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a-Galactosylceramide (a-GalCer) is a specific ligand of natural killer
T cells (NKT cells) that regulates the immune responses such as
tumor rejection and autoimmunity by producing interferon (IFN)-y
and interleukin (IL)-4. However, it has not been determined
whether a-GalCer-activated NKT cells modulate allergic inflamma-
tion. Because a-GalCer induces a large amount of IFN-y production
by NKT cells, we hypothesized that an in vivo administration of
a-GalCer could inhibit allergic airway inflammation in mice. Strik-
ingly, a single intraperitoneal injection of a-GalCer almost com-
pletely abrogated an infiltrate with eosinophils in the lung tissue
as well as in the bronchoalveolar lavage. This inhibition of allergic
inflammation was associated with a significant decrease in the levels
of IL-4, IL-5, and IL-13 in bronchoalveolar lavage fluid and in the
number of goblet cells. In addition, this ligand significantly inhibited
airway hyperresponsiveness to inhaled methacholine and raised the
serum levels of ovalbumin-specific IgG2a with a decrease in those of
ovalbumin-specific IgE. In IFN-y knockout mice, however, a-GalCer
failed to exert such inhibitory effects in this asthma model. These
results indicate that a-GalCer prevents allergic airway inflammation
possibly through IFN-y production by ligand-activated NKT cells,
suggesting the potential therapeutic application of «-GalCer in
asthma.
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Chronic airway inflammation is currently considered to play
a key role in the pathogenesis of asthma. The inflammatory
component of this disease is recognized by increasing numbers
of activated T-helper lymphocytes, eosinophils, and mast cells
within the airway lumen and bronchial submucosa (1-5). Al-
though an infiltrate with eosinophils in the airways was consid-
ered to be central to the pathophysiology of asthma, increasing
evidence has suggested that activated CD4* T cells that produce
helper T cell type 2 (Th2) cytokines, such as interleukin (IL)-4,
IL-5, and IL-13, orchestrate airway inflammation. Indeed, CD4*
T cell-producing Th2 cytokines increased in the airways and
bronchoalveolar lavage fluid (BALF) of patients with asthma
(3). In a murine model of asthma, Th2 cells were shown to
induce the characteristic features of asthma, including airway
hyperresponsiveness (AHR) and mucus metaplasia (6, 7). Adop-
tive transfer of Th2-type cells can also induce murine models of
asthma (7), and CD4* T cells regulate AHR independent of
IL-4 and IL-5 (8), suggesting that Th2 cells are critically involved
in this disease. The accumulating evidence suggests that patients
with asthma have an immune polarization toward a Th2 pheno-
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type, which profoundly contributes to the phenotype of asthma.
Thus, the idea emerged that a shift in cytokine balance from a
Th2 toward a helper T cell type 1 (Thl) profile could allow a
more specific therapy against asthma. Indeed, several studies
have demonstrated that administration of Thl cytokines, such
as interferon (IFN)-y or IL-12, decreased eosinophil recruitment
and AHR in murine models of asthma (9, 10).

Natural killer T cells (NKT cells) constitute a distinct lympho-
cyte subpopulation that has important immunoregulatory func-
tions (11-13). NKT cells are characterized by the expression of
invariant T cell receptor (TCR) encoded by Va14 and Ja18 gene
segments and VB8, 7, 2 gene segments in mice (11, 13, 14). A
similar population of cells, expressing homologous TCR chains
(Va24-JaQ and VB11), has been identified in humans (11, 13, 15,
16). NKT cells are specific for glycolipid antigens that are pre-
sented by the nonpolymorphic major histocompatibility complex
class I-like molecule CD1 d (11-13, 17). Although the natural
ligand for NKT cells remains to be clarified, a-galactosylceramide
(a-GalCer), a derivative of a marine sponge, specifically binds
CD1 d and strongly stimulates NKT cells (18, 19). The most
characteristic function of NKT cells is their capacity to rapidly
secrete large amounts of cytokines, including IL-4 and IFN-y,
in response to TCR stimulation (11-13). Initially, NKT cells were
believed to serve as a critical source of IL-4 for differentiation of
Th2 cells. In murine models of autoimmune diabetes and encepha-
lomyelitis, which are characterized by Thl-dominant immune
responses, a-GalCer—activated NKT cells have been reported to
prevent the onset and progression of these diseases by inducing a
Th2 bias of the autoimmune T cells (20-22). However, a-GalCer
was also shown to suppress the Th2 response against Nippostron-
gylus brasilliensis (23) and to enhance host resistance in mice
infected with Cryptococcus neoformans (24) through IFN-y pro-
duction from NKT cells. Thus, the role of NKT cells in skewing
the immunity to Thl or Th2 response is still controversial. In
asthma, recent studies have demonstrated that NKT cells are
required for the development of antigen-specific AHR and aller-
gic airway inflammation in a murine model of asthma (25, 26),
but no data are available on the potential of specific ligands
for NKT cells to modulate the Th2-biased immune response of
asthma.

