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Abstract

Objective: Intranasal immunization is an effective method to induce mucosal immune responses in the upper
respiratory tract.a-galactosylceramide (a-GalCer) is considered as one of the most potent candidates for a mucosal
adjuvant. In the present study, mucosal immune responses in the nasopharynx associated with NKT cell activation by
nasal administration of a-GalCer were examined for inducing protective immunity in the nasopharynx, with the ultimate
goal of developing a mucosal vaccine for preventing upper respiratory infectious diseases.

Methods: Mice were administered a-GalCer intranasally as a ligand for NKT cells, without any antigen, weekly total
three times. One week after the final administration of a-GalCer, mice were killed, and nasal immune responses were
examined. Dendritic cells (DCs) in nasal-associated lymphoid tissue (NALT), a mucosal inductive site, were examined
by immunohistochemistry. DCs, NKT cells, and B cells in NALT and nasal passage (NP) were examined by flow
cytometry. Cytokine-producing CD4+ T cells were also examined by flow cytometry. Quantification of immunoglobulin
(Ig)-producing cells was examined by enzyme-linked immunospot (ELISPOT) assay. In addition, bacterial challenges
with live Haemophilus influenzae (Hi) and Streptococcus pneumoniae (Sp) were performed, and bacterial clearance
from nasopharynx was examined.

Results: After nasal immunization of a -GalCer, DCs increased in NALT. Antibody-producing cells, mainly those
that produce IgA, significantly increased in the NP, a mucosal effector site. Interleukin (IL)-17-producing Th 17 cells
were also induced in the NP. Bacterial challenges with live Hi and Sp resulted in enhanced clearances of both bacterial
species from the nasopharynx. It is interesting that bacterial clearance was impaired by IL-17 neutralization.

Conclusion: Nasal vaccination is effective for the induction of protective immunity against upper respiratory
infection. The results of the present study demonstrated that nasal administration of a-GalCer could activate NKT cells
in the nasopharynx, followed by the maturation of DCs, B cells, and some cytokine-producing CD4+ T cells. These
findings suggest that the activation of NKT cells by nasal administration of a-GalCer induced protective immunity in the
nasopharynx, possibly involving the interaction with DCs and induction of Th17 cells.
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immunity; Nasal vaccine; Haemophilus influenza; Streptococcus
pneumoniae

Introduction

Mucosal surfaces such as those of the respiratory, gastrointestinal,
and genital tracts, are the main entry site of most environmental
antigens (Ags) or pathogens, and thus act as the first line of defense.
Many studies have focused on developing mucosal vaccines capable of
effectively inducing both mucosal and systemic immune responses [1-
4]. Intranasal immunization is an effective method to elicit mucosal
immune responses in the upper respiratory tract, and has shown
efficacy in enhancing bacterial clearance from the nasopharynx, lungs,
and other organs [5-7].

NKT cells are a specific subset of immune regulatory cells that
express an invariant antigen receptor a-chain encoded by a Val4-
Joa28.1 rearranged gene segment in mice and Val4-Ja28 in humans
[8]. Glycolipids such as a-galactosylceramide (a-GalCer) presented
via CD1d can directly activated NKT cells [9]. Upon activation, NKT
cells rapidly produce both Th1 and Th2 cytokines, including interferon
(IFN)- y and interleukin (IL)-4, which contribute to the upregulation
of both cellular and humoral immune responses [10].

Nontypeable Haemophilus influenzae (NTHi) and Streptococcus
pneumoniae (Sp) are major pathogens of upper respiratory tract

rhinosinusitis [11-14]. Since colonization of these pathogens in the
nasopharynx is important in the pathogenesis of OM, inhibition of
bacterial colonization is effective for preventing upper respiratory
infections. Due to recent increases in antibiotic-resistant NTHi or
Sp strains, the development of a mucosal vaccine is considered an
important public health goal. Previously, we showed that a-GalCer
is one of the most potent candidates for a mucosal adjuvant [15,16].
Nasal vaccination with P6 outer membrane protein, which is common
to all NTHi strains, and a-GalCer induced P6-specific immunoglobulin
(Ig)A and Th1/Th2 immune responses in the nasopharynx, and nasal
vaccination with P6 and a-GalCer induced NTHi-specific protective

