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INTRODUCTION

Invariant natural killer T (iNKT) cells are unique CD1d-re-
stricted T cells that act as a bridge between the innate and 
adaptive immune systems. Upon activation by glycolipids pre-
sented by CD1d molecules on antigen-presenting cells, iNKT 
cells rapidly produce large amounts of Th1 and Th2 cytokines 
and influence neighboring NK cells, B cells, and conventional 
CD4+/CD8+ T cells. In addition, iNKT cells can reciprocally af-
fect dendritic cells (DCs).1

Recently, iNKT cells have been shown to play an important role 
in the pathogenesis of asthma.2 Invariant NKT cells are required for 
the development of ovalbumin-induced,3,4 α-galactosylceramide 
(GalCer)-induced,5 ozone-induced,6 and virus-induced airway hy-
per-reactivity (AHR)7 in mouse models of asthma. Non-invariant 
NKT cells may also play a role in the development of allergen-in-
duced AHR in mice.8

It has been reported that iNKT cells are increased in the air-
ways of patients with asthma9; however, some investigations 
have failed to demonstrate any marked increase in iNKT cells 

in the airways.10 Recently, we demonstrated the association of 
sputum iNKT cells with the development of eosinophilic air-
way inflammation,11 as well as the mobilization of circulating 
iNKT cells to the airways and lungs during asthma exacerba-
tion in patients.12 Indeed, we revealed that circulating iNKT 
cells were Th2-like and related to lung function in asthma pa-
tients.13

Agents capable of modulating the function of iNKT cells may 
have a therapeutic potential to control asthma. Because iNKT 
cells can be activated by cytokine signaling as well as TCR sig-
naling,14 alterations in the micro-environmental cytokine mi-
lieu may modify the function of iNKT cells in asthma.2 Some 
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bacterial components have been reported to anergize iNKT cells 
in mice.15 It has been reported that bacterial flagellin B (FlaB) 
from Vibrio vulnificus, a ligand of Toll-like receptor (TLR),5 in-
duces IgA responses16 and that intranasal co-administration of 
FlaB inhibits allergen-induced AHR and eosinophilic airway 
inflammation in a mouse asthma model.15 In addition, flagellin 
A inhibits IgE-mediated intestinal allergy in mice.17 The immu-
nomodulatory effects of flagellin are primarily mediated via 
TLR5 on DCs.18 Thus, the treatment of DCs with flagellin may 
alter the surrounding cytokine milieu to modify the function of 
iNKT cells.

Indeed, we showed that TLR4, TLR5, or TLR9 ligands inhibit-
ed iNKT cells in a mouse model of α-GalCer-induced AHR.19 
Additionally, Nguyen et al.20 reported that flagellin as an adju-
vant can enhance tumor antigen-specific CD8+ immune re-
sponses in cancer immunotherapy. Many TLR ligands can acti-
vate human iNKT cells indirectly via DC stimulation.21 Thus, it 
is possible that FlaB treatment of DCs regulates the function of 
iNKT cells in asthmatic patients.

Recently, iNKT cells have been classified into various subsets, 
such as Th1-like, Th2-like, and Th17-like cells.14 Foxp3+ iNKT 
cells have also been described,22 although their functions are 
not clear yet.

In the present study, we investigated whether FlaB modulates 
the function of circulating iNKT cell subsets in asthmatic pa-
tients.

MATERIALS AND METHODS

Subjects
Twenty-five asthmatic patients and 10 healthy controls were 

included in this study. Asthma was defined by the presence of 
reversible airflow obstruction (increase in forced expiratory vol-
ume in 1 second [FEV1] ≥12% and ≥200 mL after bronchodila-
tor test) or AHR in patients with typical asthmatic symptoms. 
AHR was designated positive if the concentration of methacho-
line that provoked a 20% decrease in FEV1 was lower than 25 
mg/mL. Healthy controls had neither symptoms nor history of 
allergic diseases, including asthma, rhinoconjunctivitis, and 
atopic dermatitis (Table 1). All subjects agreed to participate in 
the study and provided written consent. The Ethical Review 
Board of Chonnam National University Hospital approved this 
study.