Here, we have investigated whether a-GalCer, a specific li-
gand for NKT cells, can modulate immune responses against
inhaled antigen and protect mice against allergic airway inflam-
mation. Our results demonstrate that a single administration of
a-GalCer prevents AHR and allergic airway inflammation, such
as an infiltrate with eosinophils, Th2 cytokine expression in
BALF, and goblet cell hyperplasia. Studies with IFN-y knockout
(KO) mice revealed that IFN-y was critical for a-GalCer—
mediated protection against AHR and allergic airway inflamma-
tion. Taken together, our findings indicate that a-GalCer would
be a novel therapeutic option for asthma.

MATERIALS AND METHODS

Mice

Female BALB/c wild-type mice were purchased from Japan SLC
(Hamamatsu, Japan). IFN-y KO mice, which were 15 times backcrossed
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from the B6 IFN-y KO mouse onto the BALB/c strain, were obtained
from The Jackson Laboratory (Bar Harbor, ME). These mice were
bred under specific pathogen—free conditions. All mice were used at
8-10 wk of age. All animal experiments were performed according to the
animal care guidelines of Hamamatsu University School of Medicine.

Lung Tissue Homogenate

Mice were killed at the various time points after a-GalCer injection.
Lung was homogenized in 1 ml of phosphate-buffered saline (PBS)
using a homogenizer. The homogenates were centrifuged and stored
at —80°C before use.

Immunization and Challenge

Mice were immunized twice by intraperitoneal injection of 10 ng of
ovalbumin (OVA, grade V; Sigma, St Louis, MO) absorbed to 50 pl
(2.25 mg) of Imject Alum aluminum hydroxide solution (Pierce, Rock-
ford, IL) with a 1-wk interval. Fourteen days after the last immunization,
the primed mice were challenged by repeated exposure to an aerosol
of OVA (10 mg/ml) dissolved in PBS using a nebulizer. The exposure
was done for 30 min once a day for three consecutive days.

a-GalCer Treatment Protocol

a-GalCer was kindly provided by Kirin Brewery Co. (Gunma, Japan).
a-GalCer was suspended in PBS supplemented with 0.5% polysorbate-
20 (wt/vol), and the control vehicle was PBS supplemented with 0.5%
polysorbate-20 (wt/vol). One hundred micrograms per kg body weight
of a-GalCer or control vehicle was injected intraperitoneally on the
first day of OVA challenge.

BAL

At 6 h or 48 h after the last antigen challenge, mice were killed and
the BALF was collected. BAL was performed by cannulation of the
trachea, and the whole lungs were lavaged. To measure the levels of
cytokines in BALF, BAL was done with PBS (0.5 ml twice) and the
fluid was stored at —80°C until assayed. To analyze the cellular compo-
nents of BALF, BAL was performed with PBS (1 ml four times) and
the recovered cells were enumerated using a hemocytometer. Cell dif-
ferential counts were determined on Diff-Quik (International reagent,
Kobe, Japan)-stained cytocentrifuge preparations of the cells recovered
from BAL.

