Unlike OVA, BSA does not possess natural carbohydrate
residues.”® However, BSA should also be capable of binding to
SR-AI/II as an AGE derivative. In accordance with this, we
show that the uptake of AGE-BSA was significantly attenuated
in SR-Al/IlI-deficient mDCs (see Fig E7 in this article’s Online
Repository at www.jacionline.org). Consequently, we hypothe-
sized that AGE-BSA should act as an inhibitor of the SR-AI/II-
mediated uptake of OVA allergens. To prove this, we incubated
wild-type mDCs with native BSA or AGE-BSA together with
the different forms of OVA. In accordance with our hypothesis,
AGE-BSA, but not native BSA, was capable of inhibiting the
uptake of either form of OVA (Fig 6). Together, the results suggest
that SR-AI/II plays an important role in the enhanced mDC
uptake of AGE-OVA.

SR-Al/Il deficiency reduces the activation of OVA-
specific CD4™ T cells by mDCs

To further verify the obvious function of SR-AI/Il in the
mDC-mediated enhanced activation of OVA-specific CD4" T
cells by AGE-OVA, we examined whether the expression of
SR-AI/I is a prerequisite for this effect. Therefore we cocul-
tured OVA-specific CD4" T cells with SR-AI/Il-deficient or
wild-type mDCs that were pretreated with either form of
OVA. As shown in Fig 5, B, we observed significantly reduced
production of IL-2 by OVA-specific CD4" T cells in response to
native OVA, OVA thermally processed without glucose, and
AGE-OVA if the T cells were cocultured with SR-AI/II-defi-
cient mDCs instead of wild-type mDCs. However, the reduction
was not observed for recombinant OVA. The capacity to stimu-
late T cells appears not to be affected in SR-AI/II-deficient
mDCs because SR-Al/II-deficient and wild-type mDCs express
comparable levels of costimulatory CD40, CD80, CD86, and
MHC class II molecules (see Fig E8 in this article’s Online
Repository at www.jacionline.org). Wild-type and SR-AI/II-
deficient mDCs induced comparable IL-2 production of OVA-
specific CD4™ T cells against recombinant OVA, also indicating
the intact T-cell stimulatory capacity of the deficient mDCs. In
accordance with this, the results suggest that mDC-expressed
SR-AI/II is critical for the activation of OVA-specific CD4* T
cells by AGE-OVA.

DISCUSSION

The majority of foods are modified by storage or processing.
The formation of AGEs produced by the Maillard reaction during
thermal processing of foods is suggested to exert important effects
on the immunogenicity of food proteins. To our knowledge, the
present study is the first to demonstrate that the formation of
AGEs enhances the CD4" T-cell immunogenicity of a food
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FIG 4. The uptake of OVA by mDCs is increased by means of glycation. RAGE and galectin-3 are not
involved. A, Wild-type mDCs were incubated with 0.5 or 5.0 wg/mL FITC-conjugated native OVA, OVA ther-
mally processed without glucose, or AGE-OVA for 15 minutes. The mDC uptake of the samples was ana-
lyzed by means of flow cytometry. B, The mDC uptake of FITC-conjugated AGE-OVA was verified by
using confocal microscopy. C, Wild-type or RAGE-deficient mDCs were incubated with 5.0 p.g/mL FITC-con-
jugated AGE-OVA for 15 minutes. The uptake of AGE-OVA was analyzed by using flow cytometry. D, Wild-
type mDCs were treated with or without 150 mmol/L lactose for 30 minutes before incubation with 5.0 pg/
mL FITC-conjugated AGE-OVA to prevent galectin-3-mediated uptake. The uptake of AGE-OVA by mDCs
was analyzed by means of flow cytometry. Gray areas represent mDCs cultured with medium only. The

data are representative of 3 independent experiments.

allergen. The results strongly suggest that the influence of the
Maillard reaction needs to be carefully considered in the evalua-
tion of the immunogenicity of food allergens.

