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The difference in the allergenicity of chicken ovalbumin (C-OVA) and duck ovalbumin (D-OVA) can be

related to their differences in antigen presentation. This study explored the differences in uptake between

C-OVA and D-OVA through fluorescence dye-labeling, DC antigen presentation, and the immune

response of T cells by using C-OVA and D-OVA allergic animal and cell models. The ileum DCs of mice in

the C-C group took up more C-OVA than that of D-D and C-D groups through in vivo imaging.

Furthermore, C-OVA induced the maturation of DCs in mice in the C-C group as shown in the up-regu-

lation of the expressions of MHC II, CD86 and CD80 on the surface of DCs, and enhanced the ability of

antigen presentation. In addition, C-OVA induced the maturation of DCs, promoted the differentiation of

T cells into Th2 cells, increased the secretion of the cytokine IL-4 and specific antibody s-IgE, and thus

generated an immune response. However, sensitized and cross sensitized D-OVA (D-D and C-D groups)

couldn’t induce the maturation of DCs, and induced less differentiation of T cells and lower secretion of

cytokines compared to C-OVA. In conclusion, the differences in antigen presentation was one of the

important factors resulting in the differences in the sensitization between C-OVA and D-OVA.

1. Introduction

Chicken ovalbumin (C-OVA) is one of the most abundant aller-
genic proteins in chicken egg, which has resulted in severe
allergy in people around the world. As a substitute of chicken
egg, duck egg has also been widely consumed in China.
However, the allergenicity of duck ovalbumin (D-OVA) is still
unknown. Therefore, our previous study investigated the sen-
sitization of D-OVA through an animal model and we found
that D-OVA showed less sensitization than C-OVA through
BALB/c mice.1

The differences in the sensitization between C-OVA and
D-OVA can be caused by the amino acid sequence, post-transla-
tional modification, and structural differences between the
two species that induce differences in antigen presentation.2–6

The amino acid sequences of C-OVA and D-OVA had 30% non-
homology (data from the uniprot protein data framework:
https://www.uniprot.org/). The 30% differences in the amino
acids may result in the differences in both conformational and
linear epitopes. A previous study showed that exchange of a

single amino acid may lead to the disappearance of IgE
binding or result in discernible of the general conformational
pattern.7 Therefore, amino acid sequences could induce differ-
ences in the sensitization of C-OVA and D-OVA. Furthermore,
LC-MS/MS analysis showed that C-OVA and D-OVA had 1 and 4
N-glycosides and 2 and 12 phosphorylation sites, respectively.8–11

Moreover, western blot studies have identified the differences
between C-OVA and D-OVA, including the differences in elec-
trophoretic mobility and unique epitopes.12

In addition, the entry of allergens into the immune system
is critical for the development of allergy as the intestinal epi-
thelial barrier plays an important role in controlling the trans-
location of different types of luminal antigens to maintain
homeostasis and guide mucosal immune responses in toler-
ance and sensitization.13 However, the absorption mechanism
of allergens and the regulation of allergen presentation are
largely unknown. Visualization can help us further understand
antigen uptake and presentation, and thus help us learn more
about the occurrence of food allergies. Noah et al.14 have visu-
alized the transfer of food allergens from the epithelial surface
of the intestinal mucosa to the subepithelial immune compart-
ment during food sensitization. The antigen delivery mecha-
nism of lamina propria (LP)-DCs is proposed.