Purification of recombinant FlaB
A 1.5-kb fragment containing the open reading frame of Vib-

rio vulnificus flaB (Vv-flaB) was cloned into pTYB12-yielding 
pCMM250 (New England Biolabs, Ipswich, MA, USA). Recom-
binant FlaB was purified as previously described.15 An intein-
Vv-FlaB fusion protein was induced by 0.5 mM isopropylthio-
β-galactoside. To prepare the bacterial lysate for affinity column 
chromatography, the resultant pellet was resuspended in a lysis 

buffer (20 mM Tris-Cl [pH 7.5], 500 mM NaCl, 1 mM ethylene-
diaminetetraacetic acid [pH 8.0], 0.1% Triton X-100, 0.1% 
Tween 20, and 20 μM phenylmethanesulfonylfluoride) and 
sonicated (Vibra Cell VCX500; Sonics & Materials, Newtown, 
CT, USA) on an ice bed. After sonication, recombinant tag-free 
Vv-FlaB was purified using a chitin column and 50 mM 1,4-di-
thiothreitol solution in accordance with the manufacturer’s 
protocol. The purity of recombinant Vv-FlaB was confirmed by 
sodium dodecylsulfate-polyacrylamide gel electrophoresis and 
Western blotting using rabbit anti-Vv-FlaB antibody elicited by 
GST-FlaB. AffinityPakTM Detoxi GelTM LPS removing gel (Pierce 
Biotechnology, Rockford, IL, USA) was used to remove LPS 
contaminants from the recombinant protein. The LPS level in 
the FlaB preparation was lower than 0.48 EU/mL.

Peripheral blood mononuclear cell (PBMC) cultures and FlaB 
treatment

Heparinized blood was layered over an equal volume of Lym-
phoprepTM solution (Axis-Shield PoC AS, Oslo, Norway) and 
was centrifuged at 2,000 rpm for 30 minutes. PBMCs were iso-
lated from the interface and used to measure the function of 
iNKT cells. PBMCs (1×106 cells) were treated with 1 μg/mL 
FlaB for 48 hours, in which 0.1 μg/mL α-GalCer (Enzo Life Sci-
ences, Lausen, Switzerland) was added for the latter 24 hours to 
stimulate iNKT cells. In some experiments, 6 hours before FlaB 
treatment, monoclonal antibodies (mAbs) against IL-10 (0.25 
μg/mL; Biolegend, San Diego, CA, USA) or IL-12 (10 μg/mL; 
BD Biosciences, San Jose, CA, USA) receptors were used to 
block the effect of IL-10 or IL-12, respectively, with the corre-
sponding isotype mAbs (Biolegend or BD biosciences). The in-

Table 1. Subject characteristics

Control (n=10) Asthma (n=25)

Age (year) 31.3±2.3 53.4±4.1*
Female (n, %) 5 (50) 10 (40)
Body mass index (kg/m2) 24.1±2.1 24.4±1.3
Smoking habits (n, %)
   Current 0 (0) 8 (32)
   Ex 0 (0) 2 (8)
   Never 10 (100) 15 (60)
Symptom duration (year) NA 8.7±3.2
Rhinitis (n, %) NA 21 (84)
Atopy (n, %)† ND 13 (52)
FEV1 (% pred.) ND 87.3±6.2
PC20 (mg/mL) ND 8.6±6.7 (n=15)

*P<0.01 compared to control by the Mann-Whitney U test. FEV1, forced expi-
ratory volume in one second; †A subject was classified as atopic if any allergen 
caused a wheal 3 mm or larger in diameter than saline. 
PC20, concentration of methacholine that provoked a 20% fall in FEV1. 
NA, not applicable; ND, not determined.
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tracellular cytokines of iNKT cells and Foxp3+ iNKT cells were 
measured using flow cytometry, and the secreted cytokines 
from iNKT cells were determined by using enzyme-linked im-
munosorbent assay (ELISA) (Fig. 1).

