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Background: Maillard reaction (MR) modifies food allergens with various glycation structures during thermal processing of foods.
Results: We show that pyrraline, a glycation structure, enhances potential allergenicity of ovalbumin, a model allergen, by
promoting scavenger receptor class A-mediated allergen uptake by dendritic cells.
Conclusion: Pyrraline could act as a pathogenesis-related component in food allergies.
Significance: We reveal how MR links to food allergies.

The Maillard reaction (also referred to as “glycation”) takes
place between reducing sugars and compounds with free amino
groups during thermal processing of foods. In the final stage of
the complex reaction cascade, the so-called advanced glycation
end products (AGEs) are formed, including proteins with various
glycation structures. It has been suggested that some AGEs could
have immunostimulatory effects. Here, we aimed to identify spe-
cific glycation structure(s) that could influence the T-cell immuno-
genicity and potential allergenicity of food allergens, using ovalbu-
min (OVA, an egg white allergen) as a model allergen. OVA was
specifically modified with representative glycation structures:
N�-carboxymethyl lysine (CM-OVA), N�-carboxyethyl lysine
(CE-OVA), pyrraline (Pyr-OVA), or methylglyoxal-derived
arginine derivatives (MGO-OVA). As well as AGE-OVA, a crude
glycation product in thermal incubation of OVA with glucose, only
Pyr-OVA, and not other modified OVAs, was efficiently taken up
by bone marrow-derived murine dendritic cells (BMDCs). The
uptake of Pyr-OVA was reduced in scavenger receptor class A (SR-
A)-deficient BMDCs, but not in cells treated with inhibitors of
scavenger receptor class B, galectin-3, or blocking antibodies
against CD36, suggesting that pyrraline binds to SR-A. Compared
with other modified OVAs, Pyr-OVA induced higher activation of
OVA-specific CD4� T-cells in co-culture with BMDCs. Further-
more, compared with native OVA, AGE-OVA and Pyr-OVA
induced higher IgE production in mice. Pyrraline could induce bet-
ter allergen uptake by DCs via association with SR-A and subse-
quently enhance CD4� T-cell activation and IgE production. Our
findings help us to understand how Maillard reaction enhances the
potential allergenicity of food allergens.

The Maillard reaction (MR, also referred to as “glycation” or
nonenzymatic glycosylation)2 is a complex chemical reaction
between reducing sugars and compounds with free amino
groups, such as proteins and amino acids, and takes place dur-
ing the thermal processing and storage of foods. Via formation
of Amadori products such as fructoselysine (“early stage”), the
MR modifies lysine and arginine residues with various types of
glycation structures including N�-carboxymethyl lysine (CML),
N�-carboxyethyl lysine (CEL), pentosidine, pyrraline, and the
methylglyoxal-derived hydroimidazolone MG-H1 in advanced
stages of the reaction cascade (1, 2). The relatively stable prod-
ucts formed at late stages of the Maillard reaction are collec-
tively called advanced glycation end products (AGEs). Because
many allergenic foods such as eggs are often subjected to ther-
mal processing before consumption, the possible involvement
of AGEs in the pathology of food allergies is of great concern.

The MR reportedly alters IgE binding and mediator release
capacities of some food allergens by glycations (3–7). Evidence
has also accumulated to show that some glycation structures of
AGEs could function as immune epitopes for dendritic cells
(DCs) (8 –11). DCs express several receptors known to bind
AGEs, e.g., the receptor for AGEs (RAGE) (12, 13), galectin-3
(14), macrophage scavenger receptor class A type I and II
(SR-A) (15), scavenger receptor class B type I (SR-B) (16), and
CD36 (17). Importantly, receptors expressed on the cell surface
mediate antigen uptake and maturation in DCs. It has been
suggested that AGEs influence DC maturation via association
with RAGE (3–5). Moreover, we previously demonstrated that
AGEs of ovalbumin (OVA, a major egg allergen) produced by
thermal incubation with glucose are taken up by DCs via asso-
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ciation with SR-A and possess higher CD4� T-cell immunoge-
nicity than the native form of the allergen (11).

Glycation structures produced by the MR are heterogeneous.
It is still not known which glycation structure(s) bind to the
receptor(s) expressed on the cell surface of DCs and how this
influences cellular events. In this study, we aimed to identify
glycation structure(s) that enhance the CD4� T-cell immuno-
genicity of food allergens. To this end, we used OVA as a model
allergen and modified it with representative glycation struc-
tures, i.e., CML, N�-carboxyethyl lysine (CEL), pyrraline (Pyr),
or arginine derivatives such as MG-H1, to assess the T-cell
immunogenicity of these modifications. We found that modi-
fication with Pyr significantly enhanced the CD4� T-cell
immunogenicity and potential allergenicity of OVA.

