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protection from the intestinal inflammation induced by the 
OVA-containing diet. FOS significantly reduced food allergy-
induced Th2 cytokine responses in intestinal tissues but 
not in systemic tissues. FOS decreased OVA diet-induced 
IFN-γ + IL-4 +  double-positive CD4 +  T cells and early-activated 
CD45RB high CD69 + CD4 +  T cells in the mesenteric lymph nodes. 
Furthermore, we confirmed that these CD45RB high CD69 + CD4 +  
T cells are able to produce high levels of IFN-γ and moderate 
level of IL-4, IL-10, and IL-13.  Conclusions:  Dietary intake of 
FOS during the development of food allergy attenuates the 
induction of intestinal Th2 cytokine responses by regulating 
early activation of naïve CD4 +  T cells, which produce both Th1 
and Th2 cytokines. Our results suggest FOS might be a poten-
tial food agent for the prevention of food allergy by modulat-
ing oral sensitization to food antigens.  © 2017 S. Karger AG, Basel 

 Introduction 

 Fructo-oligosaccharides (FOS) are oligosaccharides 
composed of a glucose unit linked to 2–4 fructose units. 
FOS are prebiotics that are indigestible in the small in-
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 Abstract 

  Background:  Fructo-oligosaccharides (FOS) are prebiotic 
agents with immunomodulatory effects involving improve-
ment of the intestinal microbiota and metabolome. In this 
study, we investigated the cellular mechanisms through 
which FOS modulate intestinal antigen-specific CD4 +  T cell 
responses in food allergy, using OVA23-3 mice.  Methods:  
OVA23-3 mice were fed an experimental diet containing ei-
ther ovalbumin (OVA) or OVA and FOS for 1 week. Body 
weight and mucosal mast cell protease 1 in the serum were 
measured as the indicator of intestinal inflammation. Single-
cell suspensions were prepared from intestinal and systemic 
lymphoid tissues for cellular analysis. Cytokine production 
was measured by ELISA. Activation markers and intracellular 
cytokines in CD4 +  T cells were analyzed by flow cytometry. 
Activated CD4 +  T cells were purified to examine cytokine pro-
duction.  Results:  Dietary intake of FOS provided moderate 
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testine of humans and animals, and so they reach the 
large intestine intact where they are then degraded by 
commensal bacteria. Consequently, administration of 
FOS not only alters the composition of intestinal micro-
biota but also generates short-chain fatty acids (SCFAs) 
such as acetate, propionate, and butyrate, resulting in a 
reduced colonic pH  [1–4] . These alterations in the intes-
tinal environment through the intake of FOS exert sev-
eral beneficial physiological effects on humans and ani-
mals  [5] .

  Previous studies have reported that dietary supple-
mentation with FOS has a variety of immunomodula-
tory effects, i.e., not limited to the stimulation of mucosal 
immunoglobulin A responses  [4, 6, 7]  and including the 
amelioration of inflammatory diseases like colitis  [8, 9]  
and allergy  [10–12] . In fact, using a traditional allergy 
model in which experimental mice received systemic 
challenges with an antigen and adjuvant, FOS were re-
ported to ameliorate allergic intestinal inflammation to 
food antigen, as characterized by the reduction of Th2-
associated chemokine receptor (CCR)4-bearing cells in 
the duodenum  [10] . However, it remains to be deter-
mined whether FOS modulate immune reactions pre-
ceding systemic sensitization with the antigen and adju-
vant, which include potentially immune-disrupting ef-
fects and/or oral sensitization with the antigen directly. 
In addition, it remains poorly understood how FOS reg-
ulate cellular mechanisms such as antigen-specific CD4 +  
T cell responses during the development of food allergy. 
To elucidate these issues, we used the OVA23-3 mouse 
model of food allergy. This transgenic mouse line pos-
sesses CD4 +  T cells that express a T cell receptor specific 
for ovalbumin (OVA), a major allergen present in egg 
white. It has been reported that feeding an egg-white-
containing diet to these mice ad libitum can induce in-
testinal and systemic Th2 cytokine responses as well as 
intestinal inflammation with weight loss attributed to 
IL-4-producing, antigen-specific CD4 +  T cells  [13–16] . 
In addition, both mesenteric lymph nodes (MLN) and 
Peyer’s patches (PP) are key sites for the generation and 
maintenance of IL-4-producing CD4 +  T cells in the de-
velopment of food allergy  [15] . Moreover, by using 
germ-free OVA23-3 mice, we have shown that antigen-
specific CD4 +  T cell responses to a dietary antigen can 
be regulated by the intestinal microbiota  [17] .

  In this study, we investigated the effect of dietary in-
take of FOS on intestinal and systemic antigen-specific 
CD4 +  T cell responses in the development of food al-
lergy using OVA23-3 mice.

  Materials and Methods 

 Mice 
 OVA23-3(+/–) mice were obtained by backcrossing OVA23-

3(+/+) mice with BALB/c mice (CLEA Japan, Tokyo, Japan). All 
mice were maintained at a room temperature of 23–25   °   C with 
40–60% humidity with a 12-h:12-h light-dark cycle, and they were 
provided with standard chow and sterile deionized water ad libi-
tum. All animal experiments were carried out at the animal facil-
ity of Nihon University College of Bioresource Sciences, in accor-
dance with the guidelines of Nihon University for the care and use 
of laboratory animals (approval Nos. AP14B058, AP15B040, 
AP15B045, and AP16B036).