Airway Responsiveness

Airway responsiveness was assessed as previously described (27), with a
minor modification. Briefly, 48 h after the last OV A challenge, conscious
mice were placed into a whole-body plethysmograph chamber (Buxco
Electronics, Sharon, CT). Airflow obstruction was expressed as en-
hanced pause (Penh), calculated as: Penh = [Te (expiratory time)/Tr
(relaxation time) — 1] X [Pef (peak expiratory flow)/Pif (peak inspira-
tory flow)]. Penh were measured after 3 min of aerosol administration
of PBS (PenhPBS) and 3.125 mg/ml methacholine (Mch; Sigma)
(PenhMch) delivered for 3 min. The values of Penh expressed per 15 s
were averaged from four determinations recorded every 5 s. Percentage
of Penh was calculated as the fold increase of PenhMch compared with
PenhPBS:%Penh = PenhMch/PenhPBS.

Lung Histology and Goblet Cell Hyperplasia

The lungs were harvested after BAL and inflated with 0.2 ml of 10%
formalin instilled through a tracheostomy tube. Formalin-preserved
lung tissue was stained with hematoxylin-eosin (H&E) or periodic acid-
Schiff (PAS). Goblet cell hyperplasia was determined by counting the
number of PAS™ cells surrounding the central airway on a digital image
under X200 magnification. PAS* cells with nuclei within the sections
were counted, and four sections were evaluated per lung. The circumfer-
ence of the airway at the basement membrane was measured by NIH
image. The results are expressed as the number of PAS* cells per unit
length (mm) of basement membrane.

Measurement of OVA-Specific Antibodies in Serum

At 48 h after the last antigen challenge, blood was drawn from the
inferior vena cava for measurement of OV A-specific serum IgE and
IgG2a antibodies. OV A-specific antibodies were measured by enzyme-
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linked immunosorbent assay (ELISA). Briefly, 96-well plates (Nalge
Nunc International, Rochester, NY) were coated with 200 pg/ml of
OVA diluted in 0.1 M NaHCO; (pH 8.3). After overnight incubation
at 4°C, the plates were washed five times and blocked with 30% Block
Ace (Dainippon Seiyaku, Osaka, Japan) in PBS for 30 min at room
temperature. Serum samples were serially diluted in 10% Block Ace
in PBS/Tween-20 (0.05%) for 1 h at room temperature. The plates
were then washed, followed by incubation with alkaline phosphatase—
conjugated rat anti-mouse IgE and IgG2a antibodies (Southern Biotech-
nology, Birmingham, AL). After washing, p-nitrophenyl phosphate
substrate (Sigma) buffer was added to the wells and the absorbance
was measured at 405 nm with an EL340 I automatic plate reader (Bio-
tec instruments, Winooski, VT).

Cytokine Assay
Mouse IL-4, IL-5, IL-12, IL-13, and IFN-y levels in BALF, serum, and

lung homogenate, were measured by ELISA (R&D Systems, Minneap-
olis, MN).

Statistical Analysis

Data are expressed as the mean = SEM unless otherwise indicated. A
Mann-Whitney U test and two-way repeated measures ANOVA were
used for statistical analysis with the Stat View statistical program (Aba-
cus Concept, Berkeley, CA). A P value of less than 0.05 was considered
statistically significant.

RESULTS

NKT Cell Activation by a-GalCer In Vivo

Previous studies have demonstrated that a-GalCer stimulates
NKT cells to produce both IL-4 and IFN-vy (18, 19). To ascertain
that the amount of a-GalCer (100 pg/kg) is relevant for activat-
ing NKT cells in vivo, we measured the serum cytokine levels
at different time points after injection of a-GalCer in naive wild-
type mice. Asshown in Figure 1A, intraperitoneal administration
of a-GalCer induced a rapid rise of IL-4 with the peak value
(3.88 ng/ml) at 3 h and a delayed elevation of IFN-y with the
peak value (6.26 ng/ml) at 24 h in the serum. The elevations of
IL-4 and IFN-y in a-GalCer—injected mice were consistent with
those of a previous study (28). The time course of IFN-y response
was much longer than that of IL-4. As well as in the sera, a rapid
rise of IL-4 and prolonged elevation of IFN-y concentration were
found in the lung tissue, although a rise IFN-y was more rapid
(6 h) in the lung tissue than in the sera (Figure 1B). Because
antigen-presenting cells have been shown to produce IL-12 after
a-GalCer administration (29), we also measured the levels of
IL-12 protein in the sera and the lung homogenates. In the sera,
its level was transiently elevated in a single injection of a-GalCer
in wild-type mice, but the peak value was much lower than that
of IFN-y or IL-4 (Figure 1A). In addition, a very small increase
in IL-12 protein was found in the lung homogenates (Figure 1B).