Co-cultures of FlaB-treated DCs and CD3+ T cells
CD14+ monocytes were sorted from PBMCs using an LS-

MACS column (Miltenyi Biotec, Auburn, CA, USA) with a puri-
ty >95%. To generate DCs, the monocytes were cultured in 
6-well plates (SPL Lifesciences, Pocheon, Korea) with 50 ng/mL 
GM-CSF (Creagene, Seongnam, Korea) and 25 ng/mL IL-4 
(R&D Systems, Minneapolis, MN, USA) for 6 days at 2×106 

cells/2 mL in IMDM (Gibco, Grand Island, NY, USA) with 10% 
FBS (Gibco) and antibiotics (100 U/mL penicillin and 100 μg/
mL streptomycin; Gibco), as previously described.23 The purity 
of the CD11c+ DCs was >85%. CD3+ T cells were sorted from 
CD14− cells using a LS-MACS column with a purity >90%. CD3+ 
T cells were frozen immediately in liquid nitrogen and were 
thawed before co-culture with DCs.

A total of 1×105 DCs were treated with 1 μg/mL FlaB for 48 
hours. In some experiments, IL-10 and IL-12 were measured in 
the supernatants by using ELISA. For patients with house dust 
mite (HDM) Dermatophagoides farinae-sensitive asthma, 5×

105 DCs treated with FlaB were co-cultured with an equal num-
ber of CD3+ T cells in the presence of 1 μg/mL D. farinae extract 
(Arthropods of Medical Importance Resource Bank, Seoul, Ko-
rea) for 6 days. Thereafter α-GalCer (0.1 μg/mL) was added to 
stimulate iNKT cells 24 hours before flow cytometry to deter-
mine intracellular cytokines of iNKT cells on day 6. In some ex-
periments, IL-10R (0.25 μg/mL; BioLegend) or IL-12 (10 μg/
mL; BD Biosciences) mAbs were used with the corresponding 
isotypes to block the effect of IL-10 or IL-12 at the beginning of 
the co-cultures.

Measurement of intracellular cytokines of iNKT cells
Invariant NKT cells were stained using PE-TCRvα24 (Beck-

man Coulter, Marseille, France) and APC-TCRvβ11 (BD Biosci-

Fig. 1. Protocol for the measurement of cytokines of α-GalCer-stimulated iNKT 
cells in FlaB-treated PBMC cultures. PBMCs were treated with FlaB for 48 
hours. To stimulate iNKT cells, α-GalCer was added 24 hours before cytokine 
measurements. Secreted and intracellular cytokines were measured using ELI-
SA and flow cytometry, respectively. In some experiments, IL-10R or IL-12 mAbs 
were added 6 hours before FlaB treatment to determine IL-10- or IL-12-depen-
dent effect of FlaB on iNKT cell function.

Hrs

±IL-10R or IL-12 mAb
±FlaB treatment ±α-GalCer stimulation

-6 0 24 48

• ELISA
• Flow cytomety

Fig. 2. Representative examples of flow cytometric analysis. (A) Intracellular cytokines of iNKT cells in PBMCs. Lymphocytes and Vα24+ and Vβ11+ iNKT cells were 
gated. IL-4+, IFN-γ+ or IL-17+ cells were measured. Histograms show cytokine-positive iNKT cells (colored) and isotype antibodies (blank). (B) Appropriate measure-
ment time point for each intracellular cytokine following α-GalCer stimulation in PBMCs. IL-4+, IFN-γ+, or IL-17+ iNKT cells were determined at baseline and 6, 12, 
and 24 hours after α-GalCer stimulation. Histograms show cytokine-positive iNKT cells (colored) and isotype antibodies (blank).