  Female OVA23-3(+/–) mice, 8–12 weeks of age, were ran-
domly divided into 3 experimental groups: a control group, an 
OVA group, and an OVA-FOS group. Each group was fed an 
AIN76-formula purified experimental diet. The control group 
received a diet containing 20% casein, the OVA group a diet con-
taining 20% egg-white protein (as a substitute for casein), and the 
OVA-FOS group a diet containing 20% egg-white protein in 
combination with 7.5% FOS (as a substitute for sucrose) 
(Funabashi Farm, Funabashi, Japan). In some experiments, the 
FOS group was placed separately, and received a diet containing 
20% casein in combination with 7.5% FOS. These diets were sup-
plied for 1 week, with the mice being weighed every 2–3 days and 
euthanized at day 7 to remove lymphoid tissues for further cel-
lular analysis. Serum samples were collected just before the eu-
thanasia.

  Cell Preparation 
 Single-cell suspensions were prepared from the mesenteric 

lymph nodes (MLN), Peyer’s patches (PP), and spleens (SPL) of 
each group of mice. Briefly, the MLN and SPL were physically dis-
sociated with slide-glasses in RPMI 1640 medium supplemented 
with 50 U/mL penicillin, 50 μg/mL streptomycin, 2 m M   L -gluta-
mine, and 50 μ M  2-mercaptoethanol; this was followed by filtration 
through a 40-μm cell-strainer. The cell suspensions were treated 
with BD Pharm Lyse TM  lysing buffer (BD Bioscience, Franklin 
Lakes, NJ, USA) to lyse erythrocytes, and then resuspended in 
RPMI 1640 medium containing 10% FCS. PP were washed in 
RPMI 1640 medium, minced into small pieces, and then incubated 
for 50 min in RPMI 1640 medium containing 10% FCS, 1 mg/mL 
collagenase D (Roche Diagnostics, Indianapolis, IN, USA), and 
20 μg/mL DNase I (Roche Diagnostics). The cell suspensions were 
filtered through a 70-μm cell-strainer and resuspended in RPMI 
1640 medium containing 10% FCS.

  Flow Cytometry 
 Freshly isolated cells were washed and stained in FACS buffer 

(Dulbecco’s modified Eagle’s medium containing 1% BSA, 10 m M  
HEPES, 2 m M  sodium pyruvate, 10 −  3  m M  EDTA, and 0.01% 
NaN 3 ). Nonspecific binding to Fc receptors was blocked with anti-
CD16/CD32(93) for 15 min. The cells were then stained with 
fluorescence-conjugated antibodies for 20 min on ice. All fluores-
cence-labeled antibodies, dyes, and staining buffer sets were pur-
chased from eBiosience (San Diego, CA, USA) unless otherwise 
specified. The following antibodies were used: Alexa Fluor 647 or 
PerCPCy5.5 anti-CD4 (RM4–5, BD Biosciences), FITC anti-
CD45RB (C363.16A), PE anti-CD69 (H1.2F3, BD Biosciences), 
and APC anti-CD25 (PC61.5). For the staining of intracellular 
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molecules, the cells were fixed and permeabilized using the FoxP3 
staining buffer set, and then stained with PECy7-conjugated anti-
Foxp3 (FJK-16s) or PE anti-CTLA-4 (UC10–4F10–11, BD Biosci-
ences) or their corresponding isotype control antibodies (PECy7-
labeled rat IgG2a or PE-labeled hamster IgG) for 30 min on ice. 
For intracellular cytokine staining, single-cell preparations were 
stimulated with 50 ng/mL PMA and 500 ng/mL ionomycin in the 
presence of BD GolgiStop TM  (Monensin, BD Biosciences) for 4 h. 
The cells were stained with FITC anti-CD4 (RM4–5), followed by 
staining with fixable viability dye 780 to discriminate between live 
and dead cells. The cells were then fixed and permeabilized using 
the intracellular fixation and permeabilization buffer set, and 
stained with antibodies against IFN-γ (XMG1.2), IL-4 (11B11), 
and IL-13 (eBio13A). Flow-cytometric analyses were performed 
using a FACSCantoII (BD Biosciences) and ananalysis was per-
formed using FlowJo software v7.6.5 (Tree Star, Ashland, OR, 
USA).

  Cell Purification and Sorting 
 CD4 +  cells from the MLN of experimental OVA23-3 mice were 

enriched using anti-CD4 antibody-conjugated immunomagnetic 
beads in combination with the MACS cell-separation system 
(Miltenyi Biotec, Bergisch Gladbach, Germany) according to the 
manufacturer’s protocol. Enriched CD4 +  cells were stained with 
Alexa Fluor 647 anti-CD4, FITC anti-CD45RB, and PE anti-CD69, 
and sorted into 4 populations based on the expression of CD45RB 
and CD69 using a FACS Aria II (BD Biosciences). The purity of 
sorted CD4 +  cells was >95%. 

  Cell Culture 
 Whole cells (2.5 × 10 6  cells) from the MLN, PP, or SPL of the 

experimental mice were cultured in 48-well flat-bottom plates in 
the presence of OVA (5 mg/mL, 2 × Cryst, SEIKAGAKU CO, To-
kyo, Japan) for 48 h.

  T cells isolated by fluorescence-activated cell sorting (FACS) 
(1 × 10 5  cells) were cultured for 48 h in 96-well round-bottom 
plates in the presence of OVA (5 mg/mL) and mitomycin C-treat-
ed, T cell-depleted (Thy1.2 – ) SPL cells (3 × 10 5  antigen-presenting 
cells) isolated from nontreated BALB/c mice. Culture supernatants 
were harvested for subsequent analysis by   enzyme-linked immu-
nosorbent assay (ELISA).

