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Abstract

Background: Dietary nondigestible, short-chain galacto-, long-chain fructo-, and pectin-derived acidic oligosaccharides

(GFAs) lower the effector response in cow-milk-allergic (CMA) mice; and forkhead box P3 (Foxp3)–positive regulatory T

cells (Tregs) were shown to contribute to this.

Objective: The aim of this study was to assess the contribution of interleukin 10 (IL-10) and transforming growth factor

β (TGF-β) to the protective effect of the GFA diet in CMA mice.

Methods: Female C3H/HeOuJ mice, 3–4 wk old, were orally sensitized with cholera toxin (Sham) or whey and cholera

toxin (Whey) 1 time/wk for 5 consecutive weeks and challenged with whey 1 wk later. The mice were fed a control or

1% GFA (9:2:1) (Whey+GFA) diet starting 2 wk before the first sensitization. In a second experiment, the mice were also

injected with αIL-10 receptor (αIL-10r), αTGF-β, or isotype control antibodies 24 h before each sensitization. The acute

allergic skin response, anaphylaxis score, whey-specific IgE, mucosal mast cell protease 1 (mMCP-1), and Treg frequency

in the mesenteric lymph nodes (MLNs) and intestinal Foxp3, Il10, and Tgfb mRNA expression were determined.

Results: In Whey+GFA mice, intestinal Il10, Tgfb, or Foxp3 mRNA expression was 2–10 times higher (P < 0.05) and

the MLN Treg frequency was 25% higher compared with Whey mice (P < 0.05). The acute allergic skin response was

50% lower in Whey+GFA mice compared with Whey mice (P < 0.01), and IL-10 receptor (IL-10r) or TGF-β neutralizing

antibodies prevented this protective effect (P < 0.001). The Whey mice had higher serum mMCP-1 concentrations and

whey–immunoglobulin E (-IgE) levels than Sham mice (P < 0.01), whereas these were not higher in Whey+GFA mice,

and neutralizing antibodies partially interfered with these responses.

Conclusions: Dietary GFAs enhance the Treg frequency in the MLNs and mucosal IL-10 and TGF-β transcription while

suppressing the allergic effector response. Neutralizing antibodies showed that the allergy-protective effect of the GFA

diet was mediated by IL-10 and TGF-β in CMA mice. J Nutr 2018;148:1372–1379.
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Introduction

Cow-milk allergy (CMA) is one of the most common food
allergies among young children, affecting 2–3% of infants
worldwide (1–3). Most of these children acquire tolerance
against cow-milk proteins between the ages of 3 and 5 y (2, 4,
5). However, children who have or had CMA are predisposed
to develop other food allergies or asthma later in life (6,
7). There are many different approaches to support tolerance
induction, which include the use of specific dietary components
to prevent the development of the allergic response to cow-milk

protein. The effectiveness of a mixture of short-chain galacto-,
long-chain fructo-, and pectin-derived acidic oligosaccharides
(GFAs) has been studied in mice sensitized with cow-milk-
protein whey (1, 4). These oligosaccharides structurally and
functionally mimic specific aspects of oligosaccharides present
in human milk and can have a positive effect on the immune
system and growth of beneficial bacteria in the intestine. They
can partially prevent CMA symptoms in mice and were shown
to reduce the risk of developing atopic dermatitis in infants
(8–11).
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Acquiring oral tolerance occurs through deletion, anergy, or
active suppression (7, 12). Dendritic cells (DCs) take up a food
particle and present it to naïve T cells in the Peyer’s patches or
mesenteric lymph nodes (MLNs), from where the activated T
cells home back to the lamina propria (LP) in the small intestine.
Under normal circumstances, anergy or deletion results in
silencing or loss of T cells having recognition for epitopes from
the food protein.Alternatively, various regulatory T cells (Tregs)
develop, and these specific Tregs are important to acquire oral
tolerance because they induce hyporesponsiveness via active
suppression (12–15). If acquiring tolerance is disturbed, it
can lead to an allergic reaction. Hadis et al. (16) showed
that deleting forkhead box P3–positive (Foxp3+) Tregs breaks
tolerance in an ovalbumin (OVA) mouse model. This break
in tolerance was also observed when Tregs could not home
toward the gut (16). In addition, transfer of splenic Tregs from
CMA mice fed a specific oligosaccharide diet was shown to
protect control diet–fed recipient mice from developing allergic
symptoms when injected before sensitization with whey protein
(17). This implicates an important role for this cell type in
acquiring tolerance to food proteins and its involvement in
allergy protection induced by dietary oligosaccharides.