EXPERIMENTAL PROCEDURES

Mice—C57BL/6J (B6) mice and BALB/c mice (female, 8 –10
weeks) were purchased from Charles River Laboratories Inter-
national. OT-II mice expressing a transgenic T-cell receptor
for I-Ab restricted OVA323–339 (18), OT-I mice expressing a
transgenic CD8� T-cell receptor for MHC class I-restricted
OVA257–264, and SR-A-deficient mice on a B6 background
(15) were purchased from Jackson Laboratories and bred at
the animal facility of the Paul-Ehrlich-Institut. The mice were
housed under specified pathogen-free conditions, and animal
experiments were performed in compliance with German
legislation.

Preparation of CM-, CE-, MGO-, or Pyr-OVA—Carboxy-
methylation, carboxyethylation, and arginine derivatization
was accomplished with endotoxin-free OVA (Seikagaku Cor-
poration, Tokyo, Japan) as described by Glorieux et al. (19).
Briefly, OVA was dissolved in 0.067 mM phosphate buffer (pH
7.4). Glyoxylic acid was added to the OVA solution at a 5:1
molar ratio of glyoxylic acid and lysine residues in OVA for
carboxymethylation (CM-OVA), whereas pyruvic acid was
added to the protein solution at a 15:1 molar ratio of pyruvic acid
to lysine residues for carboxyethylation (CE-OVA). After adjust-
ing the solution to pH 7.4 with 0.5 N NaOH, NaBH3CN (8.8
mmol/g OVA for CM and 41 mmol/g OVA for CE) was added, and
the solution was heated at 40 °C for 20 h, followed by dialysis
against distilled water and lyophilization. For arginine derivatiza-
tion (MGO-OVA), methylglyoxal was added to the OVA solution
at a 2:1 molar ratio of methylglyoxal to lysine residues, and the
solution was incubated for 25 h at 40 °C. The solution was then
dialyzed against water and lyophilized. Levels of CML and CEL
in the modified OVA were quantified by GC/MS after acid
hydrolysis (20), whereas levels of MG-H1 were quantified by
amino acid analysis (21). The presence of CML and CEL was
also verified by ELISA using mAbs against glycation structures
(11).

Modification of OVA with pyrraline (Pyr-OVA) was per-
formed as described by Henle and Bachmann (22). Briefly, 3-de-
oxyglucosone (3-DG) and OVA were dissolved in 0.1 N sodium
acetate buffer at a 4:1 ratio to lysine residues. The resulting
mixture was freeze-dried and heated for 1, 2, or 4 h at 70 °C.
After adjusting to room temperature, the powder was mixed
with water and then lyophilized. Modification with Pyr was
quantified using a reverse phase HPLC photodiode array detec-

tor after enzymatic hydrolysis (23). For quantification of the
total lysine and arginine modification, the contents of the
respective unmodified amino acids were determined in all OVA
samples by amino acid analysis (24). For analysis of protein
aggregation, modified OVAs were applied to SDS-PAGE with 4
to 20% acrylamide gradient in nonreducing conditions. Sepa-
rated proteins were quantified by densitometry.

Preparation of AGE-OVA—AGE-OVA was prepared as
described previously (11). Briefly, 1 mM endotoxin free OVA
was incubated with 1 M glucose in 100 mM sodium phosphate
buffer (pH 7.4) at 50 °C for 6 weeks. Native OVA and thermally
incubated OVA without glucose under the same conditions
were used as controls. The endotoxin concentration in AGE-
OVA was less than 0.25 endotoxin units/pg of protein.

Analysis of the Secondary Structure of OVAs—The secondary
structure of OVA samples was analyzed by CD spectroscopy (a
J-810S spectropolarimeter; Jasco, Germany).

Generation of Bone Marrow-derived Murine Dendritic cells
(BMDCs)—Bone marrow cells were cultured in RPMI 1640
supplemented with 10% FCS, 1 mM sodium pyruvate, 10 mM

HEPES, 100 units/ml penicillin, 100 �g/ml streptomycin, 0.1
mM 2-mercaptoethanol, and 100 ng/ml rGM-CSF (R&D Sys-
tems) for 8 days. In the cultures, more than 80% of the cells were
CD11b� and CD11c� cells.