Effects of a-GalCer on Lung Histology

To determine whether a-GalCer could modulate antigen-
induced airway inflammation, we administered a-GalCer into mice
at the first challenge of OVA. In sham-sensitized, sham- or OVA-
challenged mice treated with a-GalCer or vehicle, there were
no inflammatory cell infiltrates, including eosinophils, in the lung
histology (Figures 2A-2D). In OV A-sensitized mice treated with
vehicle, OVA challenge induced a marked eosinophilic infiltra-
tion around the airways and vessels (Figure 2E). Strikingly, a
single administration of a-GalCer (100 pg/kg) almost completely
abrogated the eosinophilic inflammation in the lungs of OVA-
challenged mice (Figure 2F).

Effects of a-GalCer on BAL Cells

Next, we examined the effect of a-GalCer on the cell number and
components of the BALF. In OV A-sensitized, OV A-challenged
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Figure 1. Elevation of serum and lung tissue cytokines in naive BALB/c
mice treated with a-GalCer. Each dot in the figure shows the cytokine
concentration in a pooled sample from three or four mice. Data are
expressed as means = SEM.

mice, a marked increase in the numbers of eosinophils and lym-
phocytes, as well as total cells, was observed 6 h and 48 h after the
last challenge, compared with sham-sensitized, sham- or OVA-
challenged mice with vehicle administration (Figures 3A and
4A). Treatment of a-GalCer (100 pg/kg) significantly decreased
the numbers of eosinophils, lymphocytes, and total cells in the
BALF, compared with OV A-sensitized, OVA-challenged mice
treated with vehicle 6 h and 48 h after the last OVA exposure
(Figures 3A and 4A). a-GalCer caused a dose-dependent inhibi-
tion of antigen-induced airway inflammation, giving a plateau
at the dose of 100 wg/kg, as evaluated by eosinophil counts in
the BALF (Figure 5). Treatment with the dose of less than
0.1 pg/kg a-GalCer did not alter the number and differential of
the cells obtained in the BALF (Figure 5).

Effects of a-GalCer on Cytokine Profile of BALF

Furthermore, we determined whether administration of a-GalCer
altered the cytokine profile in the BALF. In OV A-sensitized,
OV A-challenged mice with vehicle administration, high amounts
of Th2 cytokines, including IL-4, IL-5, and IL-13, were detected
(Figures 3B and 4B). Administration of a-GalCer (100 pg/kg)
significantly reduced the levels of IL-4, IL-5, and IL-13 at 6 h
and at 48 h in the BALF (Figures 3B and 4B). In sham-sensitized,
sham- or OV A-challenged mice treated with vehicle or a-GalCer,
Th2 cytokines were not detected in the sera. IFN-y protein was
not detected in the BALF of the control mice, including sham-
sensitized, sham- or OV A-challenged mice, and OV A-sensitized,
OVA-challenged mice with vehicle or a-GalCer (data not
shown).

Effects of a-GalCer on Airway Responsiveness

Because AHR is a hallmark and distinguishing feature of asthma,
we next determined whether a-GalCer administration would
affect the airway responsiveness in mice. As shown in Figure
6A, a-GalCer administration significantly reduced the airway
responsiveness in OV A-sensitized, OV A-challenged mice com-
pared with vehicle administration, and the airway responsiveness
did not increase in sham-sensitized, OV A-challenged mice with
a-GalCer or vehicle treatment.