When DCs skew naïve T cells toward a regulatory phenotype
to induce active peripheral tolerance, the cytokines IL-10 and
TGF-β play an important role (18). DCs produce TGF-β in the
MLNs and, together with retinoic acid, induce Foxp3+ Tregs
(19, 20). Furthermore, Tregs secrete TGF-β as well as IL-10
to inhibit proliferation and activation of other immune cells
(20). Both IL-10 and TGF-β can inhibit the development and
cytokine production of T-helper cells and cytokine production
from mast cells (21). For a more complete overview of the
functions of IL-10 and TGF-β, the reader is referred to Taylor
et al. (22) and du Pre and Samsom (23).

To establish the role of IL-10 and TGF-β in tolerance
compared with food allergy, various studies were performed.
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It was shown that cultured splenocytes of orally tolerized
mice produce significantly higher concentrations of IL-10 than
splenocytes of allergic mice (24). Furthermore, injecting IL-10
before applying a specific contact allergen inhibited the allergic
response (25). For TGF-β it was shown that adding TGF-β to
formula milk led to a beneficial T-helper 1 immune profile in a
CMA rat model during suckling and even after weaning when
the rats were rechallenged (26). In addition, it was shown that
orally administrated TGF-β in an OVA-allergic mouse model
is active in the intestine and enhances the induction of oral
tolerance (27). In addition, orally administrated TGF-β after
weaning could prolong the beneficial effects of breast milk in
OVA-challenged mice (28). Hence, there are several indications
that IL-10 and TGF-β are important in tolerance induction
against food particles.

Currently, it is not known whether the preventive effect
of nondigestible oligosaccharides in CMA occurs through
indirect interactions with the intestinal microbiome, direct cell
interactions with epithelial or immune cells, or interactions via
soluble factors such as IL-10 or TGF-β locally in the intestine.
From a previous experiment using GFAs in a similar setting, we
have a strong indication that GFAs could act via either IL-10
or TGF-β (29). In the latter study, higher intestinal Il10 or Tgfb
mRNA expression was observed in the GFA-fed allergic mice.

The aim of the current study was to assess the contribution
of IL-10 and TGF-β to the protective effect of the GFA diet
in CMA. Therefore, TGF-β or the receptor of IL-10 (IL-10r)
was neutralized via specific antibody treatment before each oral
sensitization to determine if this could abrogate the protective
effect of the GFA diet.

Methods
Diet. A semisynthetic cow-milk-protein–free AIN-93G–based diet
(milk proteins were replaced with soy proteins) was composed and
mixed with an isocaloric supplementation of nondigestible oligosac-
charides by Research Diet Services (Wijk bij Duurstede). One percent
of a mixture of short-chain galacto-oligosaccharides, long-chain fructo-
oligosaccharides, and pectin-derived acidic oligosaccharides (GFAs;
75.0%, 16.7%, and 8.3%, respectively) was added to the diet (17).