Assessment of T-cell Activation and Cytokine Production—
Splenic CD4� and CD8� T-cells were isolated from OT-II mice
and OT-I mice, respectively, via an isolation kit (Miltenyi Bio-
tec). To evaluate T-cell activation, CD4� T-cells (8.0 � 105

cells/ml) or CD8� T-cells (1.6 � 106 cells/ml) were co-cultured
with BMDCs (1.6 � 105 cells/ml) in the presence of different
forms of OVA for 24 –72 h. Culture supernatants were har-
vested at 24 h to determine the concentration of IL-2 and at 72 h
to determine the concentrations of IFN-� and IL-17A by ELISA
(eBioscience). To evaluate T-cell proliferation, CD4� T-cells
were stained with carboxyfluorescein diacetate succinimidyl
ester (Invitrogen), and co-cultured with BMDCs in the pres-
ence of either form of OVA. After 96 h, carboxyfluorescein
diacetate succinimidyl ester intensity of CD4� T-cells was
measured by flow cytometry, LSR II (BD Bioscience).

Assessment of the Uptake of Glycated OVA by BMDCs—OVA
samples were conjugated with FITC using a FluoroTag FITC
conjugation kit (Sigma-Aldrich), according to the manufactur-
er’s instructions. BMDCs (1.0 � 106 cells/ml) were incubated
for 15 min with FITC conjugates of samples. To evaluate the
uptake levels, only samples with a comparable FITC/protein
molar ratio were used. Following the incubation with FITC conju-
gates, BMDCs were stained with both phycoerythrin-conjugated
anti-mouse CD11b and allophycocyanin-conjugated anti-mouse
CD11c mAbs (eBioscience). The FITC intensity of CD11b�

CD11c� cells was then analyzed by flow cytometry.
To inhibit possible uptake mediated by receptor, the follow-

ing inhibitors were added to the BMDCs 30 min before the
addition of FITC-conjugated samples: 3 mg/ml mannan
(Sigma-Aldrich) for the MR, 150 mM lactose (Sigma-Aldrich)
for galectin-3, and 10 �g/ml BLT-1 (Merck) for SR-B. To block
possible uptake mediated by CD36, 100 �g/ml anti-CD36 anti-
bodies (Abcam) or isotype control antibodies were added to the
BMDCs as described above.
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To verify endocytosis of OVA samples in BMDCs, cells were
fixed with 4% paraformaldehyde (Thermo Scientific) after incu-
bation with FITC conjugates for 15 min and then stained with
DAPI (Invitrogen). The cells were then stained with anti-early
endosome antigen 1 (EEA-1) antibodies (Merck Millipore).
FITC conjugates were localized in the cells using a laser scan-
ning microscope (LSM 510; Carl Zeiss).

Assessment of BMDC Maturation—BMDCs (1 � 106 cells/
ml) were stimulated with 10 �g/ml of LPS or 50 �g/ml of either
form of OVA for 18 h. BMDCs were then treated with anti-
mouse CD16/CD32 mAb to block IgG receptors and stained
with FITC-conjugated anti-mouse CD40, CD80, CD86, or MHC
class II molecule mAb. Additionally, the cells were stained with
phycoerythrin-conjugated anti-mouse CD11b and allophycocya-
nin-conjugated anti-mouse CD11c mAbs to gate the DC popula-
tion. FITC intensity of CD11b�CD11c� cells was measured by
flow cytometry. Antibodies used for this experiment were pur-
chased from eBioscience.

Assessment of the Potential Allergenicity of OVA Samples—
BALB/c mice (female, 8 –10 weeks) were intraperitoneally sen-
sitized twice with 10 �g of native OVA, AGE-OVA, or Pyr-
OVA plus 1 mg of Alum Adjuvant (Thermo Scientific) at
2-week intervals. One week after each immunization, blood was
harvested to measure serum levels of OVA-specific IgE and
IgG1 antibodies by ELISA (25). Additionally, 2 weeks after the
final immunization, mice were challenged by feeding OVA. The
body core temperature of mice on 4 days of OVA challenges
was measured.

Statistical Analysis—Significant differences between mean
values were assessed by analysis of variance followed by a Stu-
dent’s t test. A p value of � 0.05 was considered significant.