Intestinal luminal antigens are transported across the inter-
stitial space to dendritic cells (DCs) by epithelial cells, pre-
sented to T cells and induce an immune response. Dendritic
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cells, known as “immune sentinels”, are the most efficient and
professional antigen-presenting cells in the immune system,
and are widely present in immune tissues and organs.15 When
the gut encounters invading pathogens and antigens, imma-
ture dendritic cells (imDCs) derived from myeloid progenitor
cells capture and process antigens, promote their surface co-
stimulation and up-regulation of MHC molecules, produce
inflammatory cytokines, and gradually mature.16 While
migrating to the surrounding lymphoid organs, maturation of
DCs is a prerequisite for the induction of adaptive immune
responses. The maturation of DCs can promote the selective
proliferation and differentiation of T cells into Th1, Th2 or
Treg cells. That is, after the body is sensitized, mature dendri-
tic cells (mDCs) will be recognized by T cell receptors through
antigenic peptides that highly express MHC II and are loaded
with food allergens on their surface. They highly express CD80
and CD86 costimulatory molecules on their surface to stimu-
late T cells to differentiate into Th2 cells. IL-4, IL-5, and IL-6
secreted by Th2 cells induce B lymphocytes to produce IgE
antibodies, which ultimately trigger allergic reactions.17 While
people mostly use DCs and T cells of normal mice to explore
food allergens,3,6 we want to better simulate the immune cells
after sensitization. Therefore, the DCs and T cells of mice after
sensitization for 5 weeks were used for exploration.

Therefore, in order to explore the antigen presentation
differences between C-OVA and D-OVA, the visible light volume
imaging technology was applied to check the differences in
the uptake of fluorescent dye-labeled C-OVA and D-OVA in the
sensitized mice. Furthermore, DCs from bone marrow-derived
dendritic cells (BMDCs) with C-OVA and D-OVA sensitized mice
were isolated and cultured in vitro to explore the differences in
the maturation and differentiation of DCs stimulated by C-OVA
and D-OVA, respectively. In addition, high-purity naïve CD4+ T
cells were isolated from mouse splenocytes by an immunomag-
netic negative selection method, and co-cultured with antigen-
induced DCs to explore the activation and differentiation of T
cells stimulated by antigen-presenting DCs. The results in this
study could provide evidence to better understand the differ-
ences in the antigen presentation between C-OVA and D-OVA.

2. Materials and methods
2.1. Materials

C-OVA was purchased from Sigma-Aldrich (A5503, Saint-Louis,
USA). The fluorescent dye was obtained from PerkinElmer
(VivoTag 680 XL, Waltham, USA). RPMI 1640 medium, recom-
binant mouse GM-CSF and IL-4 were purchased from Absin
(Shanghai, China). Fetal bovine serum was obtained from
Gibco (California, USA). The EasySep™ Mouse Naïve CD4+ T
Cell Isolation Kit was obtained from Stemcell Technologies
(Australia). Anti-mouse CD11c, Fixable Viability Stain 780, Ms
CD11c BV421 N418, Ms I-A/I-E PE M5/114.15.2, Ms CD86
PE-Cy7 GL1, Ms CD80 APC 16-10A1, 7-AAD staining solution,
Ms CD4 BV510 RM4-5, Ms IFN-Gma PE-Cy7 XMG1.2, Ms IL-4
PE 11B11, and Ms IL-4 PE 11B11 were purchased from BD

Biosciences (New Jersey, USA). Elisa kits of IL-4 and IFN-γ were
obtained from Mlbio (Shanghai, China).

2.2. Preparation of OVA from chicken and duck

C-OVA was purchased from Sigma. The preparation of duck
ovalbumin (D-OVA) was according to a previous method.1

Briefly, the pH of the duck egg white was adjusted to 6.5, and
NaCl was added to make the final concentration of 100 mmol
L−1. Then 15% (w/w) PEG-8000 was added, and after stirring at
10 °C for 30 minutes (1500g), the solution was centrifuged at
10 000g for 15 minutes. The supernatant was taken and the pH
was adjusted to 4.92. The solution was centrifuged at 10 000g
for 15 min and the precipitate was collected. The above isoelec-
tric precipitation operation was repeated after dissolving the
precipitate in PBS. Distilled water was dialyzed for 48 h to
remove PEG and salt ions, and the obtained D-OVA was stored
at −20 °C for later use.