Our results are in good accordance with previous studies
demonstrating an increased CD4 " T-cell immunogenicity of an-
tigens chemically modified to function as SR-AI/II ligands.>'
Moreover, it could be shown that native OVA endocytosed
through scavenger receptors in macrophages predominantly acti-
vates the allergen-specific CD4 " T cells.”® However, the specific
scavenger receptor or receptors participating in this OVA uptake
were not identified. Our results now substantiate that (1) SR-AI/IT
is an important mediator of the mDC uptake of native OVA and
AGE-OVA and (2) the subsequent activation of OVA-specific
CD4™" T cells occurs through SR-AI/IT-mediated uptake (Fig 5).

SR-AI/II belongs to a large and diverse group of scavenger
receptors and functions as an endocytic receptor.32’33 The expres-
sion of SR-AVII is mostly restricted to myeloid cells.** The
presentation of soluble antigens by APCs is governed by
endocytic receptors, which determine the intracellular routing
of the endocytosed molecules. 112635 Bor example, antigens endo-
cytosed by the MR in DCs were shown to be targeted to the MHC
class I loading pathway,26 whereas those endocytosed by the
glycan-binding receptor DC-SIGN (CD209) were targeted to
the MHC class II loading pathway.>> We found that the glycation

of OVA does not enhance CD8" T-cell immunogenicity of the
allergen. OVA-specific CD8" T cells cocultured with mDCs
secreted comparable levels of IL-2 in response to AGE-OVA
and native OVA (see Fig E9 in this article’s Online Repository
at www.jacionline.org). Our results now suggest that SR-AI/I
is a receptor targeting its ligands to the MHC class II loading
pathway.

Importantly, the activation of OVA-specific CD4™ T cells by
recombinant OVA was lower than that of native OVA and was
not attenuated by SR-AI/Il deficiency in the mDCs (Fig 5).
Recombinant OVA has no natural carbohydrate or glycation
structures for SR-AI/II and other endocytic receptors. It could
previously be shown that pinocytosed antigens are transferred
to the lysosome compartment, where antigens enter the MHC
class IT loading pathway.*® The recombinant OVA would be taken
up by pinocytosis in mDCs, whereas native OVA and AGE-OVA
would be taken up not only by pinocytosis but also by SR-AI/II-
mediated endocytosis. Because uptake of AGE-OVA by SR-AI/II
is higher than that of native OVA as a result of the glycation struc-
tures, higher amounts of AGE-OVA would be targeted into the
MHC class II loading pathway. This would increase the amount
of OVA peptide/MHC class II complex on the surface of mDCs
and subsequently induce enhanced OVA-specific CD4" T-cell
activation.


http://www.jacionline.org

J ALLERGY CLIN IMMUNOL
VOLUME mmm, NUMBER um

Thermally processed OVA

100

80

60 |

40 -

20

ILCHMANN ET AL 7

AGE-OVA

100

80

60 -

40

20

10! 1&"‘ 15’ 1&" .nP

>

FITC

A Recombinant OVA Native OVA
100 100
80 | 80 1 M
w 11
] r o
S 60 60 . p
— o o
S oW 40 Ph s S
'QQ 1 ‘:J\!J 1
A !
20 20
G\
- \ 5
100 10 @ 1 it 1P
|
FITC FITC
=== WT mDCs
— SR-AI/II- mDCs
B
800
I WT mDC
1 SR-A""mDC Ll
600 { T
= *
E ] *
) 1
2 400
o
=
200 N i
S 5

20 200 (pg/ml)

20 200 20 200 20 200
Recomb. Native Thermally AGE-OVA
OVA OVA processed

OVA

FIG 5. SR-Al/ll is involved in the uptake of AGE-OVA by mDCs. A, Wild-type or SR-Al/ll-deficient mDCs were
incubated with 5.0 pg/mL FITC-conjugated recombinant OVA, native OVA, OVA thermally processed with-
out glucose, or AGE-OVA for 15 minutes. The mDC uptake of the samples was analyzed by means of flow
cytometry. Gray areas represent mDCs cultured with medium only. B, Wild-type or SR-Al/ll-deficient mDCs
were incubated for 3 hours with either form of OVA and then fixed with 0.008% glutaraldehyde before 21
hours of coculturing with CD4™ T cells isolated from OT-Il mice. The concentration of IL-2 in the culture su-
pernatant was measured by means of ELISA. *P < .01. **P < .001. The data are representative of 3

independent experiments.

