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Summary
Background Oral tolerance is a classically used strategy for antigen-specific systemic
immunotherapy. However, the roles of IL-17 in modification of oral tolerance are not yet
understood.
Objective To define the effects of IL-17 on the modification of oral tolerance, the effects
of transfer of Th17 cells, administration of IL-17 or anti-IL-17 antibody (aIL-17Ab) to a
murine allergic airway inflammation model were investigated.
Methods Mice sensitized to and challenged with OVA, received OVA feeding, followed by
OVA challenges. Transfer of Th17 cells, administration of IL-17 or aIL-17Ab were exe-
cuted during OVA feeding. Airway hyperresponsiveness (AHR), airway inflammation, Th2
cytokine response and lung pathology were assessed.
Results Administration of IL-17 as well as transfer of Th17 cells aggravated AHR and air-
way allergic inflammation as compared with the findings in mice subjected to OVA feed-
ing alone, whereas administration of aIL-17Ab ameliorated AHR and airway eosinophilia.
The effects of Th17 transfer were presumably attributable to augmentation of endogenous
IL-6 production in gut. The number of Foxp3-positive regulatory T (Treg) cells in lungs
and Payer’s patches was increased in the OVA fed mice, whereas the number of these cells
was decreased in the mice subjected to OVA feeding + Th17 cell transfer. Neutralization
of IL-6 by monoclonal antibody in the mice subjected to OVA feeding + transfer of Th17
cells restored the effects of oral tolerance.
Conclusions and Clinical Relevance These data suggest that IL-17 may inhibit the induc-
tion of tolerance to antigen through, at least in part augmenting IL-6 production, thereby
suppressing the expansion of Treg cells.
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Introduction

Eosinophilic airway inflammation, mucus hypersecre-
tion and airway hyperresponsiveness (AHR) are charac-
teristic features of allergic bronchial asthma (BA) [1, 2].
These pathognomonic pathophysiological features are
mediated by antigen-specific Th2 cells and their cyto-
kines, such as IL-4, IL-5 and IL-13 [1–3]. In addition to
Th2 cells, the potential involvement of Th17 cells in the
development of the clinical features of this disease has
also been the focus of intense investigation. The expres-
sion of IL-17A in the airways or serum levels of IL-17

were augmented in the patients with BA and were cor-
related with the severity of BA [4, 5]. Recent studies in
animal models have demonstrated that both IL-17
receptor-deficient and IL-17A-deficient mice exhibit
reduced recruitment of eosinophils into the airways and
lower levels of Th2 cytokines in the bronchoalveolar
lavage (BAL fluid as a result of impaired priming of
Th2 responses in IL-17R�/� mice [6, 7].

Allergen (antigen)-specific immunotherapy is an
immune-modifying therapy that has been recommended
for the treatment of allergic rhinitis, venom hypersensi-
tivity, some drug allergies and mild BA [8]. Oral adminis-



tration of antigen is a classically used method of induc-
ing antigen-specific systemic immunotherapy and is
termed oral tolerance [9, 10]. It is now widely accepted
that the mechanisms of oral tolerance include not only
anergy or apoptosis (deletion) of antigen-specific T cells
in the gut but also active suppression through the induc-
tion of antigen-specific regulatory T (Treg) cells [11, 12].
Most of the induced Treg cells are characterized by
abundant production of immunosuppressive cytokines,
such as IL-10 and TGF-b, and expression of the
transcription factor, forkhead box P3 (Foxp3) [13].

An intriguing connexion between IL-6 and Th17 has
now been reported: CD4 T cells activated by antigen in
the presence of TGF-b have been shown to differentiate
into either Th17 or Treg, depending on the dominance
of IL-6 or retinoic acid, respectively [14]. IL-6 secreted
from parenchymal cells such as fibroblasts, keratino-
cytes, epithelial cells and endothelial cells in response
to IL-17 [15] have also been shown to have the poten-
tial to inhibit the differentiation of Treg [16]. Adminis-
tration of IL-17 has been shown to eliminate the
therapeutic effects of myelin basic protein-induced
nasal tolerance in experimental autoimmune encephalo-
myelitis (EAE) by upregulating IL-6 [17]. However, it is
still uncertain whether IL-17 has the potential to mod-
ify the oral tolerance to antigens in a Th2 cytokine
milieu like allergic BA.

In spite of the theory of immunotherapy, the key
therapy for BA is inhaled corticosteroids. Immunother-
apy is merely an optional therapy according to current
guidelines and is less effective in severe asthma [18,
19]. Additionally, several reports have indicated that
levels of IL-17 in the serum or BAL fluid are higher in
severe asthma than in mild or moderate asthma [20,
21]. These severe states also induce Treg activity to a
lesser extent in various situations [22, 23]. On the basis
of this evidence, we speculated that IL-17/Th17 may
have an influence on the efficacy of immunotherapy.

