
NKT cells play critical roles in the induction of oral tolerance by
inducing regulatory T cells producing IL-10 and transforming

growth factor b, and by clonally deleting antigen-specific T cells

Introduction

Natural killer T (NKT) cells are now well established as a

subset distinct from conventional ab T cells and charac-

terized by coexpressing surface markers of both conven-

tional ab T cells and NKT cells.1 NKT cells of mice

express a single invariant Va14Ja18 T-cell receptor

(TCR)2 (Va14i TCR NKT cells) which recognizes glyco-

lipid antigens presented by non-polymorphic major histo-

compatibility complex (MHC) class I-like protein CD1d.3

a-galactosyl ceramide (a-GalCer) binds to CD1d mole-

cules, and these complexes are recognized by TCRs of

NKT cells.4,5 Upon activation, NKT cells rapidly produce

large amounts of interleukin (IL)-4 and interferon (IFN)-

c.6 These cytokines have been demonstrated to play crit-

ical roles in the regulation of innate and adaptive

immune responses by NKT cells.1 Thus, it has been estab-

lished that NKT cells regulate immune responses by

modulating T helper type 1/type 2 (Th1/Th2) balance

in vivo. Although NKT cells exist as a minor population

of T cells, they play critical roles in regulating various

immune responses in vivo, including the maintenance of

self-tolerance, autoimmune diseases,7–9 tumour rejection10

and response to various infectious agents.11–13

Immune responses generated by orally administered

proteins result in a state of local and systemic unrespon-

siveness to the same antigens.14 This phenomenon has

been termed oral tolerance15 or mucosally induced toler-

ance.16 Moreover, it has been demonstrated that during

the inductive phase of oral tolerance anergy is preceded

by antigen-specific T-cell activation and proliferation,17

and that CD4+ T cells play important roles in the induc-

tion of oral tolerance.18,19 However, the contribution

of NKT cells to the induction of oral tolerance remains

controversial.

Trop et al. reported that hepatic NK1�1+ liver-associ-

ated lymphocytes played a critical role in the induction

of oral tolerance in an experimental colitis model.20
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Summary

Oral tolerance is the systemic unresponsiveness induced by orally admin-

istered proteins. To explore the roles of natural killer T (NKT) cells in

oral tolerance, we induced oral tolerance to ovalbumin (OVA) in NKT

cell-deficient mice. In CD1d–/– mice, the induction of tolerance to orally

administered high- or low-dose OVA was impaired. Dendritic cells (DCs)

in the Peyer’s patches (PPs) of CD1d–/– mice fed OVA showed high

expression of major histocompatibility complex (MHC) class II and B7

molecules, whereas DCs of control mice fed OVA expressed low levels of

these molecules. The adoptive transfer of NKT cells restored oral toler-

ance and induction of tolerogenic DCs in the PPs and spleens of CD1d–/–

mice. Moreover, interleukin (IL)-10 and transforming growth factor

(TGF)-b1 production in vitro were reduced in cells from the spleen and

PPs of CD1d–/– mice compared with those of control mice fed OVA. The

numbers of OVA-specific CD4+ KJ1-26+ T cells were significantly reduced

in the PPs and spleens of DO11�10 mice fed OVA. In contrast, OVA-spe-

cific CD4+ KJ1-26+ T cells were not deleted in the PPs or spleens of

DO11�10 CD1d–/– mice. In conclusion, NKT cells were found to play an

indispensable role in oral tolerance by inducing regulatory T cells, and

clonally deleting antigen-specific CD4+ T cells.
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However, they could not clearly demonstrate the func-

tional roles of NKT cells in the induction of oral toler-

ance because NK1�1+ liver-associated lymphocytes,

including NK cells and NKT cells expressing NK1�1 pro-

tein in B6 mice, were depleted by injecting anti-

NK1�1 monoclonal antibody (mAb). Watanabe et al.

reported that hepatic CD4+ FasL+ regulatory cells secre-

ting IL-4 play essential roles in systemic hyporesponsive-

ness induced by the administration of a high dose of

antigen.21 However, hepatic CD4+ FasL+ regulatory cells

do not seem to include hepatic NKT cells as the propor-

tions of KJ1-26+ Va14+ T cells and KJ1-26+ CD122+ T

cells were unchanged in the livers of mice fed OVA and

mice fed phosphate-buffered saline (PBS). Thus, NKT

cells are not likely to play a crucial role in the experimen-

tal system of Watanabe et al.21 A recent report demon-

strated that oral tolerance to a high dose of OVA (25 mg)

was normally induced in Ja18–/– mice and in wild-type

mice, suggesting that NKT cells do not contribute to the

induction of oral tolerance.22 However, the abrogation of

oral tolerance by polyethylene glycol 1 (PEG1) was not

evident in Ja18–/– mice, whereas this phenomenon was

clearly evident in wild-type mice. These findings suggest

that NKT cells are dispensable for the induction of oral

tolerance but indispensable in the abrogation of oral tol-

erance by PEG1.22 Moreover, several recent reports have

suggested that NKT cells play critical roles in the induc-

tion of oral tolerance by modulating dendritic cells

(DCs).23,24 These findings suggested that NKT cells play a

role in induction of oral tolerance, depending on the

antigens or types of in vivo systems used. Nevertheless,

the mechanisms by which NKT cells contribute to the

induction of oral tolerance remain unclear.