  ELISA 
 Cytokine concentration in culture supernatants and the level of 

mucosal mast cell protease 1 (mMCP1), total IgE, and OVA-spe-
cific IgE in the serum were assayed by sandwich ELISA. Measure-
ment of IFN-γ, IL-2, IL-4, and total and OVA-specific IgE was 
performed as described previously  [14, 17, 18] . Purified rat anti-
mouse IFN-γ (AN-18), IL-2 (JES6–1A12), and IL-4 (BJD4–1D11), 
IgE (R35–92) monoclonal antibodies, or OVA were used as cap-
ture reagents; biotinylated rat anti-mouse IFN-γ (XMG1.2), IL-2 
(JES6–5H4), IL-4 (BJD6–34G2), and IgE (LO-ME-2, Serotec) 
monoclonal antibodies were used as detection antibodies. All an-
tibodies were purchased from BD Biosciences unless otherwise 
specified. The level of IL-10 was measured using the BD OptEIA 
mouse ELISA set, and the levels of IL-13 and mMCP1 were mea-
sured using the Mouse ELISA Ready-SET GO! (BD Biosciences 
and eBiosciences, respectively) according to the manufacturer’s 
instructions.

  Statistical Analysis 
 Statistical significance was calculated using SPSS software 

(IBM SPSS Statistics 20, IBM Machines Corp., Armonk, NY, 
USA). Data were analyzed using one-way analysis of variance 
(ANOVA) followed by the Tukey HSD test or the Dunnett T3 test. 
Differences were considered statistically significant for values of 
 p  < 0.05.

  Results 

 Dietary FOS Have a Moderate Protective Effect on 
Intestinal Inflammation Induced by Food Allergy 
 To determine the protective effect of FOS on intestinal 

inflammation caused by food allergy in OVA23-3 mice, 
we measured the body weight of all experimental mice 
over the course of each experiment. Consistent with pre-
vious reports  [13, 15, 16] , the mice in the OVA group, 
which were fed a diet containing 20% egg white, equiva-
lent to approximately 10% OVA, displayed a reduced 
body weight at day 7 that was significantly lower than 
that of the control group ( Fig. 1 a). The OVA-FOS group 
had slightly more weight after receiving the experimental 
diet compared to the OVA group ( p  = 0.12,  Fig. 1 a). We 
also confirmed that FOS feeding alone did not affect the 
body weight of the mice (online suppl. Fig. 1A; see www.
karger.com/doi/10.1159/000481984 for all online suppl. 
material).

  We next analyzed the level of mMCP1 in the serum, 
which has been reported as a marker of intestinal mast 
cell degranulation and intestinal inflammation  [19] . No 
mMCP1 was detected in the serum from the control 
group but the level was significantly increased in the OVA 
group ( Fig. 1 b). The OVA-FOS group showed a slightly 
lower level of mMCP1 than the OVA group ( p  = 0.13; 
 Fig.  1 b). These data suggest that dietary intake of FOS 
provides a mild protection from intestinal inflammation 
induced by food allergy.

  We also measured the serum level of OVA-specific 
and total IgE from each experimental group. Although no 
OVA-specific IgE was detected and the level of total IgE 
was very low in all groups at this time point (after 1 week 
of feeding them the experimental diet), the results show 
that the level of total IgE was slightly lower in the OVA-
FOS group than in the OVA group ( p  = 0.08;  Fig. 1 c).

  FOS Supplementation Attenuates Th2 Cytokine 
Responses in the Intestinal Immune Tissues during the 
Development of Food Allergy 
 To investigate the effect of FOS supplementation on 

intestinal and systemic responses during the develop-
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ment of food allergy, we measured the cytokine produc-
tion of single cells prepared from the MLN, PP, or SPL 
of each experimental group after in vitro stimulation 
with OVA. Cells isolated from tissues in the OVA group 
showed significantly higher levels of the Th2 cytokines 
IL-4 and IL-13, and lower levels of the Th1 cytokines 
IFN-γ and IL-2 when compared to similar cells from the 
control group ( Fig. 2 ). This suggests that Th2-dominant 
cytokine responses were induced in the intestinal and 
systemic tissues following the consumption of an OVA-
containing diet. Remarkably, cells isolated from the in-
testinal tissues of mice from the OVA-FOS group 
showed significantly lower IL-4 and IL-13 production 
than those from the OVA group ( Fig. 2 ), but IFN-γ and 
IL-2 production was comparable. On the other hand, 
cells prepared from the SPL, which reflect systemic im-
munity, showed similar cytokine production in the 
OVA-FOS and OVA groups ( Fig. 2 ). We also confirmed 
that FOS-feeding alone had no effect on Th2 cytokines 
and a minimal effect on the Th1 cytokine responses by 
the cells from both the intestinal and systemic tissues 
(online suppl. Fig. 1B). These data suggest that FOS sup-
plementation decreases Th2 cytokine responses in the 
intestinal immune tissues during the development of 
food allergy.

  FOS Supplementation Decreases the Induction of 
IFN-γ + IL-4 +  Double-Positive CD4 +  T Cells during the 
Development of Food Allergy 
 We next performed intracellular cytokine staining to 

determine the effect of FOS supplementation on the cy-
tokine profile of intestinal and systemic CD4 +  T cells 
during the development of food allergy. The results 
showed that expression of IL-4, IL-13, and IFN-γ in 
CD4 +  T cells in the MLN and SPL was significantly high-
er in both the OVA and OVA-FOS groups than in the 
control group ( Fig. 3 a), suggesting that the OVA-con-
taining diet increased the potential of CD4 +  T cells from 
the MLN and SPL to produce both Th1 and Th2 cyto-
kines. Notably, the expression of Th2 cytokines in CD4 +  
T cells from the MLN was significantly lower in mice 
from the OVA-FOS group than in those from the OVA 
group ( Fig. 3 a), despite a comparable level of cytokine 
expression in the CD4 +  T cells from the SPL. In addition, 
as a result of a more detailed analysis of IL-4-express-
ing CD4 +  T cells, we found that both IFN-γ – IL-4 +  and 
IFN-γ + IL-4 +  CD4 +  T cells were induced in the MLN and 
SPL after the consumption of an OVA-containing diet 
(data not shown;  Fig. 3 b, c). In particular, the percentage 
of IFN-γ + IL-4 +  double-positive but not that of IFN-γ –
 IL-4 +  single-positive CD4 +  T cells was significantly lower 
in the MLN of the OVA-FOS group than in the OVA 
group ( Fig. 3 b, c).
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  Fig. 1.  Dietary FOS have a moderate protective effect on intestinal 
inflammation caused by food allergy.  a  The body weight of each 
mouse at day 7 was indicated as a percentage of the initial weight 
at day 0. b, c The level of mMCP-1 ( b ) and total IgE ( c ) in the se-