2.3. Murine allergy model

The mice were obtained from Charles River (Suzhou, Jiangsu,
China) with the license number JN.No20210630b0750824[237].
All animal procedures were performed in accordance with the
Guidelines for Care and Use of Laboratory Animals of
Jiangnan University and experiments were approved by the
Animal Ethics Committee of Jiangnan University. Three-week-
old female BALB/c mice were randomly divided into 5 groups
(n = 10): control group, Vibrio cholerae toxin (CT) adjuvant
group (CT group), and three sensitized groups: C-OVA sensi-
tized and C-OVA challenged group (C-C group, positive), D-OVA
sensitized and D-OVA challenged group (D-D group, positive),
and C-OVA sensitized and D-OVA challenged group (C-D cross
group, cross). Sensitization and challenge were performed as
before with slight modifications. As shown in Fig. 1, mice in
the sensitized group were subjected to intragastric adminis-
tration (i.g.) of 0.2 mL of PBS containing C-OVA or D-OVA
(100 μg per g bw) and CT (0.5 μg per g bw) on day 0, day 7, day
14, day 21 and day 28. On day 35, mice were challenged by i.g.
of 20 mg C-OVA or D-OVA. The CT group (0.5 μg per g bw CT in
PBS) and naive mice (PBS) were used as controls. Serum
protein-specific IgE (s-IgE) levels were determined by ELISA
using the previous method.

2.4. Fluorescent dye-labeled allergens

The concentration of C-OVA and D-OVA solution was deter-
mined using the BCA protein quantification kit and adjusted
to 1 mg mL−1 in 50 mM carbonate/bicarbonate binding buffer
(pH 8.5). 5 mg fluorescent dye (VivoTag 680 XL) was dissolved
in 500 μL DMSO. 10 μL of dye per mL of protein solution was
added. After mixing, the solution mixture was incubated at
room temperature for 1 h in the dark and then centrifuged at
6000g for 20 min at 4 °C using a 10 kDa ultrafiltration centri-
fuge tube. The buffer was added and reconstitution was per-
formed twice to remove the unreacted fluorescent dye from the
mixture. The fluorescent dye-labeled allergen solution was
stored in a refrigerator at 4 °C away from light.
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2.5. Analysis of in vivo and in vitro imaging

The mice were challenged by i.g. of 20 mg protein on the 35th
day. On the 36th day, the control group and CT group were
given 0.5 mL of PBS by i.g., the control group and CT group
were given 0.5 mL of fluorescent dye by i.g. to obtain the
control-V group and CT-V group, the C-C group was given
0.5 mL of fluorescent dye-labeled C-OVA by i.g., and the D-D
group and C-D group were given 0.5 mL of fluorescent dye-
labeled D-OVA by i.g. In vivo imaging of mice was performed at
0 h, 1 h, 2 h, 3 h, and 4 h using an IVIS Lumina XRMS series
III small animal imager (PerkinElmer, Waltham, USA). In vitro
imaging of mouse gastrointestinal tract, kidneys, liver, spleen
and mesenteric lymph nodes (MLNs) was performed at 4
hours with λex/em = 630/688 nm.

2.6. Analyses of immunological responses

Analyses of immunological responses were performed accord-
ing to the method of Zhou et al.18 Briefly, the ileum that
absorbed the fluorescent dye-labeled protein was sectioned with
paraffin, incubated with the CD11c primary antibody at 4 °C for
2 h, evaluated by immunofluorescence staining and observed
using a TCS SP8 confocal microscope (Leica, Solms, Germany).

2.7. Preparation of mouse BMDCs

2.7.1. Isolation and in vitro induction culture of BMDCs.
The preparation of mouse BMDCs was according to the
method of Zheng et al.19 In brief, femur and tibia were isolated
from BALB/c mice after sensitization on the 28th day, and
bone marrow cells were obtained from the bone marrow cavity.
The cells were added to RPMI 1640 complete medium (RPMI
1640 medium : fetal bovine serum : penicillin–streptomycin
double antibody = 100 : 10 : 1) containing 20 ng mL−1 GM-CSF
and 4 ng mL−1 IL-4. 106 cells per mL were cultured in 6-well
plates for 6 days to obtain imDCs.