In the present study, we explored the mechanisms by

which NKT cells exert functional effects in the regulation

of systemic unresponsiveness in response to orally admin-

istered antigens. Our results show that NKT cells play

critical roles in the induction of oral tolerance by indu-

cing regulatory T cells and by clonally deleting antigen-

specific T cells.

Materials and methods

Mice

C57BL/6 and BALB/c mice were purchased from Orient

(Seoul, Korea). CD1d–/– (C57BL/6 background) mice

were a generous gift from Dr Hua Gu (Columbia Univer-

sity, New York, NY). Ja18–/– (C57BL/6 background) and

RAG–/– Va14tg Vb8�2tg mice were a generous gift from

Dr M. Taniguchi (Chiba University, Chiba, Japan).

DO11�10 transgenic and CD1d–/– (BALB/c background)

mice were purchased from The Jackson Laboratory (Bar

Harbor, ME). Mice 6–8 weeks old were used in all experi-

ments. Mice were bred and maintained under specific

pathogen-free (SPF) conditions in the Clinical Research

Institute of Seoul National University Hospital. All animal

experiments were performed after receiving approval from

the Institutional Animal Care and Use Committee

(IACUC) of the Clinical Research Institute of Seoul

National University Hospital.

Antibodies

The following antibodies and reagents used for flow

cytometry were purchased from BD Pharmingen (San

Diego, CA): CyChrome-conjugated anti-CD4, phycoeryth-

rin (PE)-conjugated anti-CD25, fluorescein isothiocyanate

(FITC)-conjugated anti-IL-10, biotinylated anti-TGF-b,

PE-conjugated anti-CD80, PE-conjugated anti-I-Ad, FITC-

conjugated anti-CD11c mAb, and FITC-conjugated strepta-

vidin. FITC-conjugated KJ1-26 mAb was purchased from

Caltag (Burlingame, CA).

Induction of oral tolerance to OVA

BALB/c or BALB/c CD1d–/– mice were adoptively trans-

ferred with splenocytes from DO11�10 mice (2�5 · 106

CD4+ KJ1-26+ T cells per recipient mouse) as previously

described.25 Mice were given a single feed of 250 or

1 mg of OVA or PBS as a control 2 days after transfer.

Mice were immunized intraperitoneally (i.p.) with 20 lg

of OVA (grade V; Sigma, St Louis, MO) emulsified in

complete Freund’s adjuvant (CFA) (Sigma) 4 days after

oral feeding with OVA. Eight days after immunization,

OVA-specific immunoglobulin G (IgG) in serum was

measured, and the spleen and Peyer’s patch (PP) were

removed for the assessment of proliferation and for cyto-

kine analysis.

For inducing oral tolerance in B6 mice, mice were fed

with 10 or 25 mg of OVA or PBS as a control. One week

after feeding, the mice were immunized i.p. with 20 lg

of OVA (grade V; Sigma) emulsified in CFA (Sigma).

OVA-specific IgG in serum was measured and the

spleens were removed for in vitro studies 14 days after

immunization.

Enzyme-linked immunosorbent assay (ELISA) for
OVA-specific IgG

Serially diluted serum was then added to immulon II

96-well ELISA plates (Dynatech Laboratories, Chantilly,

VA) coated with OVA (5 lg/ml) in PBS (pH 7�4) and

incubated for 2 hr at room temperature. Alkaline phos-

phatase-conjugated goat anti-mouse IgG (Pierce, Rock-

ford, IL) diluted in PBS/0�1% bovine serum albumin

(BSA)/Tween 20 (1 : 5000) was then added and the plates

were incubated for 1 hr at room temperature. The plates

were then washed, and 100 ll of phosphatase substrate

(p-nitrophenyl-phosphate in a carbonate buffer, pH 9�6)

102 � 2006 Blackwell Publishing Ltd, Immunology, 118, 101–111

H. J. Kim et al.



was added to each well. Absorbance was read at 405 nm

using SOFTmaxPro version 4�3LS (Molecular Devices,

Berkeley, CA).