rum samples collected at day 7 was assayed by ELISA. Data repre-
sent the body weight or the concentration of each protein from an 
individual mouse ( n  = 9–14 for each group).  *   p  < 0.05,  *  *   p  < 0.01. 
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  FOS Supplementation Does Not Promote Regulatory 
T Cell Responses during the Development of Food 
Allergy 
 In order to determine the cellular mechanisms under-

lying the reduced food allergy-induced cytokine respons-
es in intestinal CD4 +  T cells resulting from FOS supple-

mentation, we analyzed the expression of regulatory T 
(Treg) cells and their related molecules. The expression 
of Foxp3 and CTLA4 in CD4 +  T cells was higher in all tis-
sues of the OVA and OVA-FOS groups than in the con-
trol group, but comparable in the OVA and OVA-FOS 
groups ( Fig. 4 a). Next, we measured the amount of anti-
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 *  *   p  < 0.01. nd, not detected; ns, not significant. 
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  Fig. 3.  Dietary FOS decrease the induction of IFN-γ + IL-4 +  double-
positive CD4 +  T cells in MLN during the development of food al-
lergy. MLN and SPL cells from each experimental group were 
stimulated with PMA/ionomycin and BD GolgiStop TM  for 4 h. 
The cells were stained with anti-CD4 and fixable viability dye 
eFluor780 followed by intracellular staining with antibodies 

against IL-4, IL-13, and IFN-γ.  a  The percentage of viable CD4 +  
cells expressing each cytokine.  b  Dot plots of IFN-γ and IL-4 ex-
pression in MLN CD4 +  cells.  c  The percentage of viable CD4 +  cells 
from the MLN expressing both IFN-γ and IL-4.  a ,  c  Data are from 
5–6 independent experiments.  *   p  < 0.05,  *  *   p  < 0.01. ns, not sig-
nificant. 
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inflammatory cytokine IL-10 produced by single cells 
prepared from each monitored tissue type in each exper-
imental group. We observed elevated levels of IL-10 in all 
tissue preparations from the OVA and OVA-FOS groups 
compared to the control group ( Fig. 4 b). However, the 
production of IL-10 from SPL cells was comparable in the 
OVA and OVA-FOS groups, and the cytokine produc-
tion from the intestinal tissues of mice from the OVA-
FOS group was significantly lower than in the OVA group 

( Fig. 4 b). These data suggest that FOS supplementation 
did not contribute to the expansion or activation of Treg 
cells in our experimental systems.

  FOS Supplementation Decreases the Induction of 
Early-Activated CD4 +  T Cells during the Development 
of Food Allergy 
 We next tested the possibility that FOS supplementa-

tion may affect the process of T cell activation during the 
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  Fig. 4.  Dietary FOS do not promote regulatory T cell responses 
during the development of food allergy. Cells from the MLN, PP, 
and SPL of each experimental group were stained with anti-CD4, 
followed by intracellular staining with antibodies against Foxp3 
and CTLA-4.          a  The percentage of CD4 +  cells expressing Foxp3 or 
CTLA4. Data are representative of 3–4 independent experiments. 

 b  Single cells from the MLN, PP, and SPL of each experimental 
group were stimulated in vitro with 5 mg/ml of OVA for 48 h. The 
concentration of IL-10 in the culture supernatants was assayed by 
ELISA. Data are shown as mean ± SD and are representative of 4 
independent experiments.            *   p  < 0.05,  *  *   p  < 0.01. nd, not detected; 
ns, not significant. 
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  Fig. 5.  Dietary FOS decrease the induction of activated CD4 +  T 
cells in the intestinal tissues during the development of food al-
lergy. Cells from the MLN, PP, and SPL of each experimen-
tal group were stained with anti-CD4, anti-CD45RB, and anti-

CD69.        a  Dot plots of CD45RB and CD69 expression in CD4 +  cells 
from each tissue.  b  The percentage of CD4 +  cells expressing 
CD45RB high CD69 +  population. Data are representative of 3–7 in-
dependent experiments.          *   p  < 0.05,  *  *   p  < 0.01. 
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development of food allergy. To this end, we analyzed the 
cell surface expression of CD45RB and CD69, which have 
been widely used to define the activated and naïve states 
of CD4 +  T cells, respectively. Interestingly, we found that 
the CD45RB high CD69 + CD4 +  population, which repre-
sents early-activated CD4 +  T cells, was present in very low 
numbers in all tissues from the control group, but was 
increased in the intestinal tissues and slightly augmented 
in the SPL after the consumption of an OVA-containing 
diet ( Fig. 5 a, b). In the groups fed OVA-containing diets, 
the proportion of early-activated CD4 +  T cells was sig-
nificantly lower in the MLN and PP from the OVA-FOS 
group than in those from the OVA group ( Fig.  5 a, b). 
These data suggest that FOS supplementation attenuates 
the activation of naïve CD4 +  T cells in the intestinal tis-
sues during the development of food allergy.