Despite the enhanced uptake of AGE-OVA by mDCs, the
allergen did not stimulate the maturation of these cells in our
experimental setting (Fig 3). Previously, other studies revealed
both stimulatory and inhibitory effects of AGEs on the maturation
of human DCs.*? The different observations might be explained
by variations in the expression profiles of receptors for AGEs on
these DCs. The previously detected in vitro stimulation of human
DC maturation by AGE-BSA was ascribed to the expression of
RAGE.® This is consistent with reports providing evidence that
RAGE acts as a receptor triggering the maturation of DCs. >
In our experiments RAGE expression was not detectable on the
cell surface of the mDCs (see Fig E10 in this article’s Online
Repository at www.jacionline.org). The absence of RAGE in
mDCs might explain why AGE-OVA did not stimulate the
maturation of the cells.

We found high levels of CEL, CML, and GA-pyridine
glycation structures in AGE-OVA (Fig 1, A), which we recently
also detected in roasted peanuts (ie, an important food allergen;
manuscript in preparation). CEL and CML are also representative
AGEs in thermally processed foods.! Hence AGE-OVA appears
to be an appropriate model for studying the influence of food

allergen—derived AGEs on T-cell immunogenicity. Currently, it
is still unknown which glycation structures bind to SR-AI/IT or
galectin-3, whereas CML has been suggested as a major glycation
structure of RAGE ligands.*® The future identification of the exact
glycation structures responsible for ligand binding to the different
AGE receptors will help to further decipher the influence of AGEs
on DC function and the T-cell immunogenicity of food allergens.

In addition, we found that AGE-OVA could enhance produc-
tion of both Ty1l- and Ty2-type cytokines by allergen-specific
CD4" T cells (see Fig E2). The AGEs would enhance the activa-
tion and subsequent cytokine production of allergen-specific
CD4™ T cells but not induce polarization of cytokine production
by the T cells. Recent findings suggest that regulatory T cells pro-
ducing IL-10 consistently represent the dominant T-cell subset
specific for food allergens in healthy subjects; in contrast, there
is a high frequency of allergen-specific IL-4—producing T cells
in allergic subjects.’**" The glycated food allergens might
enhance activation of allergen-specific regulatory T cells for
maintaining tolerance against the allergens in healthy subjects
but might promote activation of allergen-specific Ty2 cells
inducing allergic responses in allergic subjects.
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FIG 6. AGE-BSA, but not native BSA, inhibits the uptake of AGE-OVA by mDCs. mDCs were incubated with
or without 50 wg/mL native BSA and AGE-BSA together with 5.0 pg/mL FITC-conjugated, native OVA, OVA
thermally processed without glucose or AGE-OVA. After incubation for 15 minutes, the mDC uptake of
either form of OVA was analyzed by means of flow cytometry. Gray areas represent mDCs cultured with cell
culture medium only. The data are representative of 3 independent experiments.

In conclusion, we show that the Maillard reaction enhances the
CD4" T-cell immunogenicity of the OVA food allergen. Tt
appears that AGEs of food allergens can be endocytosed by
mDCs through SR-AI/II, enabling the subsequent presentation
of the allergen to CD4™ T cells. We also show that IL-4 produc-
tion by allergen-specific CD4™" T cells is enhanced by glycation of
a food allergen. Because IL-4 produced by CD4 ™ T cells is a crit-
ical component for IgE production by B cells and subsequent
allergic responses, our results suggest that the Maillard reaction
could be capable of enhancing the allergenicity of food allergens
in allergic subjects. Future in vivo studies on the T-cell immuno-
genicity and allergenicity of AGEs will further elucidate the
importance of the Maillard reaction in food allergy.
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Key messages

o The T-cell immunogenicity of food allergens can be en-

hanced by the Maillard reaction, indicating a critical
role for thermal food processing in modulating or enhanc-
ing the allergenicity of food proteins.
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METHODS
Mice