Proliferation assay

Splenocytes (5 · 105 cells/well) were cultured in 96-well

U-bottom tissue culture plates for 72 hr. [3H]thymidine

(0�5 lCi/well; New England Nuclear, Boston, MA) was

added for the final 18 hr of incubation. 3H incorporation

into DNA was determined using a scintillation coun-

ter (Wallac, Gaithersburg, MD). Alternatively, an MTS

(Promega Corp., Madison, WI) assay was performed to

measure OVA-specific immune cell proliferation.

Measurement of cytokines

Supernatants were harvested 48 hr after culturing cells

(2 · 106 cells/ml) in 12-well plates stimulated with med-

ium alone, or with OVA (100 lg/ml in serum-free media:

X-Vivo; BioWhittaker, Walkersville, MD). PP and spleen

cells were cultured seperately. Capture ELISAs were

conducted to detect TGF-b, IL-4, IFN-c and IL-10

according to the manufacturer’s recommendations (BD

Pharmingen).

Obtaining NKT cells and the adoptive transfer
experiment

After they had been killed, the livers of C57BL/6 (B6)

mice were homogenized and resuspended in loading buf-

fer [PBS containing 10% fetal bovine serum (FBS) and

1 mM ethylenediaminetetraacetic acid (EDTA)], and over-

laid onto lympholyte-M (Cedarlane, Ontario, Canada).

After centrifugation at 900 g for 20 min at 25�, liver

mononuclear cells (MNCs) were isolated at the interface

and stained with PE-conjugated anti-NK1�1 (BD Pharm-

ingen) and Cy-conjugated anti-TCR-b (clone H57-597;

BD Pharmingen). NK1�1+ TCR-b+ NKT cells were then

sorted using FACSTAR and CELLQUEST software (BD Bio-

sciences, San Jose, CA). Sorted NKT cells (1 · 105 cells

per recipient) from B6 mice were adoptively transferred

into CD1d–/– mice 1 day before the oral administration

of OVA.

Splenocyte suspensions of RAG–/– Va14tg Vb8�2tg mice

or Ja18–/– mice were prepared and depleted of red blood

cells with RBC lysis buffer (Sigma-Aldrich, St. Louis

MO). 1 · 107 splenocytes were adoptively transferred by

intravenously injection.

Statistics

Statistical significance was determined using the PRISM 3�0
program. Student’s t-tests were used to determine the

P-values of two-group comparisons. P-values of < 0�05

were considered significant. Data are expressed as means ±

standard error of the mean.

Results

Natural killer T cell-deficient mice showed impaired
induction of oral tolerance to OVA

To determine the specific roles of NKT cells in the induc-

tion of oral tolerance, we induced oral tolerance to OVA

in control and CD1d–/– mice lacking CD1d-dependent

NKT cells. B6 and B6 CD1d–/– mice were orally adminis-

tered OVA or PBS. These mice were immunized with

OVA and CFA as adjuvant 7 days after feeding, and

examined for OVA-specific serum IgG and T-cell prolifer-

ation 14 days after immunization with OVA. B6 mice fed

OVA showed significantly reduced serum OVA-specific

IgG and T-cell proliferation compared with PBS-fed mice,

indicating that OVA-specific oral tolerance was induced

in control mice. In contrast, the reduction of OVA-speci-

fic IgG in serum and T-cell proliferation was not signifi-

cant (Fig. 1a) in CD1d–/– mice fed OVA. These findings

suggest that induction of oral tolerance to OVA was

impaired in NKT-deficient mice.

To demonstrate the impaired induction of oral toler-

ance in NKT cell-deficient mice using another oral toler-

ance model system and genetic background, we induced

oral tolerance to OVA in a DO11�10 T-cell transfer model

with a BALB/c background (Fig. 1b). As shown in the

non-transfer model of B6 mice, oral tolerance to OVA

was also impaired in CD1d–/– mice in the DO11�10 T-cell

transfer model with a BALB/c background. These results

suggest that NKT cells play critical roles in the induction

of OVA-specific oral tolerance, and that their effect is

independent of the model system or strain of NKT cell-

deficient mice used.

To confirm that the lack of NKT cells specifically

caused the failure to induce oral tolerance to OVA in

CD1d–/– mice, we adoptively transferred NKT cells sorted

from B6 mice (Figs 2a, b and c) into CD1d–/– mice and

then induced oral tolerance to OVA. In CD1d–/– mice

administered NKT cells, OVA-specific serum IgG (Fig. 2a)

and T-cell proliferation (Fig. 2b) were reduced as in con-

trol mice. Moreover, the levels of OVA-specific IgG in the

variously diluted sera in these mice were similar to those

in mice with a single diluted serum (Fig. 2c). In addition,

the administered NKT cells were detected in the spleen

and liver 7 days after the adoptive transfer into recipient

CD1d–/– mice, suggesting that adoptively transferred NKT

cells survived in CD1d–/– mice (Fig. 2d). These data indi-

cate that adoptively transferred NKT cells restored the

induction of oral tolerance to OVA in CD1d–/– mice.