Animal model. Three- to four-week-old specific pathogen–free
female C3H/HeOuJ mice, bred for ≥2 generations on a cow milk–free
diet, were purchased from Charles River Laboratories (Saint Germain
Nuelles, France).Mice were fed the control diet or the GFA diet starting
directly at arrival for 2 wk before and during oral sensitization with
the use of cholera toxin and whey protein (WPC60; Milei). Mice
were orally sensitized via gavage 1 time/wk for 5 consecutive weeks,
and at day 33, the mice were anesthetized and the acute allergic skin
response and anaphylactic symptom scores were measured 30 min
after intradermal whey challenge in the ear, as described previously
(8). Mice were given an oral challenge at day 34 and were killed 18 h
later via terminal bleeding under isoflurane/air anesthesia followed by
cervical dislocation. Bloodwas collected and serumwas stored at−20ºC
until measurement of mouse mast cell protease 1 (mMCP-1; ELISA
from Ebiosciences) and whey-specific IgE, as described previously (30).
Animal procedures were approved by an independent ethics committee
for animal experimentation (Animal Ethics Committee of Utrecht
University, Utrecht, Netherlands) and complied with the principles of
good laboratory animal care following the European Directive for the
protection of animals used for scientific purposes. The group size in
experiment 1 was calculated by using 2 × (Power[(Za + Zb)/2]) ×
Power(variation/2)/Power(difference/2), with Za= 1.96 and Zb= 1.28,
using 17% for variation and 25% for the difference. The statistical
power was calculated on the basis of the expected result for the
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FIGURE 1 Schematic overview of the experimental designs. The
first experimental set-up (data shown in experiment 1) was performed
without injections of antibodies, whereas the second experimental
set-up (data shown in experiment 2 and Supplemental Figure 1)
included antibody injections. The intraperitoneal injection protocol
is shown in the gray box written in black. CT, cholera toxin; GFA,
short-chain galacto-, long-chain fructo-, and pectin-derived acidic
oligosaccharide; αIL10r, αIL-10 receptor.

acute skin response. In the experimental set-up for experiment 1
(Figure 1) no antibody treatment was used and power calculations,
which would allow significant differences between the groups, were
accepted at n = 6. The set-up for experiment 2 was according
to the same protocol; however, in addition, the mice were injected
intraperitoneally with either Rat IgG serum isotype control (Sigma-
Aldrich), or an αIL-10 receptor (αIL-10r) antibody (Biolegend) or an
αTGF-β antibody (200 μg/mouse), 24 h before each oral sensitization
(Figure 1). The TGF-β hybridoma (clone 1D11) was cultured in
IMDM Iscove’s modified dulbecco’s medium containing 1% FCS and
gentamycin. Clarified supernatant was used to purify the antibody using
affinity chromatography. The antibody was sterile preserved in PBS. For
these studies, n = 10 mice/group (depending on the treatment) were
used because the statistical power was calculated on the basis of the
same expected difference in the acute skin response, but due to the use
of antibodies a larger variation was accounted for. Due to the study size,
this study was performed in 2 cohorts, which alternated 1 wk, and data
were combined. For the acute skin response, an additional cohort of
n = 4–6 mice was analyzed and added to the data set. All of the mice
were housed under specific-pathogen-free conditions and fed ad libitum
with unlimited access to water. Mice were housed with n = 6–10/cage,
and cages were enriched with shelter and nesting material and kept at a
reversed light-dark cycle.

Flow cytometry. MLNs were removed, placed on ice in Roswell
Park Memorial Institute 1640/penicillin-streptomysin 1%, processed
through a 70-nm filter to form single-cell suspension, and blocked for 30
min in PBS containing 1% BSA and 5% heat-inactivated FBS. 1x10E6
Cells were incubated at 4ºC for 30 min with CD8a-APC-Cy7; CD11c-
PerCP-Cy5.5 and CD25-Pe-Cy7 were used from BD Biosciences and
CD4-PerCP-Cy5.5, CD103-APC, and Foxp3-APC from eBiosciences or
matching isotype controls. Extracellular stained cells were fixed with the
use of 2% paraformaldehyde, and intracellular staining was performed
according to the manufacturer’s instructions (eBiosciences). The flow
cytometry data are shown as a percentage of the control data (Sham).

Immunohistochemistry. Swiss rolls of the proximal small intes-
tine were fixed in neutral 10% formalin for ≥24 h, and paraffin sections
were embedded with the use of a LeicaTP1020, Leica biosystems,
Amsterdam, The Netherlands. Tissue processing and Foxp3 staining
were performed according to van den Elsen et al. (31). Foxp3+ cells
were counted only in completely attached villi and crypts, and the
number per villus/crypt or crypt unit was calculated.