2.7.2. Stimulation of imDCs by antigenic proteins.
Different antigen proteins were added to the corresponding
cells for stimulation after culturing for 6 days. For instance,
50 μg mL−1 of C-OVA antigen protein was added to the C-C
group, 50 μg mL−1 of D-OVA antigen protein was added to the
D-D group and the C-D group, and the cells were mixed by
pipetting gently. Then, they were placed in an incubator to
continue culturing for 24 h.

2.7.3. Detection of DC phagocytosis by flow cytometry. The
same concentration of fluorescent dye-labeled sensitized
protein was added to the cells and incubated in the dark for
1 h. PBS was added to the control group and the CT group, the
fluorescent dye was added to the control-V group and the CT-V
group, C-OVA was added to the C-C group, and D-OVA was
added to the D-D group and the C-D group. The cells were
detected by the BD FACSArica II system (BD Biosciences, New
Jersey, USA) and the data were analyzed using FlowJo software
10 (Tree Star, Inc., San Carlos, CA, USA).

2.7.4. Detection of DC maturation and differentiation by
flow cytometry. The DCs stimulated by antigen proteins were
added with 1.5 μL of extracellular fluorescent conjugated anti-
bodies CD11c-BV421, MHC II-PE, CD86-PE-Cy7, and CD80-APC,
and incubated at room temperature for 20 min in the dark.
After washing with PBS, 1.5 μL of 7-AAD staining solution was
added and incubated at room temperature for 10 min in the
dark. The cells were detected by the BD FACSArica II system.

2.7.5. Preparation of naïve CD4+ T cells and co-culture with
DCs. Naïve CD4+ T cells were isolated from the spleen of day
28 sensitized BALB/c mice using immunomagnetic negative
selection according to the instructions of the EasySep™ Mouse
Naïve CD4+ T Cell Isolation Kit. The cells were incubated over-
night in 12-well plates. The sorted naïve CD4+ T cells and the
DCs stimulated by antigen proteins were co-cultured in a
12-well plate at a ratio of 1 : 10 for 72 h.

Fig. 1 Animal experimental design for the food allergy model: control group, CT group, C-OVA sensitized and C-OVA challenged group (C-C
group), D-OVA sensitized and D-OVA challenged group (D-D group), and the C-OVA sensitized and D-OVA challenged group (C-D group).
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2.7.6. Flow cytometry analysis. The cells (106 mL−1) co-cul-
tured with DCs were added with 1 μL stimulus-blocker for 4 h.
Then the cells were washed with PBS and 1 μL Fixable Viability
Stain 780 was added to stain dead and living cells. After
washing with PBS, 1.5 μL of CD4-BV510 was added for extra-
cellular staining. After fixation, 1.5 μL of IFN-γ-PE-Cy7 and
IL-4-PE were added for intracellular staining. The cells were
detected by the BD FACSArica II system.

2.7.7. Cytokine evaluation by ELISA. The content of IL-4
and IFN-γ in culture supernatants was determined using a com-
mercial ELISA kit, according to the manufacturer’s instructions.

2.8. Statistical analysis

All the data were analyzed using SPSS 25.0 software. Means
were compared among the groups using one-way analysis of
variance (ANOVA) followed by a least significant difference
(LSD) test. The p-values as follows were considered statistically
significant: *p < 0.05, **p < 0.01, compared with the control
group; # p < 0.01, ## p < 0.05, compared with the C-C group.

3. Results
3.1. The concentration of s-IgE challenged by C-OVA and
D-OVA

Compared with the control group, the D-D group and the C-D
group, serum s-IgE, a marker of allergic reactions, was signifi-
cantly increased in the C-C group (p < 0.01) (Fig. 2).

3.2. In vivo and in vitro imaging of uptake of C-OVA and
D-OVA

The fluorescence monitoring process from 0 h to 4 h is shown
in Fig. 3. In the control-V group and the CT-V group, some
fluorescent dyes reached the small intestine at about 2 h.
However, the fluorescent dye labeled allergens reached the
intestinal tract at about 1 h in the C-C, D-D and C-D groups,
and the fluorescence signal gradually decreased in the small
intestinal tract of mice with the increase of time.