Taken together, these findings indicate that NKT cells are

a critical subset of T cells for the induction of oral toler-

ance to OVA in this in vivo system.
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NKT cell-deficient mice showed impaired
induction of oral tolerance to high- and low-dose
OVA

Oral tolerance occurs after either the administration of a

single high dose of antigen (> 20 mg) or after repeated

exposure to low doses (< 1 mg) in mice.26 These two

forms of tolerance, termed high- and low-dose tolerance,

are mediated by distinct mechanisms. A high dose of oral

antigens induces anergy and/or the clonal deletion of anti-

gen-specific T cells, whereas low-dose oral tolerance is

mediated by the induction of active regulatory T cells.26–28

Thus, to explore the mechanism by which NKT cells con-

tribute to the induction of oral tolerance, we designed an

experiment to examine whether the dose of antigens

administered orally affected the impairment of oral toler-

ance induction in NKT cell-deficient mice using a

DO11�10 splenocyte adoptive transfer model. OVA-speci-

fic serum IgG and T-cell proliferation were down-regula-

ted in wild-type mice after feeding with low-dose (1 mg)

or high-dose (250 mg) OVA. The impairment of oral

tolerance to OVA was found in CD1d–/– mice fed low- or

high-dose OVA, as determined by measuring OVA-specific

serum IgG and T-cell proliferation on day 14 (Figs 3a

and b). Moreover, the levels of OVA-specific IgG in

the variously diluted sera in these mice were similar to

those in mice with a single diluted serum (Fig. 3c). The

impairment of oral tolerance induction to OVA in

CD1d–/– mice in terms of OVA-specific T-cell prolifer-

ation was more severe after low-dose administration.

Taken together, these findings indicated that NKT cells

play critical roles in induction of oral tolerance to both

high and low doses of OVA.

NKT cells induced tolerogenic DCs during the
induction of oral tolerance

Mucosal immune responses are initiated following anti-

gen uptake, processing and presentation by antigen-pre-

senting cells (APCs).29 An intriguing possibility is that

oral tolerance results from interactions between T cells

and APCs, so that tolerant T cells or APCs prime T cell

to deliver a tolerogenic signal to the next T cell.26

Recently, several reports have suggested that DCs play

critical roles in oral tolerance induced by NKT cells.23,24

We therefore examined the possibility that the impair-

ment of oral tolerance induction in CD1d–/– mice is a

result of a failure in the induction of tolerogenic DCs in

PPs, which express low levels of MHC class II molecules

and costimulatory molecules such as CD80 compared

with immunogenic DCs.

In the PPs of BALB/c (1 or 250 mg per mouse) and

B6 mice (100 mg per mouse) fed OVA, CD11c+ DCs

were found to express lower levels of I-Ad and CD80

molecules compared with those of PBS-fed mice (Figs 4a

and b). In contrast, CD11c+ DCs of PPs in CD1d–/– mice

with a B6 and BALB/c background fed OVA or PBS

expressed high levels of I-Ad and CD80, suggesting that

NKT cell-deficient mice are defective in terms of the

induction of toleragenic DCs in PPs during the induction

of oral tolerance.

To establish a functional link between NKT cells and

induction of tolerogenic DCs in PPs during oral tolerance,

NKT cells of RAG–/– Va14tg Vb8�2tg mice were adoptively

transferred into CD1d–/– mice. Splenocytes from RAG–/–

Va14tg Vb8�2tg mice contain a large number of Va14i TCR

NKT cells, whereas splenocytes from Ja18–/– mice are
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Figure 1. Natural killer T (NKT) cell-deficient mice showed impairment in the induction of oral tolerance to ovalbumin (OVA). (a) B6 and

B6 CD1d–/– mice were fed OVA or phosphate-buffered saline (PBS) and immunized with OVA. OVA-specific immunoglobulin G (IgG) in serum

and T-cell proliferation were measured 14 days after immunization. (b) Spleen cells (2 · 106) from DO11�10 mice were adoptively transferred into