A B



Effect of Flagellin on iNKT Cells in Asthma

Allergy Asthma Immunol Res. 2016 May;8(3):206-215. http://dx.doi.org/10.4168/aair.2016.8.3.206

AAIR

http://e-aair.org  209

ences) mAbs. IgG1 mAbs (Beckman Coulter or BD Bioscienc-
es) were used as isotype controls. To detect intracellular cyto-
kines, cells were fixed and permeabilized using Cytofix/Cy-
toperm kits (eBiosciences) according to the manufacturer’s in-
structions. These cells were incubated with FITC-IL-4 (BD Bio-
sciences), FITC-IFN-γ (BD Biosciences), FITC-IL-17 (Bioleg-
end), or FITC-IL-10 mAbs (BD Biosciences). IgG1 isotype con-
trols (Biolegend or BD Biosciences) were used. After gating on 
lymphocytes and Vα24+Vβ11+ iNKT cells, IL-4+, IFN-γ+, IL-17+, 
or IL-10+ cells were expressed as a percentage of Vα24+Vβ11+ 
iNKT cells (Fig. 2A).

Measurement of Foxp3+ iNKT cells
To quantify Foxp3+ iNKT cells, PBMCs were permeabilized us-

ing a Foxp3 staining buffer kit (eBioscience) and stained with 
FITC-TCRvα24 (Beckman Coulter), APC-TCRvβ11 (BD Biosci-
ences), and PE-Foxp3 (eBioscience) mAbs. IgG2aκ (eBiosci-
ence) was used as an isotype control for Foxp3 mAb. After gat-
ing on lymphocytes and Vα24+Vβ11+ iNKT cells, Foxp3+ cells 

were expressed as a percentage of Vα24+Vβ11+ iNKT cells.

ELISA
IL-4, IFN-γ, and IL-17 concentrations from α-GalCer-stimulated 

iNKT cells and IL-10 and IL-12 concentrations from FlaB-treat-
ed DCs were determined with a commercial DuoSet ELISA kit 
(R&D Systems, Minneapolis, MN, USA).

Statistical analysis
Comparisons were performed using the Wilcoxon test, Mann-

Whitney U test or chi-square test (SPSS Ver. 21, Huntsville, AL, 
USA). A of P value of <0.05 was considered significant.

 

RESULTS

FlaB treatment inhibits IL-4 and IL-17 production by iNKT cells
The stimulation of PBMCs from asthmatic patients and 

healthy controls with α-GalCer increased IL-4, IFN-γ, and IL-17 
production. Because α-GalCer is a specific ligand of iNKT cells, 

Fig. 3. IL-4, IFN-γ, and IL-17 production from α-GalCer-stimulated iNKT cells following FlaB treatment of PBMC cultures from asthma patients and healthy controls. 
FlaB treatment and α-GalCer stimulation were performed as described in Fig. 1. Cytokines in supernatants were measured by using ELISA. (A) Cytokine production in 
cells from asthma patients (n=10). (B) Cytokine production in cells from healthy controls (n=10). A Wilcoxon test was performed. Horizontal bars represent the medi-
an.
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the cytokines should be produced by iNKT cells. ELISA showed 
that FlaB treatment decreased the α-GalCer-stimulated pro-
duction of IL-4 (P<0.01 and P<0.05, respectively) and IL-17 
(P<0.01 and P<0.05, respectively) in PBMCs from asthma pa-
tients and healthy controls. IFN-γ production was decreased by 
FlaB treatment, although not significant (P=0.09), in PBMCs 
from both asthmatic patients and healthy controls (Fig. 3).

To further confirm that the cytokines were indeed produced 
by the iNKT cells, intracellular cytokines were measured using 
flow cytometry. An appropriate measurement time point for 
each intracellular cytokine following α-GalCer stimulation was 
determined. For IL-4, IFN-γ, and IL-17 cytokines, intracellular 
production peaked 24 hours after α-GalCer stimulation (Fig. 
2B). Production of the 3 intracellular cytokines was increased in 
iNKT cells following α-GalCer stimulation. However, FlaB treat-
ment suppressed intracellular production of IL-4, IFN-γ 
(P<0.01 and P<0.05, respectively), and IL-17 (P<0.001) from 
iNKT cells in both asthmatic patients and healthy controls. In 
terms of IL-10 production, α-GalCer stimulation did not in-
crease, nor did FlaB treatment significantly alter IL-10 produc-
tion in iNKT cells from either asthma patients or normal con-
trols (Fig. 4).