FIGURE 2 Acute allergic skin response in sham mice fed a
control diet or in whey-sensitized mice fed a control or a GFA diet
(experiment 1). The acute allergic skin response was measured
1 h after intradermal injection with whey in the ears. Values are
means ± SEMs, n = 5–6. Labeled means without a common letter
differ, P < 0.05. � indicates ear thickness before intradermal injection
deducted from thickness after intradermal injection. GFA, short-chain
galacto-, long-chain fructo-, and pectin-derived acidic oligosaccharide.

qPCR. One centimeter of the proximal and distal small intestine and
colon was collected shortly after killing and stored in RNAlater(Qiagen
GmbH) at 4°C until further processing, which was described previously
by Kerperien et al. (29). Validated primers for ribosomal protein S13
(Rps13), Foxp3, Tgfb1, and Il10 were purchased from SAbioscience
(Qiagen). mRNA levels were calculated with CFX Manager software
(version 1.6) and corrected for the expression of Rps13 with 100 ×
2(Rps13 − gene of interest), as described previously (32).

Statistical analysis. For experiment 1, a multiple-comparison
test of the whole data set was performed with the use of 1-
factor ANOVA and Bonferroni post hoc test to correct for multiple
comparisons (Graphpad Prism software, version 6). For experiment
2, all of the data except for the anaphylaxis score were analyzed
with 1-factor ANOVA and Bonferroni post hoc test with prese-
lected pairs (Graphpad Prism software, version 6). The preselected
pairs were as follows: sham-sensitized mice fed the control diet
(Sham) compared with all other groups, whey-sensitized mice fed
the control diet (Whey) compared with whey-sensitized mice fed
the GFA diet (Whey+GFA) or whey-sensitized mice fed the con-
trol diet treated with αIL-10r (Whey+αIL-10r) or whey-sensitized
mice fed the control diet treated with αTGF-β; (Whey+αTGF-β;)
Whey+GFA compared with whey-sensitized mice fed the GFA diet
treated with αIL-10r (Whey+GFA+αIL-10r) or whey-sensitized mice
fed the GFA diet treated with αTGF-β; (Whey+GFA+αTGF-β;)
Whey+αIL-10r comparedwithWhey+GFA+αIL-10r orWhey+αTGF-
β; Whey+GFA+αIL-10r compared with Whey+GFA+αTGF-β; and
Whey+αTGF-β compared with Whey+GFA+αTGF-β. If required,
log transformation was used to normalize data distribution. The
anaphylaxis score (nonparametrical data, scores are defined stepwise
from 0 to 4) was evaluated with the Kruskal-Wallis and Dunn’s post hoc
tests. P values <0.05 were considered significant, and data are shown
as means ± SEMs.

Results
Acute allergic skin response and intestinal qPCR anal-

ysis (experiment 1). The acute allergic skin response was
determined in experiment 1 in Sham, Whey, and Whey+GFA.
The significantly higher acute skin response in the Whey
compared with the Sham group (P < 0.0001) was reduced in
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FIGURE 3 mRNA markers in the intestine in sham mice fed a control diet or whey-sensitized mice fed a control or a GFA diet (experiment 1).
In the proximal small intestine (A–C), distal small intestine (D–F), and proximal colon (G–I), the relative expressions of consecutive transcription
factor Foxp3, Il10, and Tgfb relative to Rps13 are shown. Values are means ± SEMs, n = 3–6. Labeled means without a common letter differ,
P < 0.05. Foxp3, forkhead box P3; GFA, short-chain galacto-, long-chain fructo-, and pectin-derived acidic oligosaccharide; Rps13, ribosomal
protein S13; s.i., small intestine; Tgfb, transforming growth factor β.

the Whey+GFA group (P < 0.0001) (Figure 2). In the proximal
part of the small intestine, only in Whey+GFAmice, the relative
expression of Il10 and Tgfb was significantly higher compared
with Sham mice (P < 0.05) (Figure 3A–C). In the distal ileum
and colon, Foxp3, Il10, and Tgfb were significantly higher in
the Whey+GFA group compared with the Whey and Sham
groups (P < 0.05) (Figure 3D–I). One mouse died during the
sensitization period, and some intestinal samples, did not yield
enough RNA; therefore, the sample size became n = 4–6.