*Corresponding author: Satoru Kodama, Department of Otolaryngology, Oita
University Faculty of Medicine, 1-1 Idaigaoka, Hazama-cho, Yufu, Oita 879-5593,
Japan, Tel: 81-97-586-5913;Fax: 81-97-549-0762; E-mail: satoruk@oita-u.ac.jp

Received October 16, 2015; Accepted November 17, 2015; Published November
24,2015

Citation: Umemoto S, Kodama S, Hirano T, Noda K, Suzuki M (2015) Mucosal
Immune Responses Associated with NKT Cell Activation and Dendritic Cell
Expansion by Nasal administration of a-galactosylceramide in the Nasopharynx.
Otolaryngology 5: 216. doi:10.4172/2161-119X.1000216

Copyright: © 2015 Umemoto S, et al. This is an open-access article distributed
under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the
original author and source are credited.

Otolaryngology
ISSN: 2161-119X Otolaryngology, an open access journal

Volume 5 + Issue 6 + 1000216



Citation: Umemoto S, Kodama S, Hirano T, Noda K, Suzuki M (2015) Mucosal Immune Responses Associated with NKT Cell Activation and
Dendritic Cell Expansion by Nasal administration of a-galactosylceramide in the Nasopharynx. Otolaryngology 5: 216. doi:10.4172/2161-

119X.1000216

Page 2 of 7

immunity, enhancing bacterial clearance from the nasopharynx
[15,16]. Recently, it was shown that the co-administration of a-GalCer
with ovalbumin (OVA) can induce full maturation of dendritic cells
(DCs), thereby generating functional Ag-specific Thl-type CD4+ and
CD8+ T cells that are resistant to OVA-expressing tumors [17]. In
addition, a-GalCer administration triggers the in vivo maturation of
mesenteric DCs. This contributes to T cell division in vitro and blocks
the tolerance induced by both high and low doses of oral OVA [18].
It is also known that a-GalCer can serve as an effective adjuvant for
a nasal vaccine that induces substantial protective immune responses
against viral infections and tumor growth [19].

In this study, we investigated the efficacy of NKT cell activation
by nasal administration of a-GalCer for inducing protective immunity
in the nasopharynx, with the ultimate goal of developing a mucosal
vaccine for preventing upper respiratory infectious diseases.

Materials and Methods
Animals

Specific pathogen-free (SPF) BALB/c mice (6 weeks old) were
used in this study, and mice were maintained under SPF conditions
throughout all experiments. The study was approved by the Committee
on Animal Experiments of Oita University, Oita, Japan, and was
performed according to local guidelines for animal experiments.

Administration of a-GalCer

a-GalCer (KRN7000, Kirin Pharma Co., Tokyo), was used for nasal
immunization and activating nasal NKT cells. Mice were immunized
intranasally on days 0, 7, and 14 with 10 pl phosphate-buffered
saline (PBS) containing 2 pg of a-GalCer (a-GalCer group). Control
mice were administered PBS without antigen (control group). Mice
were killed on day 21, and nasal passages (NPs) and nasal-associated
lymphoid tissue (NALT) were collected.

Immunohistochemistry

For histological analysis, mice were killed under deep anesthesia
on day 21 and then perfused transcardially with PBS, followed by 10%
neutral buffered formalin. Heads were immersed in the same fixative for
6 h and decalcified with 0.12 M EDTA for 2 weeks. After dehydration,
tissues were embedded in paraffin. To detect CD11c+ DCs in NALT, a
mucosal inductive site in the upper respiratory tract, 12-um-thick serial
and horizontal paraffin sections were prepared for light microscopic
examination. Specimens were dehydrated through a graded series of
ethanol and treated with 3% H202 in absolute methanol for 20 min.
Sections were exposed to a 5% normal mouse serum in PBS for 30 min
and then incubated for 24 h with biotinylated goat anti-mouse CD11c
antibody. After rinsing with PBS, sections were incubated with ABC
reagent for 1 h and developed in 0.05% 3,3’-diaminobenzidine-0.01%
H202 substrate medium in 0.1 M phosphate buffer for 8 min.