The gastrointestinal tract, kidneys, liver, spleen and MLNs
were completely removed from the mice for in vitro imaging

4 h after i.g. The results are shown in Fig. 4(a), the fluorescent
dye in each group had passed through the stomach and
jejunum, mainly located in the ileum and reached the cecum.
Fig. 4(b) shows that the kidneys and MLNs in the C-C, D-D and
C-D groups all showed obvious fluorescent signals. The livers
of the C-D group also showed obvious fluorescence signals.
Therefore, the relative quantitative analysis of the fluorescence
signal intensity of each organ was further carried out.

Next, we explored the relative quantitative analysis of the
fluorescence signal intensity of each organ. The fluorescence
signals of the kidneys in the C-C, D-D and C-D groups were sig-
nificantly increased (p < 0.01) compared to that of the control
group (Fig. 4(c)), and among the C-C, D-D and C-D groups, the
fluorescence signals of the D-D and C-D groups were signifi-
cantly higher than that of the C-C group (p < 0.01). The fluo-
rescence signals of the liver in the C-C and C-D groups were
significantly higher than those in the control group (p < 0.05)
(Fig. 4(d)). However, there was no significant difference in the
liver fluorescence signals between the experimental groups
C-C, D-D and C-D (p > 0.05). The signals of MLNs and the
spleen were all significantly higher in the C-C, D-D and C-D
groups than those of the control group (p < 0.01), of which the
signals of the spleen in the D-D group had smaller magnitudes
(p < 0.05) (Fig. 4(e) and (f )). There was no significant differ-
ence in the fluorescence signals of MLNs and the spleen
between the experimental groups C-C, D-D and C-D (p > 0.05).

3.3. Uptake of C-OVA and D-OVA by DCs in vivo and in vitro

In order to explore the uptake of allergen proteins by pro-
fessional antigen-presenting cells DCs, small intestinal DCs
and allergens were co-located by immunofluorescence 4 h
after i.g. The results showed that a large amount of fluorescent
dye-labeled C-OVA in the C-C group was taken up by DCs in the
LP, whereas part of the fluorescent dye-labeled D-OVA in the
D-D and C-D groups was taken up by DCs in the LP, and the
uptake was like that of some pure fluorescent dyes in the
control-V and CT-V groups (Fig. 5).

In this study, myeloid stem cells were extracted from bone
marrow and introduced into imDCs by combination of
GM-CSF and IL-4 in vitro. In vitro cell experiments were con-

Fig. 2 Serum levels of s-IgE in mice after challenge. *p < 0.05, **p < 0.01, compared with the control group; # p < 0.01, ## p < 0.05, compared
with the C-C group.
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ducted to explore whether mice sensitized by different aller-
gens showed specific phagocytosis to the corresponding aller-
gens. As shown in Fig. 6, 25.90% of DCs in the C-C group pha-
gocytosed C-OVA, which was significantly higher than 17.45%
of DCs in the control-V group that phagocytosed the fluo-
rescent dye (p < 0.05), while the C-C group (25.90%), the D-D
group (21.70%) and the C-D group (25.35%) had no significant
difference (p > 0.05).

3.4. Maturation and differentiation of BMDCs by C-OVA and
D-OVA

In this study, C-OVA was used to stimulate DCs from C-OVA-
sensitized mice, D-OVA to stimulate DCs from D-OVA-sensi-
tized mice, and D-OVA to stimulate DCs from C-OVA-sensitized

mice. As shown in Fig. 7, compared with the control group,
the D-D group and the C-D group, C-OVA in the C-C group can
significantly up-regulate the class II major histocompatibility
complex (MHC II) and the expression of costimulatory mole-
cules (CD86 and CD80) in the DCs of C-OVA-sensitized mice (p
< 0.01). The proportion of CD11c+ MHC II+ DCs was 21.00%,
the proportion of CD11c+ CD86+ DCs was 6.99%, and the pro-
portion of CD11c+ CD80+ DCs was 10.20%. Compared with the
control group, the expressions of MHC II, CD86 and CD80 on
the surface of the DCs of D-OVA-sensitized mice and C-OVA-
sensitized mice were not up-regulated by D-OVA in the D-D
and C-D groups (p > 0.05). The proportions of CD11c+ MHC II+