In this study, we investigated the role of IL-17/Th17
in modulating the induction of oral tolerance in a mur-
ine airway allergy model. After challenges with OVA,
we evaluated the AHR and the allergic inflammation in
the airways. We also investigated the modulating
effects of transfer of Th17 cells, administration of IL-17
or anti-IL-17 antibody on oral tolerance, and we
assessed whether the effects of IL-17 were mediated by
IL-6, by using anti-IL-6 antibody after the Th17 cell
transfer.

Materials and methods

Animals

Female C57BL/6 (B6) mice and OT-II TCR transgenic
(OT-II) mice were purchased at 6–8 weeks of age from

Charles River Laboratories Japan (Yokohama, Kanaga-
wa, Japan), and enhanced green fluorescent protein
transgenic mice maintained on a C57BL/6J background
were purchased from Japan SLC (Hamamatsu, Shizuoka,
Japan). Animals were housed under specific-pathogen-
free conditions and maintained on an OVA-free diet.
All animal experiments were conducted with the
approval of the Niigata University Ethics Committee for
animal experiments.

Generation of OVA-specific Th2 cells and Th17 cells

OVA-specific Th2 or Th17 cells were generated from
the splenocytes of OT-II mice according to a method
described previously, with minor alterations [24]. In
brief, CD4 T cells (1 9 106/mL) were stimulated with
OVA 323–339 peptide (10 lg/mL) in the presence of
irradiated C57BL/6 spleen cells (2 9 105/mL) as anti-
gen-presenting cells at 37°C for 3 days, and incubated
with recombinant human IL-2 (20 U/mL; eBiosciences,
Camarillo, CA, USA). Incubated CD4 T cells were cul-
tured with IL-4 (1 ng/mL; R&D Systems, Minneapolis,
MN, USA), anti-IL-12/IL-23 p40 mAb (5 lg/mL, C17.8;
R&D Systems) and anti-IFN-c mAb (5 lg/mL, XMG1.2;
eBiosource) in Th2 cell generation or with IL-6 (20 ng/
mL; R&D Systems) and TGF-b (3 ng/mL; R&D Systems)
in Th17 cell generation. Cells were then washed with
PBS and cultured for another 3 days in the presence of
cytokines and antibodies without antigen stimulation.

OVA-induced allergic airway inflammation and oral
tolerance

Mice were sensitized on days 0 and 14 by intraperito-
neal injection of 20 lg of OVA premixed with 2.25 mg
of Al(OH)3 in 100 lL of PBS. After sensitization, the
animals were exposed to aerosolized OVA (10 mg/mL
in 0.9% saline) for 20 min on days 28, 29 and 30. From
days 37 to 41, the mice were administered OVA
(100 mg/day) by gavage once a day for induction of
oral tolerance, following aerosolized exposure to OVA
using same procedure on days 48, 49 and 50. As con-
trol, some mice received same volume of PBS by
gavage. In some experiments, recombinant mouse IL-17
(60 ng/mouse, Invitrogen, Carsbad, CA, USA) was
administered intraperitoneally from days 37 to 41.
OVA-specific-Th2 cells or -Th17 cells (1 9 107 cells/
mouse) were transferred via the tail vein on day 37.
The administration of anti-mouse IL-17 antibody
(50 lg/mouse, clone 50104; R&D Systems) or anti-
mouse IL-6 antibody (50lg/mouse, clone MP5-20F3;
R&D Systems) was performed from days 37 to 41 in
accordance with tolerance induction. According to the
manufacturer, this anti-IL-17 antibody is specific for
IL-17A, although approximately 40% reactivity with
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the recombinant mouse IL-17A/IL-17F heterodimer is
observed in direct ELISAs, but not with IL-25 (IL-17E).
Twenty-four hours after the last OVA challenge, the
severity of the AHR was assessed, and specimens of
BAL fluid, serum and lungs were obtained for further
analysis. Figure 1 shows a summary of the experimen-
tal protocols used in this study (Fig. 1). In some mice,
specimens of Peyer’s patches (PP) were obtained 24 h
after the last OVA feeding.

Airway responsiveness

Airway hyperresponsiveness was assessed by measuring
the changes in the respiratory resistance using the Flex-
ivent system (SCIREQ, Montreal, Quebec, Canada) in
response to increasing doses of inhaled methacholine,
as previously reported [25].

BAL fluid and lung histology

Immediately after measurement of AHR, BAL was per-
formed via a tracheal tube, as previously described [26].

Lungs were fixed in 10% formalin and processed for
paraffin embedding. Mucus-containing goblet cells were
detected by staining the paraffin sections (5 mm thick)
with periodic acid-Schiff. Histological analyses were
performed as previously described [27].

For tracing the transferred Th17 cells generated from
the OT-II/GFP double-transgenic mice, PP were fixed
for 4 h at 4°C in periodatelysine-paraformaldehyde and
embedded in OCT compound (Miles, Elkhart, Ind.), fro-
zen in dry ice-acetone and cut on a cryostat (Bright,
Huntington, UK) into 6-lm-thick sections. The fluores-
cence from the transferred Th17 cells was analysed by
fluorescence microscopy.