FlaB suppresses the function of iNKT cells via an IL-10-
dependent mechanism in asthmatic patients and via an IL-12-
dependent mechanism in healthy controls

Next, we addressed the mechanism by which FlaB inhibited 
the function of iNKT cells. In asthmatic patients, ELISA mea-
surements showed that the addition of IL-10R mAb alleviated 
the reduction of α-GalCer-stimulated production of IL-4 and 
IL-17 by FlaB treatment in PBMC cultures. The addition of IL-
12 mAb did not alter the levels of IL-4 or IL-17 production (Fig. 
5A). Moreover, flow cytometric analyses revealed that the re-
duction by FlaB of IL-4- and IL-17-producing iNKT cells was al-
leviated by treatment with IL-10R mAb, but not IL-12 mAb (Fig. 
5B). These results suggest that FlaB may inhibit IL-4 and IL-17 
production via an IL-10-dependent mechanism in iNKT cells 
from asthmatic patients.

In contrast, ELISA showed that, in PBMC cultures from healthy 
controls, addition of IL-12 mAb abrogated the reduction by FlaB 
treatment of α-GalCer-stimulated production of IL-4 and IL-17. 
The addition of IL-10R mAb did not alter the level of IL-4 or IL-
17 production (Fig. 5C). Furthermore, flow cytometric analyses 
revealed that the reduction of IL-4- and IL-17-producing iNKT 
cells by FlaB was alleviated by treatment with IL-12 mAb, but 
not IL-10R mAb (Fig. 5D). These results suggest that FlaB may 

Fig. 4. Intracellular IL-4, IFN-γ, IL-17, and IL-10 production of α-GalCer-stimulated iNKT cells following FlaB treatment in PBMC cultures from asthma patients and 
healthy controls. FlaB treatment and α-GalCer stimulation were performed as described in Fig. 1. Intracellular cytokines were measured using flow cytometry. (A) In-
tracellular cytokine production in cells from asthma patients (n=10). (B) Intracellular cytokine production in cells from healthy controls (n=10). A Wilcoxon test was 
performed. Horizontal bars represent the median. NS, not significant.
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inhibit IL-4 and IL-17 production via an IL-12-dependent mech-
anism in iNKT cells from healthy controls.

FlaB-treated DCs inhibit the function of iNKT cells via IL-10 
production in asthmatic patients

Because FlaB can activate TLR5 on DCs,18 we generated CD14+ 
monocyte-derived DCs from the peripheral blood of asthmatic 
patients and treated them with FlaB in vitro. FlaB treatment in-
creased the production of IL-10, but not IL-12, by DCs (Fig. 6A). 

To determine whether FlaB-treated DCs-produced IL-10 could 
suppress the function of iNKT cells, we co-cultured FlaB-treated 
DCs and autologous CD3+ T cells in the presence of HDM ex-
tracts in HDM-sensitive asthmatic patients (Table 2 and Fig. 6B). 
Following the co-cultures, intracellular cytokines in iNKT cells 
were analyzed by using flow cytometry. Stimulation with 
α-GalCer increased the number of IL-4- and IL-17-producing 
iNKT cells. FlaB-treated DCs decreased the number of IL-4 and 
IL-17-producing iNKT cells. The suppressive effects were allevi-