DCs in the D-D and C-D groups were 8.61% and 9.05%, the
proportions of CD11c+ CD86+ DCs were 2.48% and 2.57%, and

Fig. 3 In vivo images of fluorescence signals accumulated from 0 h to 4 h after intragastric administration of C-OVA and D-OVA. *p < 0.05,
**p < 0.01, compared with the control group; # p < 0.01, ## p < 0.05, compared with the C-C group.
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the proportions of CD11c+ CD80+ DCs were 3.14% and 3.67%,
respectively.

3.5. Differentiation of T cells after co-culture

In this study, high-purity naïve CD4+ T cells were isolated from
mouse splenocytes by immunomagnetic negative selection
and co-cultured with DCs induced by C-OVA and D-OVA. The
activation and differentiation of T cells by mDCs induced by
C-OVA and immature DCs induced by D-OVA were verified. The

results are shown in Fig. 8(a), where naïve CD4+ T cells were
highly differentiated into CD4+ IL-4+ Th2 cells in the C-C
group. The proportion of CD4+ IL-4+ Th2 cells was 13.13%,
which was significantly higher than that in the control group
(1.53%) (p < 0.01). The proportions of CD4+ IL-4+ Th2 cells in
the D-D and C-D groups were 5.13% and 2.73%, respectively,
which were significantly lower than those in the C-C group (p
< 0.01). Fig. 8(b) shows that compared with the control group,
the naïve CD4+ T cells in the C-C, D-D and C-D groups were

Fig. 4 In vitro images of fluorescence signals of various organs accumulated from 0 h to 4 h after intragastric administration of C-OVA and D-OVA.
(a) Fluorescence imaging of the small intestine; (b) fluorescence imaging of mesenteric lymph nodes (upper left), spleen (upper right), kidneys (lower
left), and the liver (lower right); (c) relative quantification of the fluorescence intensity of the kidneys; (d) relative quantification of the fluorescence
intensity of the liver; (e) relative quantification of the fluorescence intensity of the mesenteric lymph nodes; (f ) relative quantification of the fluor-
escence intensity of the spleen. (a) and (b): a: control group; b: CT group; c: control-V group; d: CT-V group; e: C-C group; f: D-D group; g: C-D
group. *p < 0.05, **p < 0.01, compared with the control group; # p < 0.01, ## p < 0.05, compared with the C-C group.

Fig. 5 Fluorescence co-localization of DCs, and absorbed C-OVA and D-OVA in the ileum of mice. Blue fluorescence indicates cell nuclei, green
fluorescence indicates the CD11c marker on the surface of DCs, and red fluorescence indicates the fluorescent dye-labeled protein.
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not differentiated into CD4+ IFN-γ+ Th1 cells. The proportions
of CD4+ IFN-γ+ Th1 cells in the control group, the C-C group,
the D-D group and the C-D group were 0.38%, 0.78%, 0.43%
and 0.52%, respectively (p > 0.05).

IL-4 is a cytokine produced by Th2 cells. IFN-γ is a cytokine
produced by Th1 cells. The results were consistent with the
flow cytometry results. As shown in Fig. 9(a), compared with
the control, D-D and C-D groups, the content of IL-4 in the C-C
group was significantly increased (p < 0.01). However, there
was no significant difference between the D-D and C-D groups
and the control group (p > 0.05). As shown in Fig. 9(b), the
content of IFN-γ had no significant difference among all
groups (p > 0.05).

4. Discussion

In order to explore the effect of antigen presentation on the
differences in the sensitization between C-OVA and D-OVA,
visible light volume imaging was used to detect the differences
in the uptake of fluorescent dye-labeled C-OVA and D-OVA in
sensitized mice. In addition, C-OVA and D-OVA stimulated the
maturation and differentiation of DCs, and further activation
and differentiation of T cells were investigated using DCs and
T cells extracted from sensitized mice.