C57BL/6 ] mice and BALB/c mice were purchased from Jackson
Laboratories. OT-I mice expressing a T-cell receptor specific for the peptide
OVAjs7_264 Were kindly provided by Professor H. Schild (Johannes-Guten-
berg-University, Mainz, Germany). DO11.10 mice expressing a T-cell
receptor specific for the peptide OVAj,3 339 were purchased from Jackson
Laboratories.

Verification of glycation structures in AGE-OVA

The glycation of AGE-OVA was verified by using ELISAs with different
available AGE antibodies, as described previously.*'® Briefly, microtiter
plates (MaxiSorp F96; Nunc, Langenselbold, Germany) were coated with
the sample proteins in sodium carbonate buffer (pH 9.6) at 4°C overnight.
After blocking with 2% BSA in PBS, AGE structures were detected by
incubating the ELISA plates with murine mAb against CEL, pyrralin, or
GA-pyridineElEz or rabbit polyclonal antibodies against CML.F? Subse-
quently, the plates were incubated with horseradish peroxidase conjugates
of either anti-mouse IgG (GE Healthcare, Munich, Germany) or anti-rabbit
IgG antibodies (Sigma-Aldrich). The substrate used for the peroxidase was
3, 3’, 5, 5'-tetramethylbenzidine (BD Bioscience). The concentration of the
glycation structures in AGE-OVA was measured by using reverse-phase
HPLC after acid hydrolysis.

Analysis of protein structure of OVAs

SDS-PAGE was performed under reducing conditions in a Mini Protean
cell (Bio-Rad, Munich, Germany). The total acrylamide content of the gels
was 12.5% (wt/vol), and the cross-linker concentration was 2.7% (wt/wt). The
sample load on the gel was 1.0 pg of protein per analytic slot. Protein bands
were visualized by means of Coomassie Brilliant Blue R250 staining.

The secondary structure of AGE-OVA, native OVA, and thermally
processed OVA without glucose was analyzed by using circular dichroism
spectroscopy. The OVAs were dialyzed against 10 mmol/L. KH,PO,/K,HPO,
buffer (pH 7.4), and protein concentrations were adjusted to 5.2 wmol/L. Cir-
cular dichroism spectroscopy was performed on a J-810S spectropolarimeter
(Jasco, Easton, Md) with constant nitrogen flushing at 20°C.

Preparation of recombinant OVA

Amplified cDNA of OVA was purified from agarose gels by using a gel
extraction kit (Qiagen, Hilden, Germany), ligated into a pET15b plasmid
(Novagen, Darmstadt, Germany), and transformed into Escherichia coli BL 21
Star DE3 (Invitrogen). The cells were grown at 37°C in LB medium containing
50 pg/mL carbenicillin to a cell density of 0.5 at a wavelength of 600 nm.
Expression was induced with 0.75 mmol/L isopropyl-D-thiogalactopyrano-
side. The cell pellet was dissolved in 50 mmol/L phosphate buffer containing
0.5 mol/L NaCl and 0.5 mg/mL lysozyme and physically lysed by means of
sonication and 2 freeze-thaw cycles. After centrifugation, recombinant OVA
was purified by using Ni-chelate affinity chromatography, and size exclusion
chromatography was performed.