Contribution of IL-10 and TGF-β to the allergy-protective

effect of GFAs (experiment 2). In the next experimental set-
up (experiment 2), the effects of IL-10r or TGF-β neutralizing
antibodies were studied and Sham mice were injected with
an isotype antibody (Sham+isotype). Allergic control-diet-
fed isotype-treated mice (Whey+isotype) showed a signif-
icantly higher acute allergic skin response compared with
Sham+isotype mice (P < 0.001), which was suppressed by
the GFA diet (P < 0.05) (Figure 4A). The significantly lower
acute allergic skin response in mice fed the GFA diet was
prevented when Whey+GFA mice were treated with either αIL-
10r (Whey+GFA+αIL-10r) or αTGF-β (Whey+GFA+αTGF-
β) (P< 0.001) (Figure 4A). For the anaphylactic symptom score,
only Whey+isotype mice showed higher shock compared with
Sham+isotype mice (P < 0.01) (Figure 4B). The anaphylactic
symptom score did not differ between the whey-sensitized mice
fed the GFA diet treated with isotype (Whey+GFA+isotype
mice) and Whey+GFA+αIL-10r or Whey+GFA+αTGF-β
mice. In 5mice, no ear thickness measurement could be obtained

(1 in Whey, 1 in Whey+GFA, 2 in Whey+αTGF-β, 1 in
Whey+GFA+αTGF-β); these were removed from the analysis.

mMCP-1 and whey-specific IgE (experiment 2). In
the Whey+isotype mice, serum mMCP-1 concentrations
were higher than in the Sham+isotype group (P < 0.01)
(Figure 5A). Serum mMCP-1 was not higher in the Whey+GFA
mice, whereas it was higher in the Whey+GFA mice treated
with αIL-10r or αTGF-β than in Sham+isotype mice (P< 0.01)
(Figure 5A). Whey-specific IgE was higher in Whey+isotype
mice (P < 0.01) but not in Whey+GFA+isotype mice
(Figure 5B). However, in the Whey+GFA+αTGF-β mice,
whey-specific IgE levels tended to be higher compared with
Sham+isotype mice (P = 0.06) (Figure 5B). The results for
whey-specific IgE remain inconclusive in Whey+GFA+αIL-
10r mice. In 8 mMCP-1 serum samples (3 in Whey, 2 in
Whey+GFA, 3 in Whey+αTGF-β) and 2 whey-IgE serum
samples (1 in Whey, 1 in Whey+αTGF-β) of whey-sensitized
mice the ELISA signal remained below the level of detection
and therefore these were removed from the analysis.

CD103+ DCs and Tregs in the MLNs (experiment 2). The
relative percentage of CD11c+ CD103+ DCs in Whey+αIL-
10r or Whey+GFA+αIL-10r mice was higher compared
with this DC subset in Whey+isotype mice in the MLNs
(Figure 6A). The relative percentage of CD4+ CD25+ Foxp3+
Tregs was significantly higher in Whey+GFA+isotype com-
pared with Sham+isotype mice (P< 0.05) (Figure 6B). The Treg
population in Whey+αIL-10r or Whey+GFA+αIL-10r mice
was significantly higher compared with Sham+isotype mice
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FIGURE 4 Clinical symptoms in sham mice fed a control diet and
whey-sensitized mice fed a control or GFA diet treated with isotype
control or αIL-10r or αTGF-β antibody (experiment 2). (A) The acute
allergic skin response was measured 1 h after intradermal injection
with whey in the ears. � indicates ear thickness before intradermal
injection deducted from thickness after intradermal injection. Values
are means ± SEMs, n = 10–16, compiled from 3 cohorts. Data were
analyzed by using 1-factor ANOVA and Bonferroni post hoc test with
preselected pairs. (B) The anaphylactic symptom scores of sham-
sensitized mice fed a control diet and whey-sensitized mice fed a
control or GFA diet treatedwith an isotype: αIL-10r or αTGF-β antibody
(n = 10). Data were analyzed with the Kruskal-Wallis and Dunn’s post
hoc test. *Different from sham, P < 0.05; #different from whey+GFA,
P < 0.05. GFA, short-chain galacto-, long-chain fructo-, and pectin-
derived acidic oligosaccharide; αIL10r, αIL-10 receptor.