  Food Allergy-Induced Activated 
CD45RB high CD69 + CD4 +  T Cells Produce High 
Levels of Th1 Cytokines and Moderate Levels of Th2 
Cytokines  
 Finally, we wanted to determine the functional prop-

erties of the CD45RB high CD69 + CD4 +  T cells augmen-

ted in the intestinal tissues of mice fed an OVA-contain-
ing diet. To this end, we sorted 4 different popula-
tions of CD4 +  T cells from the MLN of mice in the con-
trol or OVA group, based on their levels of CD45RB and 
CD69. We then stimulated them with OVA in the pres-
ence of antigen-presenting cells in vitro. The results 
show that the cytokine profile of these FACS-purified 
CD4 +  T cells was largely associated with the expression 
level of CD45RB rather with that of CD69; CD45RB high  
populations had higher levels of the Th1 cytokine IFN-
γ and lower levels of the Th2 cytokines IL-4, IL-10, 
and IL-13 when compared with the CD45RB low  pop-
ulations ( Fig.  6 ). In addition, we found that the 
CD45RB high CD69 +  population from the OVA group 
produced moderate levels of IL-4, IL-10, and IL-13 as 
well as the highest level of IFN-γ among all of the CD4 +  
populations tested ( Fig. 6 ). Furthermore, these early-ac-
tivated CD4 +  T cells showed higher Th2 cytokine pro-
duction than the naïve CD45RB high CD69 –  cell popula-
tion from the control group as well as higher production 
of IL-10 and IL-13 than the naïve population from the 
OVA group ( Fig. 6 ).
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  Fig. 6.  CD45RB high CD69 + CD4 +  T cells induced in food allergy pro-
duce both Th1 and Th2 cytokines. MLN CD4 +  cells from the OVA 
and control groups were distributed into 4 different populations 
based on the expression of CD45RB and CD69, using FACS. The 
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in the presence of antigen-presenting cells for 48 h. The levels of 
cytokines in the supernatants were assayed using ELISA. Data are 
shown as mean ± SD and are representative of 3 independent ex-
periments. nd, not detected.                                 
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  Discussion 

 In this study, we showed the cellular mechanisms by 
which the dietary intake of FOS modulates antigen-spe-
cific CD4 +  T cell responses in food allergy by making use 
of the OVA23-3 mouse model. It has been reported that 
simply feeding an egg-white-containing diet to OVA23-3 
mice can lead to excessive IL-4 production from OVA-
specific CD4 +  T cells in the MLN, which has an inhibi-
tory influence on the induction of Treg cells, resulting in 
intestinal inflammation  [15, 16] . Here, we demonstrate 
that the administration of FOS reduces intestinal Th2 cy-
tokine responses and has a mild protective effect against 
the intestinal inflammation induced by feeding an OVA-
containing diet to OVA23-3 mice. As SCFAs metabolized 
from dietary fibers have been reported to be important 
inducers of colonic Treg cells  [20, 21] , we initially hypoth-
esized that dietary intake of FOS could promote the ex-
pansion and/or activation of Treg cells through an in-
crease in luminal SCFAs. However, we did not observe 
any effect of FOS on the number of Treg cells, the amount 
of their effector molecules, or the production of anti-in-
flammatory cytokine IL-10 from cell preparations made 
from any of the tissues assessed. In addition, the pattern 
of IL-10 production was similar to that of other Th2 cy-
tokines, indicating that, in our experimental system, IL-
10 behaved as a Th2 cytokine rather than as a cytokine 
produced by Treg cells. We also confirmed that the feed-
ing of FOS alone for 1 week did not affect the number of 
Treg cells, and it activated the CD4 +  T cells in the intesti-
nal and systemic tissues (online suppl. Fig. 1C, D). These 
results suggest that FOS supplementation alters intestinal 
Th2 cytokine responses induced by feeding mice an 
OVA-containing diet via cellular mechanisms other than 
the modulation of Treg cells.

  Intriguingly, we found that dietary FOS diminished 
the OVA-induced expansion of IFN-γ- and IL-4-coex-
pressing CD4 +  T cells but not that of IL-4 single-positive 
CD4 +  T cells in the MLN. IFN-γ + IL-4 +  double-positive 
CD4 +  T cells have reportedly been generated in vivo dur-
ing infection by certain parasites  [22, 23] , i.e., in strong, 
Th2-dominated settings, and also in vitro, from naïve 
CD4 +  T cells stimulated with anti-CD3 and anti-CD28 in 
the presence of both IFN-γ and IL-4  [24] . These double-
positive CD4 +  T cells express T-bet and GATA3  [22] , the 
key transcription factors for Th1 and Th2 cells, respec-
tively, suggesting combined transcriptional properties. 
Furthermore, it was reported that these hybrid CD4 +  T 
cells cause less immunopathology than Th2 cells in an al-
lergic airway inflammation model, due to competition 

between Th1 and Th2 cytokine production  [23] . In this 
regard, it is possible that the inability of dietary FOS to 
prevent the induction of IL-4 single-positive CD4 +  T cells 
might be associated with moderate protection from food 
allergy-induced weight loss and an increase in the serum 
level of mMCP1 in OVA23-3 mice. Furthermore, we 
found that dietary intake of FOS decreased the generation 
of a unique, CD45RB high CD69 +  CD4 +  T cell population 
in the intestinal tissues after the consumption of an OVA-
containing diet. It has been shown that upon antigen 
stimulation of T cells, CD69 can be rapidly upregulated 
within the first cycle of cell division and then decreased 
with additional cycles. In contrast, CD45RB is expressed 
at high levels on naïve CD4 +  T cells and downregulated 
in proliferating CD4 +  T cells  [25] . Thus, it is likely that the 
CD45RB high CD69 +  population comprises the early-acti-
vated CD4 +  T cells that have not yet divided, or are with-
in an early proliferating stage. Moreover, we determined 
the functional properties of the CD45RB high CD69 + CD4 +  
T cells representing both Th1 and Th2 hybrid cytokine 
production. Together, our data suggest that dietary sup-
plementation with FOS diminishes the induction of 
IFN-γ- and IL-4-producing early-activated CD4 +  T cells 
during the development of food allergy. Further investi-
gations are needed to determine the function of these hy-
brid CD4 +  T cells in the intestinal inflammation of this 
mouse model of food allergy.