Fluorescence conjugation of OVAs

AGE-OVA, recombinant OVA, native OVA, and thermally processed OVA
without glucose were conjugated with FITC by using a FlouroTag FITC
conjugation kit (Sigma-Aldrich, Steinheim, Germany), according to the
manufacturer’s instructions. Briefly, FITC was added to 10 mg/mL protein,
and the mixture was incubated for 2 hours at room temperature. After the
reaction, unconjugated dye was removed with a size exclusion column. The
absorption of the conjugated samples was measured at 280 nm and 495 nm,
and the fluorescence/protein molar ratio was calculated. Additionally, the
degree of FITC conjugation was verified by using ELISA with an mADb against
FITC (Millipore, Schwalbach, Germany).
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Generation of bone marrow-derived murine DCs

Bone marrow cells were flushed from the femurs and tibias of mice with
RPMI 1640 medium (Invitrogen, Karlsruhe, Germany). After lysis of red
blood cells with 0.15 N ammonium chloride, the cells were seeded at 1X 10°
cells/mL in RPMI 1640 supplemented with 10% FCS, 1 mmol/L sodium py-
ruvate, 10 mmol/L HEPES, 100 U/mL penicillin, 100 pg/mL streptomycin,
0.1 mmol/L 2-mercaptoethanol, and 100 ng/mL recombinant GM-CSF
(R&D Systems, Wiesbaden-Nordenstadt, Germany) and cultured for 8 days
to generate bone marrow—derived mDCs. In the cultures more than 80% of
the cells were CD11c* and CD11b* mDCs.

Assessment of mDC maturation

mDCs (1X10° cells/mL) were stimulated with 10 wg/mL LPS or 20 wg/mL
of either form of OVA for 18 hours. The levels of IL-10 (eBioscience) and IL-
12 p70 (BD Bioscience) in the culture supernatant were measured by means of
ELISA to assess mDC maturation. In parallel, mDCs were collected and
stained with FITC-conjugated anti-mouse CD40, CD80, CD86, or MHC class
II molecule mAbs (eBioscience). Additionally, the cells were stained with
phycoerythrin-conjugated anti-mouse CD11b and allophycocyanin-conju-
gated anti-mouse CD11c mAbs to gate the mDC population. FITC intensity
of CD11b"CDI11c™ cells was measured by means of flow cytometry with
an LSR II (BD Bioscience). Data were analyzed with FlowJo version 7 soft-
ware (Treestar, Inc, Ashland, Ore).

Assessment of cytokine production by CD4*T cells

Splenic CD4™ T cells were isolated from DO11.10 mice by using an isola-
tion kit from Miltenyi Biotec. The T cells (8.0X 10° cells/mL) were cocultured
with mDCs (1.6 X 10° cells/ml) and stimulated with either form of OVA for 72
hours. After coculturing, the concentrations of IFN-y and IL-4 in the superna-
tants were measured by using ELISA (eBioscience).

Assessment of CD8* T-cell activation

Splenic CD8™ T cells were isolated from OT-I mice with an isolation kit
from Miltenyi Biotech. CD8" T cells (8.0X 10° cells/mL) were cocultured
with mDCs (1.6X10° cells/mL) and stimulated with either form of OVA.
The concentration of IL-2 in the supernatants was measured by means of
ELISA.