Fig. 5. IL-10-dependent effect of FlaB on IL-4 and IL-17 production in iNKT cells from asthma patients (n=6) and IL-12-dependent effect of FlaB on IL-4 and IL-17 pro-
duction in iNKT cells from normal controls (n=5). IL-10R or IL-12 mAbs were added before FlaB treatment as described in the Fig. 1 protocol. Secreted and intracellu-
lar cytokines were measured using ELISA (A) and flow cytometry (B) in cells from asthma patients, respectively, and using ELISA (C) and flow cytometry (D) in cells 
from normal controls, respectively. A Wilcoxon test was performed. Horizontal bars represent the median. NS, not significant.
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Fig. 6. Effect of FlaB-treated DCs on intracellular IL-4 and IL-17 production of α-GalCer-stimulated iNKT cells following FlaB treatment of PBMCs from asthma pa-
tients. CD14+ monocyte-derived DCs were generated and treated for 48 hours. (A) IL-10 and IL-12 production from FlaB-treated DCs in asthma patients (n=4) and 
normal controls (n=3) measured by ELISA. In HDM-sensitive asthma patients (Ta ble 2), FlaB-treated DCs and autologous CD3+ T cells were co-cultured with IL-10R 
or IL-12 mAbs in the presence of HDM extracts for 6 days. Intracellular cytokines of α-GalCer-stimulated iNKT cells were determined by flow cytometry. (B) Charac-
teristics of each experimental group in the co-cultures. (C) IL-10-dependent inhibition by FlaB-treated DCs on IL-4+ iNKT cells (n=3). (D) IL-10-dependent inhibition by 
FlaB-treated DCs on IL-17+ iNKT cells (n=3). A Wilcoxon test was performed. Data represent the mean±SEM. For Fig. 6C and D, *P<0.05 and **P<0.01 compared 
to α-GalCer group. NS, not significant.
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Table 2. Characteristics of patients with HDM-sensitive asthma

No. Age 
(year)

Sex 
(M/F)

FEV1 
(% of Pred.)

PC20 
(mg/mL)

BDR 
(%)

SPT to D. farinae
(mm×mm/mm×mm)

ImmunoCAP to D. farinae 
(kU/L)

1 61 F 82.5 2.16 ND ND 0.75

2 45 F 89.9 ND 18.8 9×7/35×35 ND
3 21 M 99.5 0.2 ND 27×27/54×53 23.2

M, male; F, female; FEV1, forced expiratory volume in one second; PC20, concentration of methacholine inducing 20% decrease in FEV1 from saline value; BDR, 
bronchodilator response expressed as % change in FEV1 at 20 minutes after inhaling 200 μg of salbutamol; SPT to Dermatophagoides farinae, skin prick to D. fari-
nae expressed as longest diameter (mm×mm) and perpendicular diameter (mm×mm) at 20 minutes after the prick test; ImmunoCAP to D. farinae; serum D. fari-
nae-specific IgE level by ImmunoCAP; ND, not determined.
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ated by IL-10R mAb treatment. However, IL-12 mAb treatment 
did not alter the suppressive effect of FlaB-treated DCs (Fig. 6C 
and D). These results suggest that FlaB treatment may inhibit 
the IL-4 and IL-17-producing capability of iNKT cells via DCs-
derived IL-10 from asthmatic patients.

FlaB induces Foxp3+ iNKT cells in an IL-10-dependent manner
Recently, a regulatory Foxp3+ iNKT cell subset has been re-

ported.22 We addressed the possibility that FlaB-treated DC-
producing IL-10 may induce Foxp3+ iNKT cells in PBMCs from 
asthmatic patients using the protocol described in Fig. 1. Stim-
ulation with α-GalCer did not change the number of Foxp3+ 
iNKT cells, but FlaB treatment increased the number of Foxp3+ 
iNKT cells (P<0.05). Blocking IL-10 signaling with IL-10R mAb 
treatment prevented the increase of Foxp3+ iNKT cells (Fig. 7). 
The results suggest that FlaB treatment may induce Foxp3+ 
iNKT cells via DC-derived IL-10.

DISCUSSION

The present study showed for the first time that FlaB, a TLR5 
ligand, inhibits circulating Th2- and Th17-like iNKT cells via 
DCs in an IL-10-dependent mechanism, which is associated 
with the induction of regulatory Foxp3+ iNKT cells, in asthmatic 
patients.

We showed that FlaB treatment induced IL-10 production 
from DCs in asthmatic patients, which is consistent with the re-
sults of other studies.17,24 The capability of DCs to produce IL-10 
depended on the concentrations of FlaB, as shown in Fig. 6A. 
FlaB-treated DCs-produced IL-10 may directly regulate iNKT 
cells. An IL-10 blockade alleviated the suppressive effect of FlaB 
on Th2- and Th17-like iNKT cells and the induction effect on 
Foxp3+ iNKT cells. However, because IL-10-producing DCs or 