Cell preparations of lung cells and cultures with
anti-CD3 stimulation

Lung cells were isolated as previously described [28]
using collagenase digestion. Lung CD4 T cells were
purified from lung cells using the DynabeadsTM mouse
CD4 (Invitrogen) (purity > 98%). CD4 T cells were cul-
tured on BD BiocoatTM T cell activation assay plates
(BD Biosciences, San Jose, CA, USA) for 72 h, at which
time supernatants were recovered for the cytokine
assays.

Cell preparations and protein isolation from Peyer’s
patches

The small intestine was removed and flushed with PBS
to eliminate any luminal contents. PP were then
resected, passed through a steel mesh to remove any
aggregates and then washed twice with PBS containing
0.2% BSA and 0.02% NaN3 before use for flow cytome-
try. For some experiments, freshly resected PPs were
rapid-frozen in liquid nitrogen and stored at �80°C
until further analysis. To isolate proteins from the PP
specimens, the specimens were homogenized in RIPA
buffer (Santa Cruz Biotechnology Inc., Santa Cruz, CA,
USA) and centrifuged at 17530 g for 15 min at 4°C, and
the supernatants were obtained. The protein concentra-
tion was determined using the bicinchoninic acid (BCA)
protein assay kit (Pierce, Rockford, IL, USA).

RNA isolation and quantitative real-time PCR

Total RNA was isolated from the PP with RNAiso
plusTM (Takara Bio Inc., Shiga, Japan), according to the
manufacturer’s instructions. The cDNA was generated
by reverse transcription with Transcription High Fidelity
cDNA Synthesis Kit (Roche Diagnostics, Tokyo, Japan).

Fig. 1. Experimental protocol for antigen sensitization and challenge

with antigen feeding, cell transfer, IL-17 and anti-IL-6 antibody

administration as described in Materials and methods in the repository

text. (a) Mice treated with OVA feeding (100 mg/day) for 5 days after

first OVA challenges received either recombinant murine IL-17

(60 ng/day/mouse administered by intraperitoneal injection for

5 days) or Th17 cell transfer (1 9 107 cells from the tail vein), fol-

lowed by secondary OVA challenges. (b) Mice treated with suboptimal

OVA feeding (20 mg/day) for 5 days after first OVA challenges

received anti-IL-17 antibodies (50 lg/day/mouse administered by

intraperitoneal injection for 5 days), followed by secondary OVA chal-

lenges. (c) Mice treated with OVA feeding (100 mg/day) for 5 days

after first OVA challenges received Th2 cell transfer (1 9 107 cells

from the tail vein), followed by secondary OVA challenges. (d) Mice

treated with OVA feeding (100 mg/day) for 5 days after first OVA

challenges received Th17 cell transfer and anti-IL-6 antibodies (50 lg/
day/mouse administered by intraperitoneal injection for 5 days), fol-

lowed by secondary OVA challenges. Protocol a, b, c and d corre-

spond to the data shown in Fig. 2, Fig. 3, Fig. 4 and Fig. 7,

respectively.

© 2012 Blackwell Publishing Ltd, Clinical & Experimental Allergy, 42 : 946–957

948 H. Kawakami et al



For real-time polymerase chain reaction (PCR), the
following primers were used to detect mouse IL-6
mRNA: forward primer, 5′- ttccatccagttgccttctggg-3′
and reverse primer, 5′- ttctcatttccacgatttcccag-3′.
Expression of IL-6 mRNA were analysed using SYBR
Premix Ex Taq (Takara Bio Inc.). GAPDH (forward
primer, 5′-accacagtccatgaaatcac-3′ and reverse primer,
5′-tccaccaccctgttgctgta-3′) was used as the endogenous
control. The amplification was performed at 95–60°C
for 40 cycles in Thermal Cycler DiceTM Real Time
System (Takara Bio Inc.). All samples were assayed in
duplicate. The results were determined by the relative
expression of IL-6 mRNA to GAPDH mRNA in each
treatment group.

Flow cytometry

The surface phenotypes of the lung and PP CD4 T cells
were analysed by flow cytometry with a three-colour
immunofluorescence test, using monoclonal antibodies.
The monoclonal antibodies included anti-CD4 (RM4-5),
anti-CD25 (PC61) (all obtained from BD Biosciences)
and anti-Foxp3 (FJK-16S) (eBiosciences). After washing,
the staining was analysed by flow cytometry on a FACS
caliber using the CellQuest software (BD Biosciences).

Measurement of cytokines in supernatants from cell
culture, tissue extracts or BAL fluid

Supernatants from the cell cultures, tissue extracts or
BAL fluid were stored at �80°C until use for the cyto-
kine measurements. ELISA kits for the detection of IL-4,
IL-5, IL-6, IFN-c and TGF-b were obtained from eBio-
science (San Diego, CA, USA). The IL-10 and IL-13
ELISA kits were purchased from R&D Systems.