RESULTS

Modifying OVA with Glycation Structures Did Not Alter the
Secondary Structure of the Allergen—To identify glycation
structures enhancing T-cell immunogenicity of a food allergen,
we modified OVA to contain CML, CEL, pyrraline, or MGO-
derivatives of arginine, such as MG-H1 (Fig. 1A). The modifi-
cation levels of glycation structures were determined by
GC-MS or reverse phase HPLC photodiode array detector after
hydrolysis (Table 1). Carboxymethylation and carboxyethyla-
tion were highly selective reactions, yielding 81% lysine modi-
fication by CML and 77% by CEL, respectively. The formation
of pyrraline by incubation of OVA with 3-DG was less selective,
because that reactive dicarbonyl leads to various side reactions.
Thus 51% of lysine in Pyr-OVA had reacted to pyrraline, in
addition to 21% of lysine residues, which were modified with
unknown products. Also, with this lysine modification, 25% of
arginine in Pyr-OVA were modified with 3-DG-derived hydro-
imidazolinone (3DG-H), and 14% were modified with unknown
products, respectively, although modification of lysine is pre-
ferred in the incubation with 3-DG. Derivatization of OVA with
MGO, under the present conditions, exclusively modified argi-
nine (not lysine), but was only a little selective regarding the
products. Although 18% of arginine in MGO-OVA was derived
by MG-H1 and 13% was derived by argpyrimidine, 40% of the
arginine products remained unknown, because of diverse side
reactions with the reactive dicarbonyl MGO.

AGE-OVA, a crude glycation product from late stages of the
MR, was prepared by incubating OVA with glucose at 50 °C for
6 weeks (11). Diffuse bands of glycated proteins detected by
SDS-PAGE analysis also confirmed the modification of OVA by
glycation structure (Fig. 1B). CML (28 �mol/g protein) and Pyr
(0.9 �mol/g protein) were detected in AGE-OVA. The CD
spectra of native OVA, modified OVAs, and AGE-OVA were
similar, indicating that the modifications did not alter the sec-
ondary structure of the allergen (Fig. 1C).

Pyr-OVA Showed Higher CD4� T-cell Immunogenicity than
Native Allergen—To assess the T-cell immunogenicity of gly-
cated OVAs, OVA-specific CD4� T-cells were isolated from
OT-II mice and co-cultured with BMDCs in the presence of the
OVA samples. After 24 h of co-culture, OT-II CD4� T-cells
showed increased IL-2 production in response to Pyr-OVA and
AGE-OVA in comparison to native OVA and other modified
OVA at 2.0 and 20 �g/ml (Fig. 2A). After 72 h of co-culture, 20
�g/ml of all modified OVAs, but especially Pyr-OVA, induced
significantly higher production of IFN-�, a Th1 cytokine, and
IL-17A, a Th17 cytokine, in OT-II CD4� T-cells, when com-
pared with native OVA (Fig. 2A). In contrast, the same concen-
tration of AGE-OVA did not enhance IFN-� and IL-17A pro-
duction. Viability of T-cells might be weakened at late stage of
culture because of overstimulation of T-cell by AGE-OVA or
toxicity of this crude glycation product. Indeed, OT-II CD4�

T-cells showed increased proliferation after 96 h of co-culture
with BMDCs in the presence of Pyr-OVA and AGE-OVA at 2.0
�g/ml, a lower concentration (Fig. 2B).

We also assessed the CD8� T-cell immunogenicity of gly-
cated OVA using CD8� T-cells isolated from OT-I mice. All
modified OVAs and native OVA induced similar or even not
significantly different levels of IL-2 production by OT-I cells
(Fig. 2C). These results suggest that Pyr-OVA has higher CD4�

T-cell immunogenicity, but similar CD8� T-cell immunoge-
nicity when compared with native and other glycated OVAs.

As mentioned above, Pyr-OVA contained not only pyrraline
but also 3DG-H and other unknown products. Protein aggre-
gation was also induced during formation of Pyr-OVA by incu-
bation of OVA with 3-DG. To examine whether enhanced
CD4� T-cell activation by Pyr-OVA was due to pyrraline, OVA
was incubated with 3-DG at 70 °C for shorter duration to
reduce levels of unspecific modification. Pyr-OVA1 and Pyr-
OVA2 prepared by 1 or 2 h of incubation reduced the levels of
unspecific products (Table 2) and protein aggregation (Fig. 3A),
compared with Pyr-OVA3 prepared by 4 h of incubation, which
was also used in experiments for Fig. 2. However, Pyr-OVA1
and Pyr-OVA2 still induced higher CD4� T-cell activation than
native OVA (Fig. 3B). Enhanced CD4� T-cell activation by Pyr-
OVAs depended on Pyr modification levels. OVA incubated at
70 °C for 4 h without 3-DG, a control for Pyr-OVA3, induced
only a basal level of CD4� T-cell activation, as did native OVA
(Fig. 3B) The results indicate that (i) pyrraline is a glycation
structure to enhance CD4� T-cell immunogenicity of OVA,
and that (ii) protein aggregation would not contribute to the
enhanced CD4� T-cell activation by Pyr-OVA.