Flow cytometry for DCs, NKT cells, and B cells

Mononuclear cells (MNCs: 1 x 10° cells) were isolated from NALT
and NP, and the number of CD11c+ DCs, as well as the expression of
functional markers on DCs, and NKT cells in NALT were analyzed
by flow cytometry as described previously [20,21]. The number of
B cells in NALT and NP were also analyzed by flow cytometry. The
following monoclonal antibodies (mAbs) were used in this study:
fluorescein isothiocyanate (FITC)-conjugated anti-mouse CDllc
(HL3), phycoerythrin (PE)-conjugated anti-mouse CD11b (M1/70),
Cy-Chrome-conjugated anti-mouse CD8a (53-6.7), Cy-Chrome-

conjugated anti-mouse CDI11c (HL3), FITC-conjugated anti-mouse
MHC class I (H-2Kb, AF6-88.5), FITC-conjugated anti-mouse MHC
class II (I-A/I-E, 2G9), FITC-conjugated anti-mouse CD80 (B7-1;
16-10A1), FITC-conjugated anti-mouse CD86 (B7-2; GL1), FITC-
conjugated anti-mouse aff (TCR B chain, H57-597), FITC-conjugated
anti-mouse CD45R/B220 (RA3-6B2), PE-conjugated anti-mouse CD5
(53-7.5), PE-conjugated anti-mouse CD1d tetramer, and CyChrome-
conjugated anti-mouse anti-mouse CD45R/B220 (RA3-6B2). These
mAbs were purchased from BD Pharmingen (San Diego, CA). PE-
conjugated mouse CD1d tetramer was purchased from BMC (Nagoya,
Japan), and CD1d tetramer was loaded with a-GalCer according to
the manufacturer’s instructions. MNCs were incubated with various
combinations of mAbs, and samples were analyzed by FACS Calibur
(Becton Dickinson, Sunnyvale, CA).

Quantification of Ig-producing cells

MNCs were isolated from the NP and NALT, and the numbers
of total Ig-producing cells were determined using an enzyme-linked
immunospot (ELISPOT) assay, as previously described [15,20]. Briefly,
96-well plates (MultiScreen; Millipore) were coated with goat anti-
mouse Ig (H+L) UNLD (1.0 pug/well) and incubated overnight at 4°C.
Plates were washed and then blocked with complete medium for 1
h. Test cells were added at varying concentrations and were cultured
at 37°C, 5% CO, for 4 h. After washing, horseradish peroxidase
(HRP)-labeled goat anti-mouse IgM, IgG, or IgA was added (SBA).
After overnight incubation at 4°C, the plates were washed and the
spots developed at room temperature with 100 pl AEC (Moss) after
incubation for 30 min.

Flow cytometry of cytokine-producing CD4+ T cells

MNCs (1 x 10° cells) from the NP were incubated with 100 pg/
mL phorbol myristate acetate and 2 pg/mL ionomycin (Sigma,
St. Louis, MO, USA) for 12 h in the presence of Golgi plug (BD
Pharmingen). After fixing and permeabilization with Perm/fix solution
(BD Pharmingen), cells were incubated with 1 pg/mL Fc Block (BD
Pharmingen) for 15 min, and then stained with following mAbs:
CyChrome-conjugated anti-mouse CD4 (H129.19), FITC-conjugated
anti-mouse IFN-y (XMG1.2), PE-conjugated anti-mouse IL-17 (TC11-
18H10; BD Pharmingen) or PE-conjugated anti-mouse IL-22. After
intracellular staining, samples were analyzed by FACS Calibur [21].