Statistical analysis

Mann–Whitney’s U-test was used to determine the sig-
nificance of the differences among the groups. The data
were basically pooled from three independent experi-
ments with four mice/group in each experiment
(n = 12). Comparisons for all pairs were performed
using the Kruskal–Wallis test. Significance was assumed
at P-values of < 0.05 for all tests. Values for all
measurements were expressed as means ± SEM.

Results

Combination treatment of IL-17 or Th17 + OVA feeding
abolished the effect of oral tolerance on the AHR and
airway allergic inflammation

We initially examined the effects of oral administration
of OVA in a murine airway allergy model. As shown in

Fig. 1a, OVA-sensitized mice received OVA by inhala-
tion for consecutive 3 days. After the challenges, the
mice were fed OVA 100 mg per day for consecutive
5 days, followed by OVA challenges for 3 days from
the week after last OVA feeding. Mice fed the OVA
showed reduced AHR to methacholine, airway eosino-
philia, the levels of Th2 cytokines and IL-17 in BAL
fluid, and mucus production in the bronchi as com-
pared with the mice treated with PBS alone (Fig. 2).
Elevated levels of IL-10 and TGF-b, which represent
inhibitory cytokines, were observed in BAL fluid. To
determine the effects of IL-17 on the induction of oral
tolerance, mice were administered recombinant mouse
IL-17 intraperitoneally for 5 days in combination with
OVA feeding (Fig. 1a). Combined treatment with
IL-17 + OVA feeding completely abolished the attenu-
ating effects of oral tolerance on the AHR and airway
allergic inflammation. In brief, administration of IL-17
was associated with significant elevation of the AHR,
airway eosinophilia, levels of Th2 cytokine and IL-17 in
BAL fluid, and bronchial mucus production (Fig. 2).
Similar to the effects of IL-17, transfer of OVA-specific
Th17 cells (1 9 107 cells/mouse) on the first day of
OVA feeding also abolished the effects of oral tolerance
on the degree of AHR and airway allergic inflammation
(Fig. 2). The levels of IL-10 and TGF-b in the BAL fluid
were also decreased (Fig. 2c).

Administration of anti-IL-17 antibody on the induction
phase of oral tolerance augmented the effects of oral
tolerance on the AHR and airway eosinophilia

We examined the effects of murine anti-IL-17 antibody
on the modulation of oral tolerance in a murine airway
allergy model. As shown in Fig. 1b, the mice were fed
OVA at a dose of 20 mg per day for consecutive
5 days, followed by OVA challenges for 3 days from
the week after last OVA feeding. Mice fed the OVA
showed little change of AHR to methacholine and air-
way eosinophilia as compared with the mice treated
with PBS alone (Fig. 3). The levels of IL-5, IL-13 and
IL-17 in the BAL fluid of mice fed OVA at a dose of
20 mg were significantly higher than those of mice fed
OVA at a dose of 100 mg (data not shown). To deter-
mine the effects of anti-IL-17 antibody on the induction
of oral tolerance, mice were administered anti-IL-17
antibody intraperitoneally for 5 days in combination
with OVA feeding (Fig. 1b). Combined treatment with
anti-IL-17 antibody + OVA feeding (20 mg/day)
showed reduced AHR to methacholine and airway
eosinophilia with similar levels to the mice fed large
amount of OVA (100 mg/day) (Fig. 3). Administration
of anti-IL-17 antibody to mice without OVA feeding as
control showed no effect on AHR or airway
eosinophilia (Fig. 3).
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Transfer of Th2 cells on the induction phase of oral
tolerance did not abolish the effects of oral tolerance on
the AHR and severity of airway allergic inflammation

To investigate whether the Th2 cells might have similar
effects on Th17 cells in attenuating the effects of oral
tolerance on the degree of AHR and airway allergic
inflammation, OVA-specific Th2 cells (1 9 107 cells/
mouse) were transferred via the tail vein on the first
day of oral administration of OVA (Fig. 1c). Interest-
ingly, the transfer of Th2 cells did not change the
degree of AHR or airway eosinophilia as compared with
the mice subjected to OVA feeding alone (Fig. 4). From
these results, it was concluded that transfer of Th2 cells
did not have the potential to modulate the induction of
oral tolerance.

The profile of lung CD4 T cells after transfer of Th17
cells

To investigate the phenotype of the CD4 T cells infil-
trating the lungs, ex vivo culture of lung CD4 T cells
was performed. The lung CD4 T cells were cultured with
CD3 stimulation for 72 h and the culture supernatants
were harvested for ELISA. The levels of Th2 cytokines
and IL-17 in the supernatants were decreased in the
oral tolerance groups, whereas complete recovery of the
Th2 cytokine and IL-17 levels was observed in the oral
tolerance + Th17 groups (Fig. 5a). With regard to the
inhibitory cytokines, e.g. IL-10 and TGF-b, elevation of
the levels of these cytokines was observed in the oral
tolerance groups, whereas the levels were significantly
decreased in the oral tolerance + Th17 groups. The