Pyr-OVA Was Taken Up by DCs via Association with SR-A—
DCs express several receptors that bind to AGEs such as SR-A, SR-B,
CD36, and galectin-3, which mediate endocytotic uptake of ligands
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FIGURE 1. Glycation structures. A, scheme of glycation structures. B, SDS-PAGE profiles. MW, molecular weight. C, CD spectra of native OVA and CM-, CE-,
MGO-, Pyr-, or AGE-OVA.

TABLE 1
Levels of modification by glycation structures in OVA samples

Sample CML CEL
MG-H1/

argpyrimidine Pyr/3DG-H
Specific modificationa

Total
modificationa

Lys Arg Lys Arg

�mol/g protein �mol/g protein �mol/g protein �mol/g protein
CM-OVA 334.6 73.8 (CM) 81.2 NDb

CE-OVA 363.3 80.1 (CE) 77.2 ND
MGO-OVA 53.6/38.0 17.6 (MG-H1) ND 71.1

12.5 (argpyrimidine)
Pyr-OVA 236.4/116.2 51.1 (Pyr) 25.1 (3DG-H) 72.4 39.7

a Values are percentages in all Lys or Arg of protein.
b ND, not detectable.

Glycation Structure Enhancing Allergen Uptake by DCs

7922 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 289 • NUMBER 11 • MARCH 14, 2014



(26–28). To investigate whether the enhanced CD4� T-cell immu-
nogenicityofOVAbyPyrmodificationwasderivedfromtheDCs,we
examined the uptake of OVA samples by BMDCs.

OVA samples were conjugated with FITC at similar FITC/
protein concentration ratio, e.g., 0.46 in native OVA, 0.58 in
CM-OVA, 0.43 in CE-OVA, 0.63 in MGO-OVA, 0.36 in Pyr-
OVA3, and 0.42 in AGE-OVA. FITC intensity of BMDCs incu-
bated with the samples, an indication of uptake by DCs, was
measured by flow cytometry. Both AGE-OVA and Pyr-OVA3

were taken up more efficiently by BMDCs than native and other
modified OVAs (Fig. 4A). The enhanced uptake of AGE-OVA
and Pyr-OVA was more pronounced when BMDCs were incu-
bated at a lower concentration, 0.5 �g/ml of OVA samples,
compared with 5.0 �g/ml.

Pyr-OVA1 was modified with a lower level of pyrraline and pos-
sessed more free lysine residues for FITC conjugation, compared
with Pyr-OVA3. Therefore, Pyr-OVA1 could be conjugated with a
higher concentration of FITC compared with Pyr-OVA3. As

FIGURE 2. Enhanced activation of OVA-specific CD4� T-cells by Pyr-OVA. A, CD4� T-cells were isolated from OT-II mice, and co-cultured with BMDCs in the
presence of 2.0 or 20 �g/ml of native OVA or CM-, CE-, MGO-, Pyr-, or AGE-OVA. Concentrations (conc.) of IL-2 in culture supernatants after 24 h and
concentrations of IFN-� and IL-17A in culture supernatants after 72 h were measured by ELISA. *, p � 0.001; **, p � 0.01. The data are representative of two
independent experiments. B, carboxyfluorescein succinimidyl ester (CFSE)-stained CD4� T-cells were co-cultured with BMDCs and stimulated with 2.0 �g/ml
of either form of OVA. After 96 h, the carboxyfluorescein diacetate succinimidyl ester intensity of CD4� T-cells was measured by flow cytometry. C, CD8� T-cells
were isolated from OT-I mice and co-cultured with BMDCs in the presence of 20 or 200 �g/ml of OVA samples. Concentrations of IL-2 in culture supernatants
after 24 h were measured by ELISA. The data are representative of three independent experiments.
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shown in Fig. 4B, Pyr-OVA1 with a FITC/protein concentration
ratio of 0.79 was also highly taken up by DCs, compared with
native OVA with a similar ratio of 0.82. The results further indicate
the enhanced uptake of Pyr-OVA by BMDCs.