BALB/c or BALB/c CD1d–/– mice, which were then fed OVA or PBS and immunized with OVA. OVA-specific IgG in serum and immune cell pro-

liferation were measured 8 days after immunization. Data are the mean ± standard error of the mean for three mice in each group. These results

are taken from a representative experiment of three repeated experiments (***P < 0�0001). OD, optical density; TdR, Thymidine uptake rate.
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deficient in Va14i TCR NKT cells.1 In CD1d–/– mice into

which splenocytes from RAG–/– Va14tg Vb8�2tg mice were

transferred, the expression levels of I-Ad and CD80 mole-

cules on CD11c+ DCs of PPs were reduced to the control

levels, whereas in CD1d–/– mice into which splenocytes

from NKT cell-deficient Ja18–/– mice were transferred, high

levels of I-Ad and CD80 expression were found on CD11c+

DCs of PPs (Fig. 4b). These results indicate that the recon-

stitution of NKT cells in CD1d–/– mice restores the induc-

tion of tolerogenic DCs in PPs during the induction of oral

tolerance. Thus, it is proposed that NKT cells play indis-

pensable roles in the induction of tolerogenic DCs in PPs

during oral tolerance induction to high and low doses of

OVA.

NKT cells induced regulatory T cells producing
TGF-b1 and IL-10 during oral tolerance

To explore the mechanism by which NKT cells contri-

bute to the induction of oral tolerance, we measured
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Figure 2. Adoptive transfer of natural killer T (NKT) cells into CD1d–/– mice restored oral tolerance to ovalbumin (OVA). Sorted NKT cells

from B6 mice were adoptively transferred into CD1d–/– mice 1 day before the oral administration of OVA (100 mg per mouse). (a) OVA-specific

immunoglobulin (IgG) in sera was evaluated using an enzyme-linked immunosorbent assay (ELISA) and (b) T-cell proliferation was measured

by MTS assays. (c) OVA-specific IgG in variously diluted sera was measured on day 28. Data are the mean ± standard error of the mean for

three mice in each group. These results are taken from a representative experiment of three repeated experiments. Statistical analysis was per-

formed using the prism 3�0 program (**P < 0�001; *P < 0�05). (d) Flow cytometric analysis was performed using the mononuclear cells from the

liver and spleen in B6, B6 CD1d–/– or B6 CD1d–/– mice to which NKT cells were administered 7 days after the adoptive transfer of NKT cells.

OD, optical density; PBS, phosphate-buffered saline; TCR, T-cell receptor.
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the amounts of IL-4, IL-10, IFN-c and TGF-b1 secreted

by immune cells of the spleen and PP taken from

CD1d–/– and control mice fed either OVA (1 or

250 mg per mouse) or PBS. After in vitro stimula-

tion by OVA, immune cells from PPs and spleens of

BALB/c mice secreted larger amounts of IL-4, IL-10

OVA-specific IgG
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**P < 0�001).
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Figure 4. Natural killer T (NKT) cells induced

tolerogenic dendritic cells (DCs) in the Peyer’s

patch (PP) during the induction of oral toler-

ance. (a) Spleen cells (2 · 106) from DO11�10

mice were adoptively transferred into BALB/c

or BALB/c CD1d–/– mice, which were then fed

250 or 1 mg ovalbumin (OVA; OVA-250 and

OVA-1, respectively) or phosphate-buffered

saline (PBS) and immunized with OVA. The

cells were taken from the PPs of these mice

14 days after the adoptive transfer of DO11�10

mouse splenocytes, and the expression of

I-Ad and CD80 on these cells was evaluated

among gated CD11c+ cells by flow cytometry.

(b) Splenocytes (1 · 107 cells/mouse) from

RAG–/– Va14tg Vb8�2tg mice or Ja18–/– mice

were adoptively transferred into B6 CD1d–/–

mice 1 day before the oral administration of

OVA or PBS. Cells were taken from the PPs of

B6, B6 CD1d–/– and B6 CD1d–/– mice 21 days

after the adoptive transfer of splenocytes, and

then the expression of I-Ad and CD80 on these

cells was evaluated among gated CD11c+ cells

by flow cytometry. Data are the mean ± stand-

ard error of the mean for three mice in each

group, and taken from a representative experi-

ment of three repeated experiments.
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and TGF-b than those of CD1d–/– mice. In contrast,

the amount of IFN-c secreted by immune cells was

higher in CD1d–/– mice than in BALB/c mice (Fig. 5a).