(a)

(d)

(e)

(b) (c)

a b

c d

Fig. 2. Effects of OVA feeding (oral tolerance to OVA) and IL-17 administration or transfer of Th17 cells on lung allergic responses. (a) Changes

in respiratory resistance following OVA challenges. Increasing concentrations of nebulized methacholine were administered through the tracheal

cannula 24 h after the last OVA challenge in C57BL/6 mice. (b) Bronchoalveolar lavage (BAL) fluid cellular composition. (c) Cytokine levels in

BAL fluid. (d) Representative periodic acid-Schiff (PAS)-stained histological sections of lung tissues (original magnification: 9100, insets: 9400)

obtained 24 h after the last challenge in a) control, b) OT, c) OT mice + Th17 d) OT mice + IL-17. (e) Quantitative analysis of PAS-positive cells.

Data represent means ± SEM from three independent experiments (n = 12). *P < 0.05 or **P < 0.01 compared with control group or as indicated.

#P < 0.05 or ##P < 0.01 compared with OT group. Control, secondarily challenged control mice (with PBS feeding); OT, secondarily chal-

lenged + OVA-fed mice; OT + Th17, OT mice with transfer of Th17 cells; OT + IL-17, OT mice with administration of IL-17; Mac, macrophages;

Lym, lymphocytes; Neu, neutrophils; Eos, eosinophils; BM, basement membrane.
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levels of IFN-c in lung CD4 T cells in the OT group
were higher than those in the control group, but similar
to those in the OT + Th17 groups.

Since IL-10 and TGF-b are known to be produced
abundantly from Treg cells, the proportion of lung Treg
cells expressing Foxp3 as a master transcription factor
was checked by flow cytometry. As shown in Fig. 5b, c,
the ratio of CD4+CD25+Foxp3 T cells to the total count
of CD4 T cells was increased in the oral tolerance
groups as compared with that in the control groups,
whereas significant decrease of this ratio was observed
in the oral tolerance + Th17 group as compared with
that in the oral tolerance groups (Fig. 5b, c). From these
results, it was concluded that Th17 abolished the atten-
uating effects of oral tolerance on the AHR and allergic
airway inflammation by suppressing the expansion of
Treg cells in the lung.

Modulation of IL-6 production in Peyer’s patches after
Th17 transfer

According to previous reports, the principal mechanism
of induction of oral tolerance is expansion of Tregs in
the gut-associated lymphoid tissue (GALT), such as PP
and mesenteric lymph nodes (MLN) [29, 30]. To investi-
gate the direct effects of Th17 cells in the gut, we iso-
lated PP 24 h after the last OVA feeding and analysed
whether the transferred cells had truly immigrated to
the PP by flow cytometry and fluorescence microscopy.
As shown in Fig. 6a, the transferred Th17 cells gener-
ated from the OT-II/GFP double-transgenic mice were
able to detect the GFP+CD4+ fraction in the PP. Trans-
ferred cells were also detected by fluorescence micros-
copy, being localized in the perifollicular lesion of the
PP (Fig. 6b). The levels of IL-17 in the PP corresponded

(a) (b)

Fig. 3. Effects of OVA feeding (oral tolerance to OVA) and anti-IL-17 antibody administration on lung allergic responses. (a) Changes in respira-

tory resistance following OVA challenges. (b) Bronchoalveolar lavage cellular composition. Data represent means ± SEM from two independent

experiments (n = 8). *P < 0.05 or **P < 0.01 compared with OT (20) + IgG group. Control + IgG: Secondarily challenged control mice with

administration of control rat IgG (with PBS feeding). OT (20) + IgG: Secondarily challenged + OVA (20 mg/day) fed mice with administration of

control rat IgG. OT (100) + IgG: Secondarily challenged + OVA (100 mg/day) fed mice with administration of control rat IgG. Control + anti-IL-

17: Secondarily challenged control mice with administration of anti-IL-17 antibody (with PBS feeding). OT (20) + anti-IL-17: OT (20) mice with

administration of anti-IL-17 antibody. Mac, macrophages; Lym, lymphocytes; Neu, neutrophils; Eos, eosinophils.

(a) (b)

Fig. 4. Effects of Th2 or Th17 cell transfer on lung allergic responses. (a) Changes in respiratory resistance following OVA challenge. (b) Bronc-

hoalveolar lavage cellular composition. Data represent means ± SEM from three independent experiments (n = 9). *P < 0.05 or **P < 0.01 com-

pared with the control group. #P < 0.05 or ##P < 0.01 compared with OT group. Control: Secondarily challenged control mice (with PBS

feeding). OT: Secondarily challenged + OVA-fed mice. OT + Th17: OT mice with transfer of Th17 cells. OT + Th2: OT mice with transfer of Th2