Confocal microscopy confirmed that the majority of AGE-
OVA and Pyr-OVA was not attached on the cell surface of DCs
but located within endosomal compartments expressing
EEA-1, an early endosome-associated protein, inside the cells
(Fig. 4C). In addition to antigen uptake, cell maturation is

required for DCs to gain their full T-cell stimulatory capacity.
To examine the influence of Pyr on DC maturation, the expres-
sion of co-stimulatory molecules CD40, CD80, CD86, and
MHC class II molecules on the cell surface of BMDCs were
analyzed after stimulation with OVA samples. LPS, a positive
stimulus for DC maturation, enhanced the expression of co-
stimulatory and MHC class II molecules on the cell surface,
whereas none of the OVA samples changed the basal expres-
sion (Fig. 5), suggesting that Pyr modification does not induce
BMDC maturation.

We also tried to identify receptor(s) involved in the uptake of
Pyr-OVA using SR-A-deficient BMDCs, as well as antibodies
blocking CD36 and inhibitors of SR-B or galectin-3. Moreover,
we used mannan to inhibit the involvement of the mannose
receptor in OVA uptake, because natural carbohydrate resi-
dues of OVA bind to the receptor (29, 30). Uptake of Pyr-OVA
and AGE-OVA was considerably reduced in SR-A-deficient
BMDCs (Fig. 6A). Additional treatment of SR-A-deficient
BMDCs with BLT-1, an inhibitor of SR-B (31), or lactose, an
inhibitor of galectin-3 (32), did not reduce uptake of the OVA
samples (Fig. 6, B and C). Similarly, blocking CD36 using anti-
bodies against the receptor did not reduce uptake of the OVA
samples (Fig. 6B). In contrast, treatment of SR-A-deficient DCs
with mannan substantially reduced the uptake of all OVA sam-
ples, although some uptake of Pyr-OVA and AGE-OVA was
still observed (Fig. 6C). These results suggest that SR-A, in addi-
tion to the mannose receptor, plays a crucial role in the uptake
of Pyr-OVA by BMDCs via association with the glycation struc-
ture, whereas the mannose receptor alone is accountable for
native OVA uptake by DCs.

Next, to examine whether the expression of SR-A in DCs is a
prerequisite for Pyr-OVA enhanced CD4� T-cell activation, we
co-cultured OT-II CD4� T-cells with SR-A-deficient or wild-
type BMDCs in the presence of Pyr-OVA. OT-II CD4� T-cells
co-cultured with SR-A-deficient BMDCs produced less IL-2 in
response to Pyr-OVA and AGE-OVA than those co-cultured
with wild-type DCs (Fig. 7). The results suggest that SR-A
expressed in DCs is involved in activating OVA-specific CD4�

T-cells by Pyr-OVA.
Pyr-OVA and AGE-OVA Induced Higher IgE Production

Than Native Allergen—Finally, we investigated the potential
allergenicity of Pyr-OVA and AGE-OVA. BALB/c mice were
sensitized twice with OVA samples in combination with ALUM
adjuvant. After the first sensitization, OVA-specific IgG1 anti-
bodies, a Th2 type IgG subclass, were detected by ELISA in the
sera. Pyr-OVA or AGE-OVA induced higher levels of OVA-
specific IgG1 antibodies than did native OVA (Fig. 8A). After
the second sensitization, Pyr-OVA or AGE-OVA developed

FIGURE 3. The concentration-dependent effect of Pyr on CD4� T-cell
activation. A, for analysis of protein aggregation, 5.0 �g of native OVA,
OVA modified with pyrraline at different molecular ratio by incubation
with 3-DG at 70 °C for 1, 2, or 4 h (see Table 2), or OVA incubated at 70 °C for
4 h without 3-DG, a control for Pyr-OVA, were applied to SDS-PAGE with 4
to 20% acrylamide gradient in nonreducing condition. Separated proteins
were quantified by densitometry. MW, molecular weight. B, CD4� T-cells
isolated from OT-II mice were co-cultured with BMDCs in the presence of 2
or 20 �g/ml of OVA samples. Concentrations of IL-2 in culture superna-
tants after 24 h were measured by ELISA. The data are representative of
two independent experiments.

TABLE 2
Levels of modification by glycation structures in Pyr-OVA samples
OVA and 3-DG were dissolved in 0.1 N sodium acetate buffer, freeze-dried, and heated at 70 °C. Pyr-OVA1, 2, and 3 were products of heat treatment for 1, 2, and 4 h,
respectively. Levels of lysine and arginine modification in the OVA samples were analyzed.