(P < 0.01). For both the CD103+ DCs and the Foxp3+ Tregs,
flow cytometry dot plots are shown for the Whey+isotype and
the Whey+αIL-10r groups (Supplemental Figure 1).

Foxp3+ cells in the LP of the small intestine (experiment

2). After DCs have activated T cells in the MLNs, these T cells
can be instructed to migrate toward the intestinal LP; therefore,
Foxp3+ cells were stained in the intestinal LP (Figure 7). In the
proximal part of the small intestine of the Whey+GFA+isotype
mice, the Foxp3+ counts were not significantly higher than
in Sham+isotype mice. However, significantly greater numbers
of Foxp3+ cells were counted in both the Whey+αIL-10r
as well as the Whey+GFA+αIL-10r group compared with
Sham+isotype mice (P < 0.05) (Figure 7).

Discussion

In the current study, the contribution of IL-10 and TGF-β to
the protective effect of a dietary intervention with GFAs in
CMA prevention was investigated. We and others have shown
that GFAs can effectively reduce allergic symptoms (8, 29, 33,
34). It was also shown that Tregs play a role in this CMA-
protective effect, therefore we aimed to study the contribution

FIGURE 5 mMCP-1 and whey-specific IgE measured in serum of
sham mice fed a control diet and whey-sensitized mice fed a control
or GFA diet injected with an isotype control or an αIL-10r or αTGFβ

antibody (experiment 2). (A) mMCP-1 (ng/mL) and (B) whey-specific-
IgE were measured in serum. Values are means ± SEMs, n = 7–
10. Data were analyzed by using 1-factor ANOVA and Bonferroni post
hoc test with preselected pairs, if required. Log transformation was
used to normalize data distribution. The circles represent outliers.
*Different from sham (P < 0.05) or tended to differ, as indicated.
AU, arbitrary units; GFA, short-chain galacto-, long-chain fructo-, and
pectin-derived acidic oligosaccharide; mMCP-1, mouse mast cell
protease 1; αIL10r, αIL-10 receptor.

of the soluble factors IL-10 and TGF-β. IL-10 and TGF-β
support the development of Tregs, are produced by Tregs,
and contribute to their suppressive effect (17, 35). In humans
affected with CMA, lower amounts of IL-10 and TGF-β are
produced by lymphocytes isolated from peripheral blood after
in vitro stimulation with cow milk (36–38).

In our study, dietary intervention with GFAs reduced the
acute allergic skin response while increasing Foxp3+ Tregs in
the MLNs. By using qPCR it was observed that GFAs enhanced
the expression IL-10 and TGF-β along the intestinal tract of
the CMA mice. IL-10 and TGF-β are regulatory cytokines that
are important for oral tolerance induction and proper immune
function. The protective effect of GFAs on the acute allergic
skin response in the CMA model was abolished upon injection
with an αIL-10r or αTGF-β antibody (P < 0.001) and a
similar pattern was shown for the anaphylactic symptom score,
although significance was not attained. Anti–IL-10r or anti–
TGF-β treatment did not negatively affect the acute allergic skin
response, whey-specific IgE levels, or the anaphylactic symptom
scores in control diet–fed CMA mice.