IL-10-differentiated DCs are reported to induce regulatory T 
(Treg) cells,25-28 FlaB-treated IL-10-producing DCs may indi-
rectly inhibit the function of iNKT cells via the induction of Treg 
cells.29,30 Treg cells can cross-talk with iNKT cells31 and modu-
late their function.32 Recently, Thorburn et al.33 showed that 
Streptococcus pneumoniae components induce lung Treg cells, 
which block the activity of lung iNKT cells, in a mouse model of 
asthma. Additionally, TGF-α produced by Treg cells may en-
hance the induction of Foxp3+ iNKT cells.22 It is less likely that 
FlaB directly inhibits iNKT cells, because IL-10 blocking com-
pletely eliminated the suppressive effect of FlaB on iNKT cells 
in the present study. However, the possibility cannot be exclud-
ed, because iNKT cells express various TLRs, including TLR5.21

Invariant NKT subsets, such as Th1-like, Th2-like, Th17-like, 
and Foxp3+ iNKT cells, may play an important role in the patho-
genesis of asthma, although this is not yet clear. We previously 
showed that the frequency of IL-4-producing iNKT cells was in-
versely correlated with the degree of lung function in asthmatic 
patients, suggesting the contribution of Th2-like iNKT cells in 
uncontrolled asthma.13 Th17-like iNKT cells play a critical role 
in a mouse model of ozone-induced neutrophilic asthma6 and 
have also been reported in humans.34 Furthermore, iNKT cells 
express Foxp3 in healthy individuals.22,35 FlaB-induced Foxp3+ 
iNKT cells may suppress Th2-like and Th17-like iNKT cells. 
Foxp3+ iNKT cells may behave like Foxp3+ Treg cells, which ex-
ert a tolerogenic effect on immune responses.22 No Foxp3 ex-
pression was observed in IL-10+ iNKT cells.36 Our findings are in 
agreement with this in that IL-10+ iNKT cells were not induced 
by FlaB treatment, suggesting that Foxp3+ iNKT cells may be a 
different subset of IL-10+ iNKT cells.

Additionally, in healthy individuals, FlaB inhibited the func-
tion of Th2- and Th17-like iNKT cells. However, this suppres-
sion was IL-12 dependent, unlike that in asthmatic patients. 

Fig. 7. IL-10-dependent induction of Foxp3+ iNKT cells following FlaB treatment of PBMCs from asthma patients. FlaB treatment and α-GalCer stimulation were per-
formed as described in Fig. 1. IL-10R mAb was added before FlaB treatment, and intracellular cytokines were measured by flow cytometry. (A) A representative ex-
ample for analyzing Foxp3+ iNKT cells. (B) IL-10-dependent induction of Foxp3+ iNKT cells (n=3). A Wilcoxon test was performed. Data represent the mean±SEM.
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FlaB has been reported to induce the production of IL-12 from 
DCs.37 It is likely that FlaB increases IL-12 production from DCs, 
leading to the anergy of iNKT cells.15 Recently, we showed that 
treatments with TLR4, TLR5, and TLR9 agonists suppress air-
way iNKT cells in an IL-12-dependent manner.19 However, in 
the present study, no increase in IL-12 following DC treatment 
with FlaB from healthy volunteers was detected (Fig. 6A). It may 
be possible that FlaB increased the production of IL-12 by other 
immune cells present in the PBMC preparation, such as B cells 
or other TLR5-positive cells, which might have suppressed 
iNKT cell functions via an IL-12-dependent mechanism. Hu-
man B cells have previously been reported to express TLR5, 
which supports this theory.38 Similarly, flow cytometric analysis 
showed the significant reduction of IFN-γ+ iNKT cells, but ELI-
SA revealed a non-significant small decrease of IFN-γ produc-
tion in PBMC supernatants after FlaB treatment. These finding 
suggest that other immune cells present in PBMCs, such as NK 
cells, may produce IFN-γ. For example, a recent study reported 
that flagellin stimulation induces the production of IFN-γ by NK 
cells.39

Collectively in patients with a specific asthma phenotype as-
sociated with iNKT cells, FlaB will be an effective immunomod-
ulator for iNKT cell-targeted immunotherapy.
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