Sample Pyrraline 3DG-H
Lys with

pyrralinea
Arg with
3DG-Ha

Total Lys with
modificationa

Total Arg with
modificationa

�mol/g protein �mol/g protein
Pyr-OVA1 50.7 7.8 10.9 1.7 12.6 0.6
Pyr-OVA2 143.5 33.8 31.0 7.3 36.4 11.8
Pyr-OVA3 236.4 116.2 51.1 25.1 72.4 39.7

a Values are percentages in all Lys or Arg of OVA.
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significantly higher levels of OVA-specific IgE antibodies than
native OVA (Fig. 8B). OVA-specific IgG2a antibodies, a Th1
type IgG subclass, were only at marginal levels in all groups
(data not shown). Moreover, upon oral challenges by feeding
with a diet containing OVA, a significant reduction of body core

temperature was observed in Pyr-OVA- or AGE-OVA-sensi-
tized mice but not in mice sensitized to unmodified OVA in
comparison to the PBS control (Fig. 8C). Therefore, Pyr-OVA
and AGE-OVA possibly possess higher allergenicity, compared
with unglycated OVA.

FIGURE 4. Enhanced uptake of Pyr-OVA by BMDCs. A, wild-type BMDCs were incubated with 0.5 or 5.0 �g/ml of FITC-conjugated native OVA or AGE-, CM-,
CE-, MGO-OVA, or Pyr-OVA3 (see Table 2) for 15 min. B, wild-type BMDCs were incubated with 5.0 �g/ml of FITC-conjugated native OVA or Pyr-OVA1 (see Table
2). DC uptake of the OVA samples was analyzed by flow cytometry. The gray areas represent cells cultured with medium only. C, after the incubation, the cells
were treated with anti-EEA1 antibodies to stain early endosome compartments. DC uptake of the samples was analyzed by confocal microscopy.

FIGURE 5. Lack of effect of Pyr-OVA and other glycated OVAs on maturation of BMDCs. BMDCs were stimulated with 50 �g/ml of native OVA, AGE-OVA,
or Pyr-OVA or with 10 �g/ml of LPS for 18 h. Expression of CD40, CD80, CD86, and MHC class II molecules on the cell surface of stimulated BMDCs was analyzed
by flow cytometry. The gray areas represent cells cultured with medium only. The data are representative of three independent experiments.
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DISCUSSION

Our results indicate that modifying OVA containing the
lysine derivative Pyr, a glycation structure produced by the
advanced MR, promotes uptake of the allergen by DCs via bind-
ing to SR-A; this in turn significantly enhances OVA-specific
CD4� T-cell activation. SR-A has been suggested to transfer its
ligand to the MHC class II loading pathway for efficient CD4�

T-cell activation (30, 33, 34). Consistent with this SR-A func-
tion, Pyr modification enhanced the CD4� T-cell immunoge-
nicity, but not the CD8� T-cell immunogenicity of OVA.
Because Th2 cells, a subset of CD4� T-cells, play a critical role
in inducing IgE production by B-cells, Pyr could potentially
enhance the allergenicity of food allergens. Indeed, we found

that Pyr-OVA and AGE-OVA induced significantly stronger
IgE production in mice than native OVA did. The present study
is the first to identify a specific glycation structure that
enhances the CD4� T-cell immunogenicity and potential aller-
genicity of a food allergen.

Pyr-OVA enhanced activation of OT-II cells on a C57BL/6
background, which genetically tend to develop Th1 and Th17

FIGURE 6. SR-A-mediated uptake of Pyr-OVA by BMDCs. A, wild-type or
SR-A-deficient BMDCs were incubated with 5.0 �g/ml of FITC-conjugated
native OVA or AGE-, CM-, CE-, MGO-, and Pyr-OVA for 15 min. B, before incu-
bation with FITC-conjugated native OVA or AGE- or Pyr-OVA, SR-A-deficient
BMDCs were treated with BLT-1 (top panels) or anti-CD36 blocking antibodies
(bottom panels) for 30 min. C, before incubation with FITC-conjugated native
OVA or AGE- or Pyr-OVA, SR-A-deficient BMDCs were treated with mannan or
lactose for 30 min. DC uptake of the OVA samples was analyzed by flow
cytometry. The gray areas represent cells cultured with medium only. The
data are representative of three independent experiments.

FIGURE 7. Engagement of SR-A in enhanced CD4� T-cell activation by
Pyr-OVA. CD4� T-cells isolated from OT-II mice were co-cultured with wild-
type or SR-A-deficient BMDCs in the presence of 20, or 200 �g/ml of native
OVA, AGE-OVA, or Pyr-OVA for 24 h. Concentrations of IL-2 in culture super-
natants were measured by ELISA. *, p � 0.001. The data are representative of
two independent experiments.