IL-10 and TGF-β are, among others, derived from Tregs,
and the frequency of Foxp3+ Tregs in the MLNs of GFA-fed
CMAmice was enhanced.However, the αIL-10r treatment itself
resulted in a higher percentage of Foxp3+ Tregs in the MLNs
and proximal part of the small intestine in both the control as
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FIGURE 6 Percentage of CD103+ DCs and Foxp3+ CD25+ Tregs
in theMLNs of shammice fed a control diet and whey-sensitizedmice
fed a control or GFA diet treatedwith an isotype control or an αIL-10r or
αTGF-β antibody relative to Sham (experiment 2). MLNs were stained
for DC (CD11c-PERCP-Cy5.5+ and CD103-APC+) (A) and Tregs (CD4-
PERCP-Cy5.5+ CD8a-APC-Cy7-, Foxp3-APC+ CD25-PE-Cy7+) (B).
Results are shown in percentages relative to the mean of sham
sensitized mice fed a control diet injected with the isotype antibody,
which was set to 100%. Values are means ± SEMs, n = 9–10. Data
were analyzed by using 1-factor ANOVA and Bonferroni post hoc test
with preselected pairs. *Different from sham, P < 0.05; &different
from whey+αIL-10r, P < 0.05; %different from whey+GFA+αIL-10r,
P < 0.05. Representative flow cytometric plots are shown with actual
percentages in the plots in Supplemental Figure 1. DC, dendritic cell;
GFA, short-chain galacto-, long-chain fructo-, and pectin-derived acidic
oligosaccharide; Foxp3, forkhead box P3; MLN, mesenteric lymph
node; Treg, regulatory T cell; αIL10r, αIL-10 receptor.

well as the GFA-fed CMA mice (P < 0.05). This unexpected
finding may have several explanations. In previous studies
it was shown that Tregs derived from anti–IL-10 antibody
exposed co-cultures of DCs, and neither Tregs nor Tregs derived
from Il10−/− knockout mice could not suppress effector T cell
activation (39). Hence, Tregs that develop in the absence of IL-
10 were phenotypically normal but had lost their suppressive
function. However, Tregs are also known to develop in the
absence of IL-10, which is dependent on TGF-β (40). Indeed, in
αIL-10r–treated mice the population of CD103+ DCs reached
a higher percentage and TGF-β is known to contribute to the
development of these cells that are involved in the generation of
Foxp3+ Tregs (19).

In addition to the possibility that the Tregs lost their
suppressive function upon αIL-10r treatment, it also may
have blocked IL-10r on the target effector cells, making them
nonresponsive to the effect of IL-10. Indeed, mucosal mast cell–
derived mMCP-1 was higher in whey-sensitized mice fed the
control diet with or without αIL-10r and in allergic mice fed
the GFA diet and treated with the αIL-10r antibody (P < 0.05).
However, mMCP-1 concentrations were not higher in mice fed
GFAs. This suggests that IL-10 produced by cells generated in

FIGURE 7 Foxp3+ cells in the proximal part of the small intestine
(experiment 2). (A) IHC staining of Foxp3+ cells in the first part of
the intestine of sham mice fed a control diet and whey-sensitized
mice fed a control or GFA diet and treated with an isotype control
or an αIL-10r or αTGF-β antibody in whey-sensitized mice fed a
control diet treated with isotype (B) and in whey-sensitized mice fed
a control diet treated with αIL-10r (C). Values are means ± SEMs,
n = 3–4 (represented as Foxp3+ [n/(villus × crypt)]). *Different from
sham, P < 0.05; &different from whey+αIL-10r, P < 0.05; %different
from whey+GFA+αIL-10r, P < 0.05. → indicates positive intracellular
staining for Foxp3. Foxp3, forkhead box P3; GFA, short-chain
galacto-, long-chain fructo-, and pectin-derived acidic oligosaccharide.
IHC, immunohistochemical; IL10r, IL-10 receptor; αIL10r, αIL-10
receptor.

mice fed the GFA diet could be involved in the suppression
of mast cell degranulation. IL-10 is known to suppress murine
and human mast cell IgE receptor expression and signaling in
vitro and in vivo in mice (41). Hence, IL-10 is suggested to be
functionally involved in the protective effect of the GFA diet and
may suppress effector cell degranulation.