NTHi and Sp clearance from the nasopharynx

On day 21, bacterial challenge was performed and bacterial
clearance was examined, as previously described [15,20]. Briefly, NTHi
(strain 76) and Sp were cultured on chocolate agar plates and blood agar
plates alternately overnight at 37°C in 5% CO,, collected by scraping,
and then resuspended in PBS (10" CFU/ml) for nasal challenge. A 10-
ul aliquot (10® CFU) of the live NTHi (NTHi group) or Sp (Sp group)
suspension was injected intranasally. Then, 24 h after nasal challenge,
mice were killed and nasal wash samples were collected. Aliquots from
each sample were serially diluted 10-fold with sterile PBS, and 10-pl
aliquots of the diluted samples were spread on chocolate agar plates
(NTHIi group) or blood agar plates (Sp group) for quantification of live
bacteria. After overnight incubation at 37°C in 5% CO,, the bacterial
colonies were counted.

Neutralization of nasal IL-17 and IL-22 was performed to clarify
the role of Th17 cells in protective immunity. To neutralize IL-17 and
IL-22 in the nasopharynx, mice were twice intranasally administered
10 pg anti-mouse IL-17 mAb (50104; R&D Systems) and/or IL-22
mAb (142928; R&D Systems) in 10 ul PBS on days 16 and 20 [16].
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Bacterial clearance was then examined, as described above (groups:
control, a-GalCer, a-GalCer+anti-IL-17, a-GalCer+anti-IL-22, and
a-GalCer+anti-IL-17+anti-IL-22).

Statistical analysis

Mann-Whitney U-test was used to compare data. P-values less
than 0.05 were considered significant.

Results
DCs and NKT cells in NALT

The number and frequency of NKT cells were investigated by flow
cytometry. The control group contained 1.49 x 107 cells of NKT cells in
the NALT per mouse. The number and frequency of a-GalCer-CD1d
tetramer-positive NKT cells increased in the NALT of the a-GalCer
group (Table 1 and Figure 1). The a-GalCer group contained 3.88 x 10
cells of NKT cells in the NALT per mouse.

Immunohistochemical analysis showed that CD11lc+ DCs were
present in NALT of the a-GalCer group, with fewer CD11c+ DCs
in NALT of the control group. Following nasal immunization with
a-GalCer, CD11c+ DCs were evident in NALT of the a-GalCer group
(Figure 2). The increase in DCs was confirmed by flow cytometry.
The control group contained 1.07 x 10° cells of DCs in the NALT
per mouse. The number of CD11c+ DCs increased in NALT of the
a-GalCer group. The a-GalCer group contained 1.99 x 10*cells of DCs
in the NALT per mouse. Statistical significant difference was detected
between the control group and immunized group (Table 1). Among
the increased DCs in NALT of the a-GalCer group, the expression of
MHC class II, and B7-1 was markedly enhanced, when compared with
those of the control group (Figure 3).

Group CD11c+ DC t NKT cellt
frequency (%)* | number (cells)$ | frequency (%)* | number (cells)$
a-GalCer = 3.33+0.15° 1.99 x 10" 0.11 £ 0.032 3.88 x 10?
Control 2.20+0.12 1.07 x 10% 0.06 + 0.017 1.49 x 102

TNasal-associated lymphoid tissue (NALT) cells were analyzed by three-color flow
cytometry. NKT cells were determined as a-GalCer-CD1d tetramer-positive cells
among B220-, CD4" cells.

* Frequency of CD11c* dendritic cells (DCs) and B220- NKT cells in NALT
mononuclear cells. Values are expressed as mean + SE.

§ Absolute number of CD11c* DCs and NKT cells in NALT per mouse. Values
were calculated according to the absolute number of isolated lymphocytes and the
mean frequency of CD11c* DCs or NKT cells.

“p<0.05 compared with control group.

Table 1: Dendritic cells and NKT cells in NALT.

NALT MNCs (B2207)

control aGalCer
o cont NALT ab/CD1d-tet/B220 o 40 NALT ab/CD1d-tet/B220
© o
[ " "
23 o1
cD1d  Fu ] i
tetramer=
- ik
2 iy
:
A k=] i
=g SUR— [ e e e g
~100 10! 102 w® et T 0! 104 10f 10t
FL1-H FLI-H

auff TCR

Figure 1: Flow cytometry of NKT cells in NALT. The number and frequency of
a -GalCer-CD1d tetramer-positive NKT cells increased in the NALT of the a
-GalCer group.
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Figure 2: Immunohistochemistry of NALT. Appearance of CD11c* cells in
NALT of the control and a -GalCer groups. CD11c* DCs (black arrows) were
evident in NALT of the a -GalCer group. Magnification x100.