Effects of a-GalCer on Goblet Cell Hyperplasia

Airway mucus hypersecretion is a prominent feature of asthma
(30) and animal models of this disease reveal goblet cell hyper-
plasia in the airway (31, 32). Because mucin productions in goblet
cells can be visualized by PAS staining, we used this staining
to quantify goblet cell hyperplasia. In OV A-sensitized, OVA-
challenged mice, exposure of OVA increased the number of
PAS™ cellsin the airway epithelia. However, a-GalCer treatment
significantly inhibited goblet cell hyperplasia compared with ve-
hicle treatment (Figure 6B). Goblet cell hyperplasia was not seen
in the control mice treated with a-GalCer or vehicle (Figure 6B).

Effects of a-GalCer on OVA-Specific IgE and 1gG2a

It has been well documented that IgE responses are mediated
by antigen-specific Th2 cells, whereas IgG2a responses depend
on Th1 cells (33). Thus, we assessed whether a-GalCer treatment
influenced OV A-specific IgE and IgG2a production. In OVA-
sensitized, OVA-challenged mice with vehicle or a-GalCer treat-
ment, OVA-specific IgE and IgG2a were readily detected by
ELISA (Figure 6C). Mice administered a-GalCer had signifi-
cantly higher levels of OV A-specific IgG2a than those given
vehicle (Figure 6C). The levels of OV A-specific IgE tended to
be lower in a-GalCer-treated than vehicle-treated mice, but the
difference was not significant (Figure 6C). In the control mice,
OVA-specific IgE and IgG2a were not detected (Figure 6C).

Effects of a-GalCer on OVA-Induced Airway Inflammation
in IFN-y KO Mice

Because ligand-activated NKT cells secrete a large amount of
IFN-y, we hypothesized that IFN-y production from NKT cells
stimulated by a-GalCer might be essential for the inhibition of
OV A-induced airway inflammation. To clarify this, we examined
the effect of a-GalCer on airway inflammation in IFN-y KO
mice. The protocol used in wild-type mice could induce OVA-
specific airway inflammation even in IFN-y KO mice. In sham-
sensitized, OV A-challenged IFN-y KO mice, no eosinophilic
infiltration was found (Figures 7A and 7B), whereas OV A-sensi-
tized, OVA-challenged IFN-y KO mice showed allergic airway
inflammation (Figure 7C). The percentage of BALF eosinophils
was significantly higher in OV A-sensitized, OV A-challenged
IFN-y KO mice with vehicle treatment than in OV A-sensitized,
sham-challenged IFN-y KO mice with vehicle treatment (25.4 *
2.8% versus 0.0%, respectively, P = 0.0002). Contrary to wild-
type mice, in OV A-sensitized, OV A-challenged IFN-y KO mice,
a-GalCer treatment did not inhibit cellular infiltration of the
lung (Figure 7D) nor reduce the numbers of BALF eosinophils,
lymphocytes, or total cells (Figure 8A). No significant difference
in the levels of BALF 1L-4, IL-5, or IL-13 was found between
vehicle- and a-GalCer-treated IFN-y KO mice, although these
cytokines tended to be higher in a-GalCer—treated IFN-y KO
mice (Figure 8B). No significant difference in the airway respon-
siveness was found between o-GalCer— and vehicle-treated
IFN-y KO mice, although the airway responsiveness tended to
be higher in a-GalCer—treated IFN-y KO mice (Figure 9A).
Further, administration of a-GalCer had no effect on the numbers
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of PAS* cells in the airway epithelia (Figure 9B), or OVA-
specific IgE in the sera (Figure 9C). IgG2a was not detected in
either a-GalCer—treated or vehicle-treated IFN-y KO mice (data
not shown). These results indicate that a-GalCer could not in-
hibit the allergic airway inflammation in IFN-y KO mice, sug-
gesting that the inhibitory effect of a-GalCer is mediated by
IFN-y production.