cells. Mac, macrophages; Lym, lymphocytes; Neu, neutrophils; Eos, eosinophils.
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to flow cytometry and histological data, that is, the lev-
els of IL-17 in the OT group were decreased compared
with the control group, whereas levels in the OT + Th17
group were restored to similar levels as those seen in
the control group (Fig. 6c). According to a previous
paper, IL-6 is secreted from adherent cells such as fi-
broblasts, keratinocytes, epithelial and endothelial cells
in response to IL-17 [15]. To determine whether the
transferred Th17 cells into the mice subjected to OVA
feeding were involved in the production of IL-6 in the
PP, we examined the expression of IL-6 mRNA by real-
time PCR and the levels of IL-6 by ELISA. We found
both the IL-6 mRNA levels and levels of IL-6 in the PP
of the mice subjected to OVA feeding alone were
decreased as compared with that of control mice, while
mRNA and protein levels of IL-6 in the PP of the mice
subjected to OVA feeding + Th17 transfer were restored
to similar levels to control mice (Fig. 6d, e). The protein
levels of IL-6 in the PP were similar after OVA feeding

and following OVA challenge (data not shown). Lending
support to a previous report that IL-6 is known to inhi-
bit the differentiation of Treg [16], the number of
CD4+CD25+Foxp3+ Treg cells in the PP obtained from
the mice subjected to OVA feeding alone were signifi-
cantly increased as compared with that in control mice,
whereas the number of Treg cells in the PP of mice
with OVA feeding + Th17 transfer was decreased to
similar levels to control mice (Fig. 6f).

Role of IL-6 on the inhibitory effects of Th17 transfer
against induction of oral tolerance

To determine the mechanism underlying the inhibitory
effects of Th17 cell transfer on the induction of oral
tolerance, we administered anti-IL-6 antibody to the
mice subjected to induction of oral tolerance + transfer
of Th17 cells. Anti-IL-6 antibody was administered
intraperitoneally for 5 days in the same phase as the

Fig. 5. In vitro cytokine levels (a) and flow-cytometric analysis (b, c). (a) Cytokine levels were determined in supernatants from lung CD4 T cells

on BD BiocoatTM T cell activation assay plates. Lung CD4 T cells from mice that received treatments were isolated as described in Materials and

methods. The lung CD4 T cells (4 9 105/well) were cultured on BD BiocoatTM T cell activation assay plates for 72 h. (b) Representative data of

CD25 and Foxp3 expression on lung CD4 T cells by flow cytometry. (c) Percentages of CD25+Foxp3+ fraction in lung CD4 cells. Data represent

means ± SEM from three independent experiments (n = 6). *P < 0.05 compared with the control group. #P < 0.05 compared with the OT group.
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OVA feeding (Fig. 1d). Interestingly, combined Th17
cell transfer + anti-IL-6 antibody administration
resulted in attenuation of the degree of AHR, airway
eosinophilia, Th2 cytokine elevation in BAL fluid and
goblet cell metaplasia to the degree observed in the
mice subjected to OVA feeding alone (Fig. 7). Represen-
tative data of the flow-cytometric analysis showed that
the number of Treg cells in the lungs of animals sub-
jected to combined Th17 cell transfer + anti-IL-6 anti-
body administration was increased as compared with
that in the mice subjected to Th17 cell transfer alone
(Fig. 7f). According to previous reports, blocking of
IL-6 in the challenge phase of asthma induced amelio-
ration of the AHR and airway allergic inflammation
[31]. Anti-IL-6 antibody administered without either

Th17 cell transfer or OVA feeding as control showed
little effect on the degree of AHR or allergic airway
inflammation (Fig. 7a, b). These data imply that while
blockade of IL-6 may have effects in the tolerance
induction phase, but not in the challenge phase.

Discussion

We demonstrated that both Th17 transfer and admin-
istration of IL-17 in the induction phase of oral toler-
ance abolished the therapeutic effects of oral
tolerance by activating IL-6 in an airway allergic
inflammation model. Furthermore, administration of
anti-IL-17 antibody augmented the therapeutic effects
of oral tolerance. These phenomena appeared to be

(a) (b) (c)

(d) (e)

Fig. 6. The effect of transfer of Th17 cells in Peyer’s patches (PP). (a) Flow-cytometric analysis for migration of the transferred Th17 cells into PP

examined at 24 h after the last OVA feeding. Th17 cells generated from OT-II/GFP double-transgenic mice were detected as GFP+CD4+ cells. (b)

Representative sections of PP tissues (magnification: 9100) obtained 24 h after the last OVA feeding by fluorescence microscopy (right photo

shows a section counterstained with haematoxylin). PPs were fixed for 4 h at 4°C in periodatelysine-paraformaldehyde, washed for 4 h with PBS

containing 10%, 15% and finally 20% sucrose, embedded in OCT compound (Miles, Elkhart), frozen in dry ice-acetone and cut on a cryostat