These results suggest that IL-10- and TGF-b1-producing

cells may be critical for the induction of NKT cell-

mediated oral tolerance. Regulatory T cells are known

to mediate immune suppression in oral tolerance via

the production of inhibitory cytokines such as IL-10

and TGF-b1.26 Thus, we investigated how many

CD4+ CD25+ regulatory T cells producing IL-10 or

TGF-b are induced by the oral administration of OVA

in CD1d–/– and control mice. Cells were taken from

the PPs of these mice after the oral administration of

OVA (1 or 250 mg per mouse), and then stimulated

with OVA in vitro. The total numbers of immune cells

in the PP and spleen in CD1d–/– mice fed OVA or

PBS were quite similar to those in BALB/c mice fed

OVA or PBS (data not shown). The percentages of

CD4+ CD25+ regulatory T cells producing IL-10 or

TGF-b were determined by intracellular staining and

flow cytometric analysis. In the PPs of BALB/c mice,

the percentage of CD4+ CD25+ regulatory T cells pro-

ducing TGF-b or IL-10 was higher than in those of

CD1d–/– mice, indicating that NKT cell-deficient mice

are defective in the induction of CD4+ CD25+ regula-

tory T cells producing TGF-b or IL-10 in PPs during

the induction of oral tolerance (Fig. 5b).

NKT cells were also involved in the clonal deletion
of OVA-specific CD4+ T cells during oral tolerance
induction

To explore whether NKT cells induce the clonal deletion of

OVA-specific T cells during the induction of oral tolerance

to OVA, we generated DO11�10 CD1d–/– mice by crossing

DO11�10 and CD1d–/– mice. In DO11�10 CD1d–/– mice,

the induction of oral tolerance to OVA was impaired,

whereas OVA-specific serum IgG and immune cell prolifer-

ation were significantly reduced in DO11�10 mice orally fed

OVA (100 mg per mouse for 5 days) on day 9 (Fig. 6a).

Moreover, the levels of OVA-specific IgG in the variously

diluted sera in DO11�10 and DO11�10 CD1d–/– mice fed

OVA were similar to those in mice with a single diluted

serum (Fig. 6b). The total cell numbers in PPs and spleens

in DO11�10 mice fed OVA or PBS were similar to those in

DO11�10 CD1d–/– mice fed OVA or PBS (Fig. 6c). We ana-

lysed the numbers of OVA-specific T cells in PPs and

spleens, as detected by clonotypic KJ1-26 mAb, in DO11�10

and DO11�10 CD1d–/– mice fed OVA (Fig. 6d). In

DO11�10 mice fed OVA, the percentages of OVA-specific

CD4+ T cells in PPs and spleens were significantly reduced

compared with control mice fed PBS. In contrast, OVA-

specific CD4+ T cells were not deleted in PPs and spleens of

NKT cell-deficient DO11�10 mice fed OVA or PBS. In addi-

tion, there was no significant difference in the percentages
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Figure 5. Natural killer T (NKT) cells contri-

buted to the induction of regulatory T cells

producing interleukin (IL)-10 and transform-

ing growth factor (TGF)-b1 in Peyer’s patches

(PPs). Spleen cells (2 · 106) from DO11�10

mice were adoptively transferred into BALB/c

or BALB/c CD1d–/– mice, which were then fed

ovalbumin (OVA) or phosphate-buffered saline

(PBS). Immune cells were taken from the PPs

and spleens of BALB/c and BALB/c CD1d–/–

mice fed 250 mg (OVA-250) or 1 mg OVA

(OVA-1) or PBS. (a) The production of IL-10,

TGF-b, interferon (IFN)-c and IL-4 was meas-

ured using enzyme-linked immunosorbent

assay (ELISA) after stimulating immune cells

(2 · 106 cells/ml) with OVA (100 lg/ml) from

BALB/c mice (white bars) or BALB/c CD1d–/–

mice (black bars). (b) The intracellular expres-

sion of TGF-b and IL-10 was evaluated in

gated CD25+ cells by flow cytometry after sti-

mulating immune cells with OVA. These

results are taken from a representative experi-

ment of five repeated experiments. SP, spleen.
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of CD4+ CD25+ cells between DO11�10 and DO11�10

CD1d–/– mice fed OVA (Fig. 5e). These findings suggest

that, during the induction of oral tolerance, NKT cells con-

tribute to the clonal deletion of OVA-specific CD4+ T cells.

Discussion

The present study demonstrates that the induction of tol-

erance to orally administered high- and low-dose OVA is

impaired in CD1d–/– mice compared with the wild type.

The impairment of oral tolerance induction in NKT cell-

deficient mice was observed in both a B6 (Fig. 1a) and a

BALB/c background. Moreover, we also found impaired

oral tolerance induction in two different independent

models of BALB/c mice, namely, an adoptive transfer

model using DO11�10 T cells and a non-adoptive transfer

model (data not shown). Thus, the present study

confirms that oral tolerance to OVA is impaired in NKT

cell-deficient mice, and that this is independent of OVA

concentration, strain of mice, and type of mouse oral tol-

erance model.