  Although it is still unknown how dietary FOS inhibits 
the induction of these early-activated CD4 +  T cells during 
the development of food allergy, we speculate that dietary 
FOS may modulate the function of antigen-presenting 
cells, such as dendritic cells, in order to initiate and/or 
activate CD4 +  T cell responses in the intestinal tissues. 
Trompette et al.  [26]  have recently reported that propi-
onic acid, a metabolite generated from dietary fiber, could 
increase hematopoiesis and modify dendritic cell func-
tion by downregulating costimulatory molecules, result-
ing in protection from allergic asthma. Since intake of a 
high-fiber diet has been shown to increase the concentra-
tion of SCFAs not only in the intestines but also in the 
serum  [26] , it is quite likely that SCFAs could regulate the 
properties of dendritic cells in the intestinal mucosa as 
well as in regional lymph nodes, such as the MLN.

  We observed that supplementation with FOS had a 
moderate protective effect on weight loss, an increase in 
the serum level of mMCP1 and total IgE, and little effect 
on the systemic Th2 cytokine responses induced by the 
consumption of an OVA-containing diet. It has been re-
ported that elevated IL-4 production by OVA-specific 
CD4 +  T cells can be observed in the MLN of OVA23-3 
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mice 2 days after they are supplied with an OVA-contain-
ing diet  [16] , whereas FOS might exert their effects 
through changes in the intestinal microbiota and their 
metabolites in the latter half of the week that mice are fed 
the experimental diet, potentially leading to limited pre-
vention of intestinal events caused by allergic food reac-
tion. Thus, it is possible that prophylactic treatment or a 
longer intervention with FOS could be more efficient in 
inhibiting the induction of intestinal inflammation and 
systemic allergic responses.

  Taken together, our results demonstrate that the di-
etary intake of FOS diminishes the early activation of na-
ïve intestinal CD4 +  T cells, which produce both Th1 and 
Th2 cytokines in a mouse model of food allergy, provid-
ing a moderate protective effect against intestinal inflam-
mation due to food allergy. Importantly, our study shows 
that the intake of both FOS and a food antigen for a short 
period (only 1 week) can modify the antigen-specific 
CD4 +  T cell responses induced by oral sensitization to 
food antigens. This is in agreement with a previous report 

using a traditional model of food allergy, which showed 
the effects of supplementation of FOS for 7–8 weeks dur-
ing a period of allergic sensitization  [10] . Our results sug-
gest that FOS may be a potential food agent for the pre-
vention of food allergy. Further studies will determine 
more effective methods to consume FOS for use as a ther-
apeutic agent.

  Acknowledgement 

 We thank Dr. S. Habu (Tokai University, Japan) for providing 
the OVA23-3 mice. We also thank Meiji Co. Ltd. for providing the 
fructo-oligosaccharides (Meioligo-P ® ). This work was supported 
by a Grant-in-Aid from the Japan Society for the Promotion of Sci-
ence (grant Nos. 24580200 and 15K07443).

  Disclosure Statement 

 The authors have no conflicts of interest to declare.
 

 References 

  1 Lange K, Hugenholtz F, Jonathan MC, Schols 
HA, Kleerebezem M, Smidt H, Muller M, 
Hooiveld GJ: Comparison of the effects of five 
dietary fibers on mucosal transcriptional pro-
files, and luminal microbiota composition 
and SCFA concentrations in murine colon. 
Mol Nutr Food Res 2015;   59:   1590–1602. 

  2 Nakanishi Y, Murashima K, Ohara H, Suzuki 
T, Hayashi H, Sakamoto M, Fukasawa T, 
Kubota H, Hosono A, Kono T, Kaminogawa 
S, Benno Y: Increase in terminal restriction 
fragments of bacteroidetes-derived 16S rRNA 
genes after administration of short-chain 
fructooligosaccharides. Appl Environ Micro-
biol 2006;   72:   6271–6276. 

  3 Pan XD, Chen FQ, Wu TX, Tang HG, Zhao 
ZY: Prebiotic oligosaccharides change the 
concentrations of short-chain fatty acids and 
the microbial population of mouse bowel. J 
Zhejiang Univ Sci B 2009;   10:   258–263. 

  4 Yamamoto Y, Takahahi T, To M, Nakagawa 
Y, Hayashi T, Shimizu T, Kamata Y, Saruta J, 
Tsukinoki K: The salivary IgA flow rate is in-
creased by high concentrations of short-chain 
fatty acids in the cecum of rats ingesting fruc-
tooligosaccharides. Nutrients 2016;   8:E500. 

  5 Hidaka H, Hirayama M, Tokunaga T, Eida T: 
The effects of undigestible fructooligosaccha-
rides on intestinal microflora and various 
physiological functions on human health. 
Adv Exp Med Biol 1990;   270:   105–117. 

  6 Hosono A, Ozawa A, Kato R, Ohnishi Y, Na-
kanishi Y, Kimura T, Nakamura R: Dietary 
fructooligosaccharides induce immunoregu-
lation of intestinal IgA secretion by murine 
Peyer’s patch cells. Biosci Biotechnol Bio-
chem 2003;   67:   758–764. 