(Bright) into 6-lm-thick sections. The fluorescence from the transferred Th17 cells was analysed by fluorescence microscopy. The nuclei were

counterstained with haematoxylin. (c) Levels of IL-17 in the PP. Extracts from homogenized PP tissues were assessed for IL-17 by ELISA. The pro-

tein concentration was determined using the bicinchoninic acid (BCA) protein assay kit. (d) IL-6 mRNA expression in the PP. Total RNA was pre-

pared from the PP, and real-time polymerase chain reaction (PCR) analysis for IL-6 mRNA was performed. (e) Levels of IL-6 in the PP. Extracts

from homogenized PP tissues were measured for IL-6 by ELISA. (f) Percentage of the CD25+Foxp3+ fraction in the PP CD4 cells. Data represent

means ± SEM from three independent experiments carried out in triplicate. Control: Secondarily challenged control mice (with PBS feeding). OT:

Secondarily challenged + OVA-fed mice. OT + Th17: OT mice with transfer of Th17 cells. *P < 0.05 compared with the control group. #P < 0.05

compared with the OT group.
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specific to Th17/IL-17, because we confirmed that
transfer of Th2 cells, which are a critical T cell subset
for airway allergic inflammation, did not similarly
attenuate the effects of oral tolerance (Fig. 2). When
we attempted to identify the transferred cells in the
lung parenchyma after the challenges by using Th17
or Th2 cells originating from the OT-II/GFP double-
transgenic mice, few cells were found to reside in the
lung (data not shown). Therefore, we speculate that
the transferred cells attenuated the induction of oral
tolerance.

Our results indicated that IL-17 secreted from the
transferred Th17 cells induced IL-6 production, result-
ing in the suppression of expansion of Treg cells. Con-
versely, blocking of endogenous IL-17 by anti-IL-17
antibody during OVA feeding with suboptimal dose

(20 mg/day) also induced reduction of AHR and airway
eosinophilia (Fig. 3). Schnyder-Candrian et al. reported
that reduction in OVA-induced Th2 inflammation was
observed following IL-17 administration, and exacerba-
tion of Th2 inflammation following anti-IL-17 adminis-
tration in wild-type mice [6]. However, the systems
used in our study differed from that of Schnyder-
Candrian et al. First, a different study using a similar
protocol reported that airway inflammation was exacer-
bated, including AHR [32]. This finding indicates that
the negative regulator function of IL-17 in allergic
model may be controversial. Second, Schnyder-Candri-
an et al. administered IL-17 or anti-IL-17 antibodies
locally (intratreacheally) at doses differing from ours.
Third, our data involve a tolerance model. In the gut,
Th17 is thought to be a negative regulator for the

(a) (b) (c)

(d)

(a) (b)

(e) (f)

(c) (d)

Fig. 7. Effects of administration of anti-IL-6 antibody after transfer of Th17 cells on lung allergic responses. (a) Changes in respiratory resistance

following OVA challenge. (b) Bronchoalveolar lavage (BAL) cellular composition. (c) Cytokine levels in BAL fluid. (d) Representative periodic acid-

Schiff (PAS)-stained histological sections of lung tissues (original magnification: 9100, insets: 9400) obtained 24 h after the last challenge in a)

2nd control, b) 2nd OT, c) OT mice + Th17, d) OT mice + Th17 + anti-IL-6. (e) Quantitative analysis of PAS-positive cells. (f) Representative data

of CD25 and Foxp3 expression on lung CD4 T cells by flow cytometry. Data represent means ± SEM from three independent experiments (n = 9).

#P < 0.05 or ##P < 0.01 compared with OT mice + Th17 + IgG mice or as indicated. Control: Secondarily challenged control mice (with PBS

feeding), OT: Secondarily challenged + OVA-fed mice. OT + Th17 + IgG: OT mice with simultaneous transfer of Th17 cells and administration of

control rat IgG. OT + Th17 + anti-IL-6: OT mice with simultaneous transfer of Th17 cells and administration of anti-IL-6 antibody. Con-

trol + anti-IL-6: Secondarily challenged control mice and administration of anti-IL-6 antibody (with PBS feeding). Mac, macrophages; Lym, lym-

phocytes; Neu, neutrophils; Eos, eosinophils; BM, basement membrane.
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induction of Treg cells [13]. Peron et al. also reported
that oral tolerance in EAE induced a reduction of Th17
cells and inflammation in the periphery and CNS [33].
From these data, it may be concluded that IL-17 plays a
role in regulating oral tolerance. With regard to Treg
cells, Hauet-Broere et al. reported that the critical
mechanism of induction of oral tolerance was expan-
sion of Tregs in the GALT, such as PP and MLN [29].
Exogenous antigens are processed by the GALT system
and utilized for an active suppression mechanism to
render the host immunologically unresponsive to them
[13]. Since our data indicated that the number of Tregs
in the lung increased after the induction of oral toler-
ance and presumably decreased by the influence of
IL-17/IL-6, it can be speculated that the Tregs generated
in the PP or MLNs may immigrate to the lung and ame-
liorate the airway allergic inflammation. The results of
flow cytometry and histological examination for the PP
demonstrated that the transferred Th17 cells had immi-
grated into the PP and induced upregulation of IL-6
production, resulting in suppression of the expansion of
Treg cells (Fig. 5).