The difference in the allergic immune response may be due
to the difference in the structure and digestibility of C-OVA
and D-OVA. Most allergens are believed to be generally resist-

Fig. 6 The differences in DC uptake and phagocytosis between C-OVA and D-OVA. *p < 0.05, **p < 0.01, compared with the control group; # p <
0.01, ## p < 0.05, compared with the C-C group.
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ant to degradation by gastrointestinal proteases due to their
structural stability20 and thus contribute to the induction of
food allergies.21 When food enters the stomach, pepsin prefer-
entially cleaves protein amino acid (AA) chains at phenyl-
alanine, tyrosine and leucine residues after being activated in
acidic pH,22 allowing allergens to cause some degree of dena-
turation and hydrolysis. In the duodenum, proteins are further
broken down under the action of pancreatic enzymes and their
allergen levels are altered.23 Astwood et al.24 suggested that
allergens are either resistant to gastrointestinal enzymes or
produce stable fragments in the intestine, whereas non-aller-
gens are completely digested. Non-allergens produce peptide
fragments in the stomach. Intestinal peptide fragments are
further degraded into short AA chains or single AA, which
serve as nutrients for the human body. However, they are too
small to interact with the human immune system.25 According
to Moreno et al.,26 OVA is partially resistant to pepsin and gas-
trointestinal digestion. Intact OVA was still detectable after
120 min exposure to simulated gastric conditions.27 Duodenal
digestion had a greater effect on OVA hydrolysis than gastric
digestion, and the IgE-binding activity of OVA was significantly
reduced after gastrointestinal digestion, but some of its
immunoreactive properties were preserved due to the intact
epitope.28,29 It is reported that OVA retained 30% of its IgE-
binding activity after duodenal digestion.30 Benedé et al.31

used human gastrointestinal fluid to digest OVA, and the
resulting peptides were studied for their immunoreactivity
levels in human serum, and 8 high-frequency IgE binding epi-
topes were identified.

Under normal circumstances, a protein is completely
degraded into amino acids and dipeptides, which enter the
liver through portal circulation for catabolism, and pass
through the kidneys, the detoxification organ, to excrete wastes
that cannot be digested and absorbed in the metabolic process
through urine.32 The fluorescence intensity of the kidneys in
the D-D and C-D groups was significantly higher than that in
the C-C group (Fig. 4(c)). It is possible that more D-OVA was
completely degraded by the mice and then absorbed through
the circulation to reach the kidneys. While studies have shown
that approximately 15% of incompletely digested proteins,
including food allergens,33 are transported by microcystis cells
(M cells), transepithelial dendritic cells (TEDs), and goblet
cells through paracellular diffusion across the intestinal epi-
thelium and are taken up by APCs in the LP.34–38 APCs migrate
from the LP to lymphatic tissues such as MLNs and the spleen
through lymphatic vessels, and present the loaded antigens to
lymphocytes.39–41 Our results show that C-OVA and D-OVA
allergens can enter the relevant immune system through the
spleen and mesenteric lymph nodes.

DCs are specialized APCs with the strongest antigen-pre-
senting capacity. Therefore, we explored the uptake of C-OVA
and D-OVA by DCs in vitro and in vivo. There is no difference in
the uptake of C-OVA and D-OVA by DCs in vitro (Fig. 6), while
the ileal DCs of mice in the C-C group take up a large number
of C-OVA (Fig. 5). It is speculated that it may be caused by the
differences in the immune environment in vivo. On the one
hand, DCs can perform luminal antigen sampling by forming
transepithelial dendrites (TEDs).42 On the other hand, they

Fig. 7 C-OVA and D-OVA induced differences in DC maturation and differentiation. *p < 0.05, **p < 0.01, compared with the control group; # p <
0.01, ## p < 0.05, compared with the C-C group.