In addition, the αTGF-β antibody abolished the protective
effect of the GFA diet on the acute allergic skin response in
CMA mice (P < 0.001). CMA mice fed the GFA diet had low
whey-IgE and mMCP-1, whereas neutralization of TGF-β in
these mice resulted in significantly higher mMCP-1 and the
same tendency was shown for whey-IgE, comparable to that
in control diet–fed CMA mice (P < 0.05). Thus, TGF-β may
be involved in the protective effect of the GFA diet on whey
sensitization and mast cell degranulation as well. However,
this result remains inconclusive because αTGF-β treatment in
control diet–fed whey-sensitized mice also resulted in lowwhey-
IgE and mMCP-1 concentrations.

The acute allergic skin response is a reflection of effector
cell degranulation, such as mast cells in the ear. The effect of
TGF-β on mast cells depends on timing and other cytokines
present. TGF-β can act as a chemoattractant for mast cells
and enhance extracellular release of mMCP-1 together with IL-
3 and IL-9, but TGF-β can also inhibit mast cell activation
via attenuation of FcεR receptor expression (42–44). Recently,
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TGF-β isoforms 1 and 3 were shown to have suppressive effects
on class switching and affinity maturation for IgG and IgA
isoforms in human B cells (45). Hence, the anti-TGFβ treatment
may have affected the production of IgE directly because TGF-β
is known to significantly reduce STAT6 activation in the nucleus
of B cells and STAT6 is critical for IgE class switching in B cells
(46, 47). This may explain the dual outcome of the findings. The
αTGF-β antibody effectively inhibited the protective effect of
the GFA diet on acute allergic symptoms, indicating that TGF-
β is possibly involved via inhibition of IgE production or mast
cell degranulation. By contrast, TGF-β neutralization itself may
have contributed to reduced mast cell recruitment and could
have led to suppressed whey-IgE generation (48).

Neutralization of IL-10r may have implications for the ca-
pacity of TGF-β to instruct Tregs, and vice versa, neutralization
of TGF-β may affect the generation of IL-10 secreting Tregs.
According toMaynard et al. (40), in the small intestine, Foxp3−
IL10+ Tregs were most prevalent and were most similar to
type 1 Tregs (TR1). This regulatory subset is dependent on
TGF-β for their development. They also show that all IL-10+
Treg subsets are dependent on TGF-β for their induction and
maintenance (40). In addition to modifying mast cell function,
TGF-β also controls Treg maintenance and is therefore, like IL-
10, important in acquiring oral tolerance in CMA.

Mice fed the GFA diet had higher Il10 and Tgfb mRNA
levels in intestinal tissue, which may be associated with the
protective effect because neutralization of either one of these
mediators results in total loss of the protective effect. Currently,
it is not certain whether GFAs enhance intestinal Il10 and Tgfb
mRNA expression directly or indirectly. Eiwegger et al. (49)
showed that there is in vitro evidence of epithelial transport of
oligosaccharides and that acidic oligosaccharides induce IL-10.
According to Lehmann et al. (50), GFAs can directly influence
DCs to produce IL-10 and to upregulate functional Tregs.
These are indications that GFAs may also regulate DC function
directly. However, GFAs may also modulate the intestinal
microbiome, hereby contributing to allergy protection.

In summary, in allergic mice fed the GFA diet the percentage
of Tregs in the MLNs and mucosal Il10 and Tgfb mRNA
expression were higher compared with the control diet.
Furthermore, the protective effect of the dietary intervention
with GFAs on allergic symptoms in the murine CMA model
can be prevented via αIL-10r or αTGF-β treatment.Considering
that Tregs are involved in allergy protection (16, 17), this
protective effect of the GFA diet may involve Treg-derived IL-10
and TGF-β.
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