Neutralization of IL-6 in accordance with Th17 trans-
fer was quite effective for restoration of oral tolerance
in this study. Reciprocal development of Foxp3-Tregs
and Th17 cells has recently been discovered, because
TGF-b triggers the expression of Foxp3 in naı̈ve T cells,
whereas IL-6 inhibits the TGF-b-driven expression of
Foxp3, and TGF-b plus IL-6 together induce retinoid-
related orphan receptor (ROR)-gt, triggering the devel-
opmental programme of Th17 cells [16]. Korn et al.
reported that the blockade of IL-6 signalling using
genetic deficiency of the signalling subunit glycopro-
tein 130 (gp130) likely changed the immunogenic vac-
cination protocols into a tolerogenic regimen with the
induction of antigen-specific Foxp3 Tregs in experi-
mental allergic encephalomyelitis [34]. In our prelimin-
ary data, in vitro blocking of endogenous IL-6 from
Th17 cells by anti-IL-6 antibody altered production of
IL-17 from Th17 cells (data not shown). These results
support our data with respect to IL-6 blockade as a
powerful candidate to boost the tolerogenic effect in
immunotherapy.

In the study by Doganci et al. [31], nasal adminis-
tration of anti-IL-6R or gp130-fraction contrast
(gp130-Fc), which causes blockade of trans-signalling
of IL-6, in the antigen challenge phase of asthma in a
murine model showed suppression of expansion of the
Th2-type cells in the lung and induction of
CD4+CD25+Foxp3+ Tregs in the lung. To determine
whether anti-IL-6 antibody was more effective in the
tolerance induction phase or the challenge phase, we
examined the effects in mice subjected to anti-IL-6
antibody administration without transfer of Th17
cells + OVA feeding as controls, and found that anti-

IL-6 had little effects on the degree of AHR and aller-
gic airway inflammation (Fig. 7a, b). These data indi-
cate that blockade of IL-6 in our study was effective
in the tolerance induction phase, but not in the chal-
lenge phase. Doganci et al. described the different
roles of membrane-bound IL-6R (mIL-6R) and soluble
IL-6R (sIL-6R) in lung immune responses [31, 35]. In
other words, local blockade of sIL-6R in a murine
model of asthma after OVA sensitization by gp130Fc
led to suppression of the Th2 cells in the lung. In
contrast, local treatment of the lung with anti-IL-6R
antibody for blockade of mIL-6R and sIL-6R induced
Th1-CD4 cells as well as CD4+CD25+Foxp3+ Treg cells,
with immunosuppressant effects in the lung. In our
study, anti-IL-6 antibody was used for neutralization
of IL-6, thereby our system was expected to show dual
effects theoretically. However, the effect of blockade
of IL-6R on the induction of oral tolerance in an air-
way allergic inflammation model must be elucidated
in a future study.

In this study, we adopted the therapeutic protocol
used in the allergic airway inflammation model,
because of application of a similar protocol in the clini-
cal setting. In general, three patterns have been used to
develop the oral tolerance model: feeding before sensi-
tization and feeding between sensitization and chal-
lenges, the so-called prophylactic and more popular
protocols, and the third is feeding after the first chal-
lenge, as used in our study, the so-called therapeutic
protocol [36]. With regard to the effects, the first two
are associated with a greater susceptibility to oral toler-
ance than the third [36–38]. Actually, we observed little
effect on the degree of AHR and airway inflammation
with fewer doses (20 mg/day/mouse) of OVA (Fig. 3).
However, in the clinical setting, BA patients never
receive immunotherapy before the occurrence of the
disease; therefore, we adopted the therapeutic protocol
of feeding in this study.

In summary, we investigated the inhibitory effects of
IL-17 on the induction of oral tolerance in an allergic
airway inflammation model. Administration of IL-17 as
well as the transfer of Th17 cells was found to have the
potential to abolish the therapeutic effects of oral toler-
ance such as amelioration of the degree of AHR, airway
allergic inflammation, by presumably augmenting
endogenous IL-6 production in PP. On the other hand,
administration of anti-IL-17 antibody on the induction
phase of oral tolerance induced the augmentation of
therapeutic effects of oral tolerance. Based on the find-
ing that transfer of Th2 did not induce similar effects,
we concluded that this phenomenon was specific to
IL-17. In the flow-cytometric analysis, increase in the
number of Foxp3-positive Treg cells in the lungs was
observed in the OVA-fed mice, whereas a decrease in
the number of these cells was noted in the animals
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subjected to OVA feeding + Th17 cell transfer. Neutral-
ization of IL-6 by anti-IL-6 antibody at the same time
as the transfer of Th17 was able to restore the effects of
oral tolerance. These data suggest that IL-17 may inhi-
bit the induction of tolerance to antigen in asthma, and
it is possible that modulation of IL-17/Th17 cells may
offer great therapeutic benefits in the immunotherapy
for BA.
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