Although the mechanism by which orally administered

antigen induces the activation of NKT cells is unknown,

it is unlikely that NKT cells are OVA-specifically activa-

ted by interaction with APCs presenting peptide derived

from OVA. Instead, it has been speculated that cellular

glycolipid provided by apoptotic cells during oral toler-

ance is presented by CD1d-expressing cells to NKT cells

in vivo. Several studies have demonstrated that CD1d

molecules are able to present cellular glycolipid to acti-

vate NKT cells, supporting this speculation.30,31 How-

ever, APCs in CD1d–/– mice did not provide CD1d

molecules for NKT cells during the interaction between

NKT cells and APCs in vivo. Therefore, NKT cells

appear to be activated independently of TCR signals in

this in vivo system. During the sorting of NKT cells

from hepatic MNCs by flow cytometry, TCR-b and

NK1�1 on NKT cells were engaged by mAbs before

adoptively transferring NKT cells into CD1d–/– mice. It

is likely that TCR-b engagement on NKT cells by mAb

could provide enough TCR signal for activation prior to

adoptively transferring NKT cells into CD1d–/– mice. A

recent study supported this suggestion by demonstrating

that sorted NKT cells attenuate lung fibrosis in CD1d–/–

mice by adoptive transfer in bleomycin-pulmonary fibro-

sis.32 Alternatively, various membrane proteins expressed

on NKT cells could be engaged by their ligands on APCs

in the absence of CD1d, and these molecules could suffi-

ciently activate NKT cells rather than TCRs. However,

this possibility is less likely in vivo, because no activating

molecule is known to provide signals as potent as TCRs

with respect to NKT-cell activation. In the case of

adoptive transfer of total splenocytes from RAG–/–

Va14tg Vb8�2tg mice into CD1d–/– mice, splenocytes of

these mice contain a large number of APCs expressing

CD1d molecules, which might contribute to activating

Va14i TCR NKT cells in a CD1d-dependent manner in

the in vivo system.

Although it remains unclear whether the interaction

between NKT cells and DCs is direct or indirect, the
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Figure 6. Natural killer T (NKT) cells contributed to the deletion of

ovalbumin (OVA)-specific CD4+ T cells during the induction of oral

tolerance. DO11�10 and DO11�10 CD1d–/– mice were fed OVA

(100 mg per mouse for 5 days) and then immunized with OVA.

(a) OVA-specific immunoglobulin G (IgG) in serum and T-cell pro-

liferation in DO11�10 and DO11�10 CD1d–/– mice were measured by

enzyme-linked immunosorbent assay (ELISA) and MTS assay,

respectively. (b) OVA-specific IgG in variously diluted sera was

measured on day 9. (c) The total numbers of immune cells were

counted in the spleens and Peyer’s patches (PPs) from DO11�10

and DO11�10 CD1d–/– mice fed phosphate-buffered saline (PBS) or

OVA. (d) The percentages of OVA-specific CD4+ T cells were meas-

ured using clotypic monoclonal antibody (mAb) KJ1-26 in the PPs

and spleens of DO11�10 and DO11�10 CD1d–/– mice. (e) The per-

centages of CD4+ CD25+ cells were measured in the PPs of DO11�10

and DO11�10 CD1d–/– mice. Statistical analysis was performed using

the prism 3�0 program.
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current study demonstrates that the induction of tolero-

genic DCs requires the presence of NKT cells in vivo dur-

ing oral tolerance induction. DCs in the presence of NKT

cells produce greater amounts of IL-10 and lose the abil-

ity to secrete IL-12, a phenotype that is consistent with a

tolerogenic function.33,34 It has therefore been proposed

that activated NKT cells potentially induce tolerogenic

DCs and vice versa. Upon injecting a-GalCer into mice,

activated NKT cells up-regulate the expression of the

costimulatory molecules of splenic DCs, reflecting a more

mature DC status, and suggesting that the activation

of NKT cells promotes the maturation of DCs in vivo.

Moreover, recently it was reported that the injection of

a-GalCer into mice blocked the induction of oral toler-

ance by triggering DC maturation.23 These findings sug-

gest that the activation of NKT cells in vivo induces the

immune reaction to fed antigen by modulating the func-

tions of DCs, resulting in the discontinuance of oral tol-

erance induction. However, this hypothesis appears to be

inconsistent with our result that NKT cells contribute to

the induction of oral tolerance by inducing tolerogenic

DCs. Although a-GalCer is a potent activator of NKT

cells by TCR engagement, a-GalCer is an artificial ligand

of unclear physiological relevance in mouse and human

systems.4,5 The activation of NKT cells by a-GalCer

in vivo might not reflect the physiological activation pro-

cess in NKT cells in terms of signal strength during the

induction of oral tolerance. Therefore, functional defects

in NKT cell-deficient mice in relation to the induction of

oral tolerance provide evidence for a wider physiological

NKT cell function as compared with the in vivo system

using a-GalCer.