Detection of receptors expressed on mDCs

To detect SR-AI, galectin-3, and RAGE expressed on mDCs, the cells were
stained with rat anti-mouse SR-AI mAb (clone 268318, R&D Systems), rat
anti-mouse galectin-3 mAb (clone M3/38, eBioscience), and rabbit anti-
mouse RAGE polyclonal antibodies (Abcam plc, Cambridge, United King-
dom), followed by Alexa Fluor 488 goat anti-rat IgG (H + L) polyclonal
antibodies (Invitrogen) and Cy3 goat anti-rabbit IgG (Fc fragment) polyclonal
antibodies (Jackson ImmunoResearch Europe Ltd, Suffolk, United Kingdom),
respectively. Fluorescence intensity of the stained cells was measured by
means of flow cytometry.
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FIG E1. Structural analysis of glycated proteins. A, SDS-PAGE profiles of OVA and BSA before and after
thermal processing at 50°C for 6 weeks with or without glucose. Lane 1, Native protein; lane 2, protein
thermally processed without glycose; lane 3, AGE product. B, The secondary structure of the OVAs was
analyzed using circular dichroism spectroscopy.
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FIG E2. AGE-OVA enhances cytokine-y production of OVA-specific CD4™ T cells. CD4" T cells isolated from
DO11.10 mice were cocultured with mDCs and stimulated with AGE-OVA, native OVA, or OVA thermally
processed without glucose for 72 hours. The concentration of IL-2, IL-4 and IFN-vy in the culture supernatant
was measured by means of ELISA. *P < .001. The data are representative of 2 separate experiments.
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FIG E4. The uptake of native OVA and OVA thermally processed without glucose is not attenuated by the
absence of RAGE or blockade of galectin-3. A, Wild-type or RAGE-deficient mDCs were incubated with 5.0
rg/mL FITC-conjugated native OVA or thermally processed OVA without glucose for 15 minutes. B, Eild-
type mDCs were treated with or without 150 mmol/L lactose for 30 minutes before incubation with the
FITC-conjugated OVAs to inhibit galectin-3-mediated uptake. The uptake of OVAs by the mDCs was
analyzed by means of flow cytometry. Gray areas represent cells cultured with medium only. The data
are representative of 3 separate experiments.
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FIG E5. Mannan inhibits the uptake of AGE-OVA in SR-Al/ll-deficient mDCs.
SR-Al/ll-deficient mDCs were incubated with or without 3 mg/mL mannan
for 30 minutes before incubation with 5.0 pg/mL FITC-conjugated native
OVA, OVA thermally processed without glucose, or AGE-OVA to inhibit the
MR-mediated uptake. The uptake of OVA by the mDCs was measured by
means of flow cytometry. Gray areas represent cells cultured with medium
only. The data are representative of 3 separate experiments.
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FIG E6. SR -Al/ll is involved in the uptake of AGE-OVA by mDCs. A, Wild-type or SR-Al/ll-deficient mDCs
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were incubated with 0.5 pg/mL FITC-conjugated recombinant OVA, native OVA, OVA thermally processed
without glucose, or AGE-OVA for 15 minutes. The mDC uptake of the samples was analyzed by means of
flow cytometry. Gray areas represent mDCs cultured with medium only. The data are representative of 3

separate experiments.
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FIG E7. Uptake of AGE-BSA is attenuated in SR-Al/ll-deficient mDCs. Wild-type or SR-Al/ll-deficient mDCs
were incubated with 0.5 or 5.0 wg/mL FITC-conjugated AGE-BSA for 15 minutes. The uptake of AGE-BSA by
the mDCs was measured by means of flow cytometry. Gray areas represent cells cultured with medium
only. The data are representative of 3 separate experiments.
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FIG E8. SR -Al/Il deficiency does not affect expression of costimulatory molecules and the uptake ability of
mDCs. Wild-type or SR-Al/ll-deficient mDCs were incubated with 10 mg/mL LPS for 18 hours. Expression of
CD40, CD80, CD86, and MHC class Il molecules on the mDCs was analyzed by means of flow cytometry. Gray
areas represent mDCs cultured without LPS stimulation. The data are representative of 3 separate

experiments.
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FIG E9. AGE-OVA and native OVA induce comparable activation of OVA-
specific CD8" T cells. CD8™" T cells isolated from OT-I mice were cocultured
with mDCs and stimulated with native OVA and AGE-OVA for 24 hours. The
concentration of IL-2 in the culture supernatant was measured by means of
ELISA. The data are representative of 3 separate experiments.
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FIG E10. Expression of receptors for AGEs on mDCs. SR-Al, galectin-3, and RAGE expression on the surface of
mDCs was analyzed by means of flow cytometry. A, SR-Al expression on wild-type and SRAI/ll-deficient mDCs. B,
Galectin-3 expression on wild-type mDCs. C, RAGE expression on wild-type mDCs. Gray areas represent mDCs
stained with the isotype control for the respective antibody.
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