  7 Nakamura Y, Nosaka S, Suzuki M, Nagafuchi 
S, Takahashi T, Yajima T, Takenouchi-Ohku-
bo N, Iwase T, Moro I: Dietary fructooligosac-
charides up-regulate immunoglobulin a re-
sponse and polymeric immunoglobulin re-
ceptor expression in intestines of infant mice. 
Clin Exp Immunol 2004;   137:   52–58. 

  8 Winkler J, Butler R, Symonds E: Fructo-oligo-
saccharide reduces inflammation in a dextran 
sodium sulphate mouse model of colitis. Dig 
Dis Sci 2007;   52:   52–58. 

  9 Cherbut C, Michel C, Lecannu G: The prebi-
otic characteristics of fructooligosaccharides 
are necessary for reduction of TNBS-induced 
colitis in rats. J Nutr 2003;   133:   21–27. 

 10 Fujitani S, Ueno K, Kamiya T, Tsukahara T, 
Ishihara K, Kitabayashi T, Itabashi K: In-
creased number of CCR4-positive cells in the 
duodenum of ovalbumin-induced food aller-
gy model Nc/jic mice and antiallergic activity 
of fructooligosaccharides. Allergol Int 2007;  
 56:   131–138. 

 11 Yasuda A, Inoue K, Sanbongi C, Yanagisawa 
R, Ichinose T, Tanaka M, Yoshikawa T, 
Takano H: Dietary supplementation with 
fructooligosaccharides attenuates allergic 
peritonitis in mice. Biochem Biophys Res 
Commun 2012;   422:   546–550. 

 12 Yasuda A, Inoue KI, Sanbongi C, Yanagisawa 
R, Ichinose T, Yoshikawa T, Takano H: Di-
etary supplementation with fructooligosac-
charides attenuates airway inflammation re-
lated to house dust mite allergen in mice. Int 
J Immunopathol Pharmacol 2010;   23:   727–
735. 

 13 Nakajima-Adachi H, Ebihara A, Kikuchi A, 
Ishida T, Sasaki K, Hirano K, Watanabe H, 
Asai K, Takahashi Y, Kanamori Y, Shimojo N, 
Matsuda H, Kohno Y, Hachimura S, Kami-
nogawa S: Food antigen causes Th2-depen-
dent enteropathy followed by tissue repair in 
T-cell receptor transgenic mice. J Allergy Clin 
Immunol 2006;   117:   1125–1132. 

 14 Shida K, Hachimura S, Ametani A, Ishimori 
M, Ling M, Hashiguchi M, Ueda Y, Sato T, 
Kumagai Y, Takamizawa K, Habu S, Kami-
nogawa S: Serum IgE response to orally in-
gested antigen: a novel IgE response model 
with allergen-specific T-cell receptor trans-
genic mice. J Allergy Clin Immunol 2000;   105:  
 788–795. 

 15 Nakajima-Adachi H, Kikuchi A, Fujimura Y, 
Shibahara K, Makino T, Goseki-Sone M, Ki-
hara-Fujioka M, Nochi T, Kurashima Y, Iga-
rashi O, Yamamoto M, Kunisawa J, Toda M, 
Kaminogawa S, Sato R, Kiyono H, Hachimura 
S: Peyer’s patches and mesenteric lymph 
nodes cooperatively promote enteropathy in 
a mouse model of food allergy. PLoS One 
2014;   9:e107492. 

D
ow

nl
oa

de
d 

by
: A

. M
ar

i -
 3

12
98

U
ni

ve
rs

ita
 d

eg
li 

S
tu

di
&

#4
4;

 B
ib

l. 
A

re
a 

B
io

m
ed

. T
or

 V
er

ga
ta

16
0.

80
.2

.3
8 

- 
12

/2
6/

20
17

 3
:2

8:
45

 P
M



 Tsuda et al.
 

Int Arch Allergy Immunol 2017;174:121–132
DOI: 10.1159/000481984

132

 16 Nakajima-Adachi H, Shibahara K, Fujimura 
Y, Takeyama J, Hiraide E, Kikuchi A, Mu-
rakami H, Hosono A, Nochi T, Wakatsuki Y, 
Shimojo N, Kaminogawa S, Sato R, Kiyono H, 
Hachimura S: Critical role of intestinal inter-
leukin-4 modulating regulatory T cells for de-
sensitization, tolerance, and inflammation of 
food allergy. PLoS One 2017;   12:e0172795. 

 17 Tsuda M, Hosono A, Yanagibashi T, Kihara-
Fujioka M, Hachimura S, Itoh K, Hirayama K, 
Takahashi K, Kaminogawa S: Intestinal com-
mensal bacteria promote T cell hyporespon-
siveness and down-regulate the serum anti-
body responses induced by dietary antigen. 
Immunol Lett 2010;   132:   45–52. 

 18 Sato A, Hashiguchi M, Toda E, Iwasaki A, 
Hachimura S, Kaminogawa S: CD11b+ Pey-
er’s patch dendritic cells secrete IL-6 and in-
duce IgA secretion from naive B cells. J Im-
munol 2003;   171:   3684–3690. 

 19 Kunisawa J, Arita M, Hayasaka T, Harada T, 
Iwamoto R, Nagasawa R, Shikata S, Nagatake 
T, Suzuki H, Hashimoto E, Kurashima Y, Su-
zuki Y, Arai H, Setou M, Kiyono H: Dietary 
omega3 fatty acid exerts anti-allergic effect 
through the conversion to 17,18-epoxyeicosa-
tetraenoic acid in the gut. Sci Rep 2015;   5:  
 9750. 

 20 Arpaia N, Campbell C, Fan X, Dikiy S, van der 
Veeken J, deRoos P, Liu H, Cross JR, Pfeffer 
K, Coffer PJ, Rudensky AY: Metabolites pro-
duced by commensal bacteria promote pe-
ripheral regulatory T-cell generation. Nature 
2013;   504:   451–455. 