B cells in NALT and NP

The number of B cells was also confirmed by flow cytometry. The
control group contained 2.49 x 10° cells of B220high, B-2 B cells in
the NP per mouse. Following nasal immunization with a-GalCer,
B220high, B-2 B cells were predominantly increased in the NP, a
mucosal effector site. The a-GalCer group contained 3.27 x 10° cells
of B220high, B-2 B cells in the NP per mouse. Statistical significant
difference was detected between the control group and immunized
group (Table 2 and Figure 4).Whereas no significant changes were
detected in NALT, a mucosal inductive site.

Antibody-producing cells

The number of antibody-producing cell was determined by
ELISPOT assay. A small number of antibody-producing cells was
detected in the NP and NALT of the control group. Following nasal
immunization with a-GalCer, the number of IgA-producing cells
significantly increased in the NP of the a-GalCer group (Figure 5).
Fewer IgA-producing cells were evident in NALT than in the NP. We
also found no significant difference in IgG- and IgM-producing cells
between the groups. This result shows that nasal immunization with
a-GalCer induced B-cell activation and mucosal IgA production in the
mucosal effector site (the NP).

Cytokine-producing CD4+ T cells in the NP

The number of cytokine-producing CD4+ T cells in the NP was
also confirmed by flow cytometry. The control group contained 9.47
x 107 cells of IL-17-producing T cells in the NP per mouse. Following
nasal immunization with a-GalCer, IL-17-producing T cells were
increased in NP. The a-GalCer group contained 2.52 x 10° cells of
IL-17-producing T cells in the NP per mouse. Statistical significant
difference was detected between the control group and immunized
group (Table 3). There was no significant difference in the number of
IL-22-producing T cells between the control group and immunized
group. As Th17 is the typical T cell that produces IL-17 and IL-22, this
result seems to indicate that Th17 is involved in host defense in the
upper respiratory tract induced by nasal immunization with a-GalCer.

NTHi and Sp clearance from the nasopharynx

Bacterial clearance from the nasopharynx was investigated
according to live NTHi or Sp numbers in the nasal wash. After the
bacterial challenges, a large number of NTHi or Sp was detected in the
nasal wash of the control group. After nasal immunization, clearance of
both NTHi and Sp was significantly enhanced in mice immunized with
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Figure 3: Flow cytometry of DCs in NALT. The number and frequency of DCs markedly increased in NALT of the a -GalCer group. The expression of MHC Il, B7-1,

NPt NALT*
Group frequency (%)* number (cells)$ frequency (%)* number (cells)$
a-GalCer 40.1+0.50" 3.27 x 10°%° 53.3+0.63 4.60 x 10°
Control 30.6 +1.03 2.49 x 10° 58.4+0.19 3.63x 10°

tNasal passage tissue cells and nasal-associated lymphoid tissue cells were stained to detect B220 expression to distinguish B2 B cells (B220"9") from B1 B cells (B220*)
and analyzed by flow cytometry.

*Frequency of B2 B cells. Values are expressed as mean + SE.

§ Absolute number of B2 B cells in NP per mouse. Each value was calculated in according to the absolute number of isolated lymphocytes and the mean frequency of B2

B cells.
"p<0.05 compared with control group.

Table 2: B

cells in the NP and NALT.
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changes were detected in NALT.

control aGalCer control aGalCer
- CONT NF B220/CDS /LD3 - 40 NP B220/C08/C03 =, COMTMALT E220/CDS/C03 - +6 NALT BZ20/CDS/CD3
o o )
L] W
=9 29
& 7
Fer i
™o oF & e
o =S
= A »\” =k
o - r OG
2 T T T =) 1 T T - ey i e B R e . T ooy
100 1! 102 1w0f gt Tig? 10! 107 1wt ot 1ol 1! 102 1w ot —l 10! 102 0?10t
FLZ-H FLZH FLZ-H FL2H
3 CONT NP EZ20/CD5/C03 § ab NP BZ20/CD5/C0T § CONT NALT B220/CDS /203 § 303 MALT B220/C0S/CD3
2
W a b2
8 B 3 g ?
g ...§ mg :ﬁ M 2'&
= z 5o — -
3“8 b oF 53
8 g & B1 §
=52 =] o o
TS T L s 1< AT
FL1-H