Paper Food & Function

452 | Food Funct., 2023, 14, 445–456 This journal is © The Royal Society of Chemistry 2023

Pu
bl

is
he

d 
on

 1
3 

D
ec

em
be

r 
20

22
. D

ow
nl

oa
de

d 
on

 1
/2

8/
20

23
 1

1:
21

:3
8 

A
M

. 
View Article Online

https://doi.org/10.1039/d2fo02370a


can transmit antigens to LP-DCs by inducing goblet cell
secretion and increasing the formation of antigen channels,
forming an antigen delivery mechanism. At the same time,

Esterhazy et al.43 showed that the proximal intestinal draining
lymph nodes preferentially develop tolerance and the distal
intestine generates a pro-inflammatory T cell response. Our

Fig. 8 C-OVA and D-OVA induced differences in the differentiation of naïve CD4+ T cells into Th2 cells (a) and Th1 cells (b) after incubation with
DCs. *p < 0.05, **p < 0.01, compared with the control group; # p < 0.01, ## p < 0.05, compared with the C-C group.
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results showed that the massive intake of C-OVA by DCs in the
ileum induces a pro-inflammatory T cell response.

DCs process antigens and present them to T cells in lym-
phoid tissues, and thus initiate the corresponding immune
response.41 Furthermore, they also regulate immune responses
through signaling molecular pathways and play a key role in
the sensitization mechanism. Antigens could induce the matu-
ration of DCs through changing the expression of DCs’ surface
molecules, which regulates the downstream immune response.
The high expression of MHC II, CD86 and CD80 in the C-C
group indicated the maturation of DCs (Fig. 7), and mDCs
have strong ability to present antigens and stimulate and acti-
vate T cells. This is because the antigen captured by DCs can
induce their maturation and up-regulate the expression of
MHC II on the plasma membrane. The loading of MHC II with
antigenic peptides is the first signal of T cell activation.44–46 At
the same time, mDCs migrate to lymphoid organs and upregu-
late the costimulatory molecules CD80 and CD86, which are
the second signals of T cell activation.47 This study verified
that C-OVA induced the maturation of DCs in C-OVA-sensitized
mice, and mDCs could induce a large number of differen-
tiations of naïve CD4+ T cells into Th2 lymphocytes (Fig. 8).
D-OVA failed to stimulate the maturation of DCs in D-OVA and
C-OVA-sensitized mice, and the expressions of surface MHC II,
CD86 and CD80 were not up-regulated. Therefore, in the
absence of antigenic peptides and co-stimulation in the D-D
and C-D groups, naïve CD4+ T cells were unresponsive48 and
did not differentiate into Th2-type lymphocytes. The overpro-
duction and activation of Th2 lymphocytes play an important
control and regulation role in allergic inflammation.
Therefore, the activated Th2 cells in the C-C group can secrete
a large amount of IL-4, IL-5, IL-6, etc. to induce the transform-
ation of B lymphocytes into plasma cells, produce IgE anti-
bodies, and cause a series of downstream allergic reactions
and immune responses.16,17 Therefore, T cells in the C-C
group were activated by DCs, differentiated into Th2 cells,
secreted a large amount of cytokine IL-4 (Fig. 9), induced B
cells to proliferate and differentiate into plasma cells, and pro-
duced s-IgE antibodies (Fig. 2), and then produced allergic
reactions. However, T cells in the D-D and C-D groups were

less activated than those in the C-C group as no significant
changes were found in the expressions of IL-4 and s-IgE anti-
body. Further studies on the intestinal environment and body
regulation induced variation in the uptake and antigen presen-
tation by intestinal epithelial-related cells and immune cells
can be conducted to better understand the mechanism of the
differences in antigen presentation between C-OVA and D-OVA.

5. Conclusion

Our results showed that the intestinal DCs of the mice in the
C-C group absorbed a large number of C-OVA, while the intesti-
nal DCs of the mice in the D-D and C-D groups absorbed less
D-OVA. C-OVA induced DC maturation, enhanced the antigen
presentation ability, and promoted Th2 cell differentiation and
immune response in the mice in the C-C group, while D-OVA
did not contribute to the maturation of DCs in the D-D group
and C-D group mice. Therefore, the differences in presentation
between C-OVA and D-OVA were one of the key factors for the
differences in their sensitization.
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