 21 Furusawa Y, Obata Y, Fukuda S, Endo TA, 
Nakato G, Takahashi D, Nakanishi Y, Uetake 
C, Kato K, Kato T, Takahashi M, Fukuda NN, 
Murakami S, Miyauchi E, Hino S, Atarashi K, 
Onawa S, Fujimura Y, Lockett T, Clarke JM, 
Topping DL, Tomita M, Hori S, Ohara O, 
Morita T, Koseki H, Kikuchi J, Honda K, Hase 
K, Ohno H: Commensal microbe-derived bu-
tyrate induces the differentiation of colonic 
regulatory T cells. Nature 2013;   504:   446–450. 

 22 Deaton AM, Cook PC, De Sousa D, Phythian-
Adams AT, Bird A, MacDonald AS: A unique 
DNA methylation signature defines a popula-
tion of IFN-gamma/IL-4 double-positive T 
cells during helminth infection. Eur J Immu-
nol 2014;   44:   1835–1841. 

 23 Lohning M, Grogan JL, Coyle AJ, Yazdan-
bakhsh M, Meisel C, Gutierrez-Ramos JC, 
Radbruch A, Kamradt T: T1/st2 expression is 
enhanced on CD4+ T cells from schistosome 
egg-induced granulomas: analysis of Th cell 
cytokine coexpression ex vivo. J Immunol 
1999;   162:   3882–3889. 

 24 Peine M, Rausch S, Helmstetter C, Frohlich A, 
Hegazy AN, Kuhl AA, Grevelding CG, Hofer 
T, Hartmann S, Lohning M: Stable T-bet(+)
GATA-3(+) Th1/Th2 hybrid cells arise in 
vivo, can develop directly from naive precur-
sors, and limit immunopathologic inflamma-
tion. PLoS Biol 2013;   11:e1001633. 

 25 Pettini E, Prota G, Ciabattini A, Boianelli A, 
Fiorino F, Pozzi G, Vicino A, Medaglini D: 
Vaginal immunization to elicit primary T-cell 
activation and dissemination. PLoS One 
2013;   8:e80545. 

 26 Trompette A, Gollwitzer ES, Yadava K, Si-
chelstiel AK, Sprenger N, Ngom-Bru C, 
Blanchard C, Junt T, Nicod LP, Harris NL, 
Marsland BJ: Gut microbiota metabolism of 
dietary fiber influences allergic airway disease 
and hematopoiesis. Nat Med 2014;   20:   159–
166. 

  

D
ow

nl
oa

de
d 

by
: A

. M
ar

i -
 3

12
98

U
ni

ve
rs

ita
 d

eg
li 

S
tu

di
&

#4
4;

 B
ib

l. 
A

re
a 

B
io

m
ed

. T
or

 V
er

ga
ta

16
0.

80
.2

.3
8 

- 
12

/2
6/

20
17

 3
:2

8:
45

 P
M



0

10

20

30

IF
N

-g
(n

g
/m

l)

0

1

2

3

4

5

IL
-4

 (
n
g
/m

l)

0

1

2

3

4

IL
-1

3
 (

n
g
/m

l)

0

5

10

15

IF
N

-g
(n

g
/m

l)

0

0.05

0.1

IL
-4

 (
n
g
/m

l)

0

1

2

3

4

IL
-1

3
 (

n
g
/m

l)

0

5

10

15

20

IF
N

-g
(n

g
/m

l)

0

0.5

1

IL
-4

 (
n
g
/m

l)

0

1

2

3

4

IL
-1

3
 (

n
g
/m

l)

MLNSPL PP

N.D. N.D. N.D. N.D.

N.D. N.D. N.D. N.D.N.D. N.D.

N.S.
N.S.

N.S.

p = 0.06

OVA

FOS +
--

-
OVA

FOS +
--

-
OVA

FOS +
--

-

70

80

90

100

110

120

w
e
ig

h
t 

(%
 o

f 
b
a
s
e
lin

e
)

A

OVA

FOS +
--

-

B

N.S.

Supplementary Fig.1 Tsuda et al.

Foxp3

CD25

3.540.55

1.10

3.480.53

0.90

4.991.76

1.05

4.471.53

1.19

1.13 1.81

4.74

1.17 2.13

3.94

MLNSPL PP

Control

FOS

0.721.59

69.528.2

0.731.15

73.924.2

0.591.69

72.525.2

0.751.64

74.623.0

2.1110.5

57.330.1

1.8711.3

58.728.2

CD69

CD45RB

MLNSPL PP

Control

FOS

C

D



Supplementary Fig. 1 Dietary FOS alone do not affect cytokine responses against

in vitro stimulation with OVA and the phenotype of CD4+ T cells.

(A) The body weight of each mouse at day 7 was indicated as a percentage of the

initial weight at day 0. Data represents the body weight from individual mouse from

FOS group (received the experimental diet containing 7.5% FOS without OVA) or

control group (n = 6 for each group). (B) Single cells from the MLN, PP, and SPL of

FOS or control group were stimulated in vitro with 5 mg/ml of OVA for 48 h. The

concentration of each cytokine in the culture supernatants was assayed by ELISA. Data

are shown as mean ± SD and representative of two independent experiments. (C) Cells

from the MLN, PP, and SPL of FOS or control group were stained with anti-CD4 and

anti-CD25 followed by intracellular staining with antibodies against Foxp3. Data are

shown the representative dot plots of CD25 and Foxp3 expression in CD4+ cells from

two independent experiments.

(D) Cells from the MLN, PP, and SPL of FOS or control group were stained with

anti-CD4, anti-CD45RB and anti-CD69. Data are shown the representative dot plots of

CD45RB and CD69 expression in CD4+ cells from two independent experiments.
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