We undertook to explore whether NKT cells are

involved in oral tolerance induction by the clonal deletion

of OVA-specific CD4+ T cells and/or the induction of

regulatory T cells producing TGF-b and IL-10. To address

the issue concerning the deletion of OVA-specific CD4+ T

cells in NKT cell-deficient mice, we induced oral tolerance

in DO11�10 and DO11�10 CD1d–/– mice, and measured

the percentage of KJ1-26+ CD4+ T cells. The induction of

oral tolerance to OVA was impaired in DO11�10 CD1d–/–

mice, whereas OVA-specific immune responses were sig-

nificantly reduced in DO11�10 mice orally fed OVA.

However, Simioni et al. reported that DO11�10 mice in a

BALB/c background could not be induced to oral toleri-

zation after feeding with OVA. In their experiments, they

orally administrated 0�05, 0�5 or 5 mg of OVA by gavage

every day for 14 days into the DO11�10 mice for oral tol-

erance induction, which is in stark contrast with the dose

used in our experiments (100 mg per mouse for 5 days).

This large discrepancy in the dose of OVA administrated

is likely to have affected the induction of oral tolerance in

DO11�10 mice in these two independent experiments.

Moreover, consistent with our results, two independent

reports demonstrated that oral tolerance was induced

in DO11�10 mice in a BALB/c background after feed-

ing with 100 mg OVA/day for 5 or 7 days.21,35 In

DO11�10 CD1d–/– mice, the number of OVA-specific

CD4+ T cells was not reduced, whereas in DO11�10 mice

KJ1-26+ CD4+T cells were significantly deleted in the PPs

and spleens after the induction of OVA-specific oral toler-

ance. These findings indicate that NKT cells are involved

in the clonal deletion of OVA-specific CD4+ T cells dur-

ing the induction of oral tolerance to OVA. In addition,

the production of IL-10 and TGF-b by immune cells

from the PPs of DO11�10 CD1d–/– mice fed OVA was

also significantly reduced after OVA activation, compared

with DO11�10 mice fed OVA (data not shown). These

findings suggest that the clonal deletion of T cells and the

induction of regulatory T cells are not mutually exclusive

but synergistic with respect to the induction of oral toler-

ance. Moreover, in CD1d–/– mice, the induction of

TGF-b- and IL-10-producing regulatory T cells was signi-

ficantly impaired in the OVA-specific oral tolerance

model compared with wild-type mice.

To summarize, NKT cells contribute to OVA-specific

oral tolerance by inducing regulatory T cells producing

TGF-b and IL-10 and by the clonal deletion of OVA-

specific CD4+ T cells. Based on these findings that NKT

cells play indispensable roles in the induction of tolero-

genic DCs in PPs, it is proposed that the induction of

tolerogenic DCs by NKT cells might be related to the

induction of the clonal deletion of antigen-specific T cells

and regulatory T cells producing IL-10 or TGF-b.

The oral administration of OVA to OVA-specific TCR

transgenic mice activates CD25+ CD4+ regulatory T cells

expressing cytotoxic T-lymphocyte antigen (CTLA)-4 in

an antigen-specific manner.28 CD25+ CD4+ T cells from

OVA-fed mice potently suppress the in vitro stimulation

of CD25– CD4+ T cells, which are partially dependent on

IL-10, TGF-b and CTLA-4.28,36–38 Although CD25+ CD4+

regulatory T cells appear to be required for the induc-

tion of oral tolerance, the precise mode of action of

CD25+ CD4+ regulatory T cells during the induction of

oral tolerance remains to be defined. Our experiments

demonstrate that NKT cells are required for the induction

of CD4+ CD25+ regulatory T cells producing IL-10 and

TGF-b in PPs and spleens during oral tolerance. A recent

report demonstrated that IL-4- and IL-10-producing

CD4+ iNKT cells are required for the induction of oral

nickel tolerance and for the infectious spread of tolerance

from APCs to regulatory T cells.24 Thus, NKT cells may

play a critical role in the induction of regulatory T cells

in oral tolerance.

In summary, the present study demonstrates that NKT

cell-deficient mice show impaired induction of oral toler-

ance to high- and low-dose OVA. During the induction of

oral tolerance, NKT cell-deficient mice showed a failure to

induce regulatory T cells producing IL-10 and TGF-b, and

a failure to delete antigen-specific CD4+ T cells. Our find-
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ings suggest that NKT cells play a critical functional role in

the induction of oral tolerance by inducing regulatory T

cells, and by clonally deleting antigen-specific T cells.
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