FIGURE 8. Enhanced IgE production by Pyr-OVA and AGE-OVA. BALB/c
mice were sensitized with 10 �g of native OVA, Pyr-OVA, or AGE-OVA plus
ALUM at a 2-week interval in total twice. One week after each sensitization,
blood was harvested. A and B, serum levels of IgG1 antibodies (A) and IgE
antibodies specific for OVA (B) were determined by ELISA after the first and
second sensitization, respectively. C, 2 weeks after the final sensitization, mice
were challenged by oral feeding with a diet containing OVA. The body tem-
perature of mice on 4 days of OVA feeding was measured. Each symbol pres-
ents data of individual mice. *, p � 0.05; **, p � 0.01; ***, p � 0.001. The data
are representative of two independent experiments.
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cells. We also observed that Pyr-OVA enhanced Th2 cytokine
production by DO11.10 cells on a BALB/c background, which
genetically tend to develop Th2 cells (data not shown). Neither
Pyr-OVA nor AGE-OVA induced a bias in T-cell polarization.
Thus enhanced IgE production by Pyr-OVA and AGE-OVA is
apparently not due to enhanced Th2 cell polarization by the
modification but instead to SR-A-mediated uptake by DCs and
subsequent increased stimulation of the CD4� T-cell popula-
tion. In contrast, Buttari et al. (10) recently showed that AGEs
of plasma �2 glycoprotein I (�2 GPI) triggered maturation of
monocyte-derived human DCs and polarized allogenic naive
CD4� T-cells into Th2 cells in a co-culture with matured DCs.
The different observations could be explained by variations in
the glycation structures in AGEs and in the expression profiles
of receptors in these DCs. AGEs of �2GPI appear to bind RAGE
in human DCs, which might confer a T-cell stimulatory capac-
ity that promotes Th2 polarization. In our experiments, Pyr-
OVA and AGE-OVA did not induce cell maturation but were
taken up by SR-A. This is consistent with other studies showing
evidence that SR-A acts as an endocytic receptor for antigen
uptake (35), whereas RAGE acts as a receptor triggering matu-
ration of DCs (36).

SR-A is a trimer comprised of a transmembrane domain, a
spacer region, a helical coiled-coil domain, a collagenous
domain, and a C-terminal cysteine-rich domain (37–39). A
variety of ligands such as oxidized or acetylated LDL and chem-
ically modified proteins including AGEs bind to the collagen-
like domain of SR-A (35, 39). However, information about the
binding of specific glycation structure(s) to SR-A has been lim-
ited. We showed that SR-A mediates uptake by DCs of Pyr-
OVA and AGE-OVA, but not CM-, CE-, and MGO-OVAs. The
result indicates that Pyr, but not CML, CEL, and MGO, binds to
SR-A. It is consistent with a previous study by Nagai et al. (40)
showing that MGO-modified bovine serum albumin (MG-BSA
in their study) was not taken up by RAW264.7, a macrophage-
derived cell line expressing SR-A. Moreover, glyoxal-modified
BSA, which contained high amounts of CML, was also not
taken up by the cell line, supporting the hypothesis that SR-A
does not bind to CML.

Together with Pyr, however, CML might contribute to the
enhanced CD4� T-cell immunogenicity of AGE-OVA. The
concentration of CML (28 �mol/g protein) was higher than
that of Pyr (0.9 �mol/g protein) in AGE-OVA. CM-OVA
tended to induce higher DC uptake and CD4� T-cell activa-
tion than native OVA, although the enhancement effect of
CML modification was significantly lower than that of Pyr
modification. Moreover, treatment of SR-A-deficient DCs
with mannan, an inhibitor for binding of natural mannose
residues in OVA to mannose receptor, almost completely
inhibited the uptake of native OVA, whereas the uptake of
AGE-OVA appeared not to be completely inhibited. These
results suggest that an unknown receptor expressed on the
surface of DCs might partially mediate the uptake of AGE-
OVA by binding to CML. Galectin-3, CD36, and SR-B were
not the receptors for CML, because treatment of DCs with
the specific inhibitors lactose and BLT-1 or with blocking
antibodies against CD36 did not reduce uptake of CM-OVA

(data not shown). Further studies are required to identify a
receptor that binds to CML.

In summary, we demonstrate that Pyr is capable of induc-
ing SR-A-mediated allergen uptake by DCs and enhancing
CD4� T-cell immunogenicity of OVA. High amounts of Pyr
have been detected in roasted peanuts, an allergenic food
(41). However, information about the profile of glycation
structures in thermally processed or stored allergenic foods
is still limited. Identifying glycation structures in such foods
should provide further insights into the potential allergenic-
ity of food allergens.
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