Figure 4: Flow cytometry of B cells in NALT and NP. B220"¢", B-2 B cells were predominantly increased in the NP of the a -GalCer group, whereas no significant
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Figure 5: Number of antibody producing cells in the NP and NALT determined
by the ELISPOT assay. IgA-producing cells significantly increased in the NP
of the a -GalCer group. AFC, antibody-forming cell. Each experiment was
performed with 5 mice per group.

Group cytokine® frequency (%)* number (cells)$
IL-17 2.02+0.02° 2.52 x 10%°
a-GalCer
IL-22 1.02+0.03 1.25x 10°
IL-17 0.85+0.07 9.47 x 10?
Control
IL-22 1.03 £ 0.02 1.02 x 10%

TNP cells were subjected to intracellular cytokine staining, and cytokine-producing
cells were analyzed by flow cytometry.

*Frequency of IL17*, or IL-22* CD4* T cells in whole CD4* T cells. Each value is
expressed as the mean + SE.

§ Absolute number of cytokine-producing CD4* T cells in NP per mouse. Each
value was calculated in according to the absolute number of isolated lymphocytes
and the mean frequency of IL17*, or IL-22* CD4* T cells.

"p<0.05 compared with control group.

Table 3: Cytokine-producing CD4* T cells in the NP.

a-GalCer, as indicated by the reduced live NTHi and Sp numbers in
nasal washes of the a-GalCer group, respectively. Statistical significant
differences in the clearance of both NTHi and Sp were detected between
the control group and immunized group (Figure 6).

To investigate the role of IL-17 and IL-22 in protective immunity,
bacterial clearance was also examined after neutralization of IL-17
and/or IL-22. Of interest, impaired Sp clearance was observed in the
mice administered a-GalCer after additional intranasal administration
of anti-IL-17 mAb and after administration of both anti-IL-17 and
anti-IL-22. Statistical significant differences were detected between
the a-GalCer group and IL-17-neutralization groups (a-GalCer+
anti-IL-17, and a-GalCer+ anti-IL-17+anti-IL-22; Figure 6). Whereas
neutralization of IL-17 and/or IL-22 did not affect NTHi clearance
enhanced by nasal immunization with a-GalCer. In protective
nasopharyngeal immunity, a difference in key cytokines was observed
in Sp and NTHi infections. This difference might depend on whether
the pathogen is an extracellular or intracellular parasite, because the
Th17 response facilitates the clearance of extracellular pathogens [22].
This result indicates that Th17 cells contribute partially to non-specific
protective immunity, especially against extracellular parasites, induced
by nasal administration of a-GalCer.

Discussion

Nasal vaccination is considered to be effective for the induction
of protective immunity against upper respiratory infectious diseases,
including OM and rhinosinusitis. [6,20,23-26]. The results of the
present study demonstrated that nasal administration of a-GalCer
alone could activate NKT cells in the nasopharynx, followed by the
maturation of DCs, B cells, and some cytokine-producing CD4+ T
cells. In our previous study we demonstrated that nasal immunization
with P6 protein of NTHi and a-GalCer is effective in eliciting Ag-
specific secretory IgA in the nasopharynx and specific IgG responses
in the systemic compartment. Nasal vaccination with 10 pug P6 and 2
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Figure 6: Bacterial clearance from the nasopharynx according to live NTHi or

Sp numbers in the nasal wash. NTHi or Sp concentration was expressed as colony

forming units (CFU) per milliliter of nasal wash. Enhanced NTHi and Sp clearance was observed in the a -GalCer group. NTHi and Sp clearance was impaired by the
neutralization of IL-17. Values are expressed as mean = SE. Each experiment was performed with 5 mice per group and was performed at least three times to verify

results. 'p<0.05, “p<0.01.
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ug a-GalCer successfully induced NTHi-specific protective immunity,
enhancing bacterial clearance from the nasopharynx [15,16]. In this
study, the clearance of Sp as well as NTHi was partially enhanced by
nasal administration of 2 pg a-GalCer alone, without bacterial Ags,
since nasal immunization with bacterial Ags and a-GalCer could
induce more effectively Ag-specific immune responses. Although the
level of expansion in NKT cells and DCs in the present study was lower
than in our previous study [15-16], certain immune responses against
pathogenic bacteria were induced by nasal administration of a-GalCer.
Thus, in the present study we demonstrated that the activation of NKT
cells by nasal administration of a-GalCer induces broadly protective
immunity in the upper respiratory tract. These responses were
characterized by increased local IgA-producing cells and protection
against NTHi or Sp challenge. To our knowledge, this is the first study
to show the protective effect of NKT cells against both NTHi and Sp by
nasal administration of a-GalCer (without any antigen).

a-GalCer is a ligand of NKT cells and thus can directly activate
them when presented by CD1d. NKT cells both directly and indirectly
modulate the functions of many other cell types, including NK cells and
T cells. These interactions are bidirectional, as NKT cells receive signals
from antigen-presenting cells (APCs), such as DCs, and vice versa
[27]. Activation of NKT cells through recognition of a-GalCer-CD1d
complexes results in the rapid production of Thl and Th2 cytokines,
such as IFN-y and IL-4 [9,28], and the increased expression of the
CD40 ligand [29], which induces DC maturation [30,31]. Interaction
of NKT cells and DCs is also known to be important for the induction
of protective immunity [10,15,18]. In the present study, although these
mucosal immune responses were activated without Ag exposure under
SPF but not germ-free conditions, the clearance of NTHi and Sp might
have been enhanced because of cross-reactive antibodies, antimicrobial
peptides, a proliferation-inducing ligand (APRIL) and/or induction of
B-cell activating factor (BAFF), by activation of DCs and NKT cells
in the nasal mucosa. The mucosal microenvironment and interaction
with commensal bacteria are also essential for the development and
maintenance of mucosal IgA and homeostasis [32]. Protective mucosal
IgA against pathogenic bacteria could be induced by the activation of
mucosal DCs carrying commensal bacteria [33]. Thus, the activation of
nasal NKT cells by a-GalCer administration resulted in DC expansion
and maturation in the nasal mucosa, and might contribute to the
induction of nasopharyngeal protective immunity under SPF but not
germ-free condition. In addition, activation of innate immune cells
such as natural killer cells, or another immune pathway via Th17 cells
might also be involved, and further investigation might be necessary to
clarify this mechanism and to develop a broadly effective vaccine in the
clinical setting.

For the pathway involving Th17 cells, the interaction between NKT
and Th17 cells was examined by measuring Th17 cytokine-producing
CD4+ T cells. Following nasal immunization with a-GalCer, IL-17-
producing cells were increased in NP, so this result seems to indicate
that Th17 cells are involved in host defense against Sp and NTHi in the
upper respiratory tract. Although Th17 cells were originally identified
as pro-inflammatory mediators of autoimmune disease [34], emerging
data suggest that they play crucial roles in immune defense against
extracellular and intracellular pathogens, including bacterial and fungal
species, especially at mucosal surfaces [35,36]. Th17 cells contribute
to protection by functioning as antimicrobial peptides, enhancing
neutrophil recruitment, and modulating DC function [37,38]. Recently,
nasal immunization has been shown to preferentially promote Th17
immune responses [39]. Furthermore, vaccine-induced Th17 cells have
been shown to improve immune protection against Sp in the upper and

lower respiratory tract [40,41]. Regarding the response against NTHi,
we also previously demonstrated the involvement of Th17 cells in the
response induced by nasal vaccination in the nasopharynx [16]. In
conclusion, the results of the present study indicate that the activation
of NKT cells by nasal administration of a-GalCer might positively
modulate the mucosal immune system, possibly involving interaction
with DCs and Th17 cells, in the nasopharynx.
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