DISCUSSION

In the present study, we demonstrate that a-GalCer, a specific
ligand for NKT cells, prevents AHR and allergic airway inflam-
mation in a murine model of asthma. A single administration
of a-GalCer almost completely abrogated an infiltrate with eo-
sinophils in the lung and reduced AHR, together with the de-
crease in BALF Th2 cytokine expression and goblet cell
hyperplasia. This protection was accompanied by a significant
increase in the serum levels of antigen-specific IgG2a and a
decrease in those of antigen-specific IgE. By contrast, the same
ligand failed to exert such preventive effect in IFN-y KO mice.
These data suggest that the specific activation of NKT cells by
a-GalCer inhibits an antigen-specific Th2 response and AHR
possibly by IFN-y production. This is the first report to demon-
strate a potential therapeutic role of a-GalCer against asthma.

Recent studies have demonstrated that administration of Thl
cytokines, such as IFN-y or IL-12, inhibits antigen-induced
airway inflammation, AHR, and Th2 cytokine expression in a
murine model of asthma (9, 10), providing a basis for Thl-
predisposing immunotherapy against asthma. In the present
study, we found that administration of a-GalCer elicited a pro-
longed rise in IFN-y as well as a rapid peak of IL-4 in the sera
as well as in the lung tissues, and that the production of IFN-y
was much longer than that of IL-4. Regarding IL-12, a-GalCer
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Figure 2. Decrease of lung inflammatory cell infiltration in
OVA-sensitized, OVA-challenged BALB/c mice by a-GalCer in-
jection. A lung tissue section of sham-sensitized, sham-
challenged mice treated with vehicle (A) or a-GalCer (B),
sham-sensitized, OVA-challenged mice treated with vehicle
(C) or a-GalCer (D), and OVA-sensitized, OVA-challenged
mice treated with vehicle (E) or a-GalCer (F). The magnifica-
tions were x200.

cannot activate NKT cells to produce IL-12. However, a recent
study demonstrated that a-GalCer administration stimulates
APCs to secrete IL-12 through CD40-CD40L ligation between
ligand-activated NKT cells and APCs (29). In the present study,
however, we found only a negligible increase of IL-12 protein
in the lung with a transient, low peak of serum IL-12 in the a-
GalCer-injected mice. Recently, the protective effects of
a-GalCer against infections as well as tumors have been shown
to be mediated by IFN-y, not dependent on IL-12 (34-36). Col-
lectively, these results suggest that IFN-y play a major role in
the protection of allergic airway inflammation by a-GalCer. This
idea is strongly supported by the observation that a-GalCer
failed to prevent asthmatic phenotypes in IFN-y KO mice. Possi-
bly, IFN-y production elicited by a-GalCer markedly reduced
Th2 cytokine production in the lung, which, in turn, might de-
crease AHR, eosinophilic infiltration, and goblet cell hyperplasia
in the airway. In addition, increased IFN-vy production, together
with the reduced Th2 cytokine expression, is likely to cause a
significant elevation in the serum levels of OV A-specific [gG2a
corresponding to a Thl response, and a decrease in those of
OVA-specific IgE, which indicates a shift of antigen-specific
responses from a Th2-dominant type toward a Thl-dominant
type.

In our models of allergic airway inflammation, IFN-y KO
mice showed weaker response to OV A challenge than wild-type
mice. The counts of total cells, eosinophils, and lymphocytes
in the BALF were lower in OV A-sensitized, OV A-challenged
IFN-y KO mice than in OV A-sensitized, OVA-challenged wild-
type mice. A less efficient allergic response to OV A was reported
in IFN-y KO mice than in wild-type mice (37). Because IFN-y
KO mice was found to have reduced major histocompatibility
complex class II expression on macrophages (38), it is possible
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that antigen presentation by antigen-presenting cells would be
less efficient, resulting in a weak allergic response. However,
allergic airway inflammation did occur in IFN-y KO mice based
on the differential counts of BALF cells and the lung histology.
Indeed, the percentage of BALF eosinophils was significantly
higher in OV A-sensitized, OVA-challenged IFN-y KO mice
with vehicle treatment than in OV A-sensitized, sham-challenged
IFN-y KO mice with vehicle treatment (25.4 = 2.8% versus 0%,
respectively), and the lung histology of OV A-sensitized, OVA-
challenged IFN-y KO mice, but not OVA-sensitized, sham-
challenged IFN-y KO mice, showed an infiltrate with eosinophils.
Interestingly, this allergic airway inflammation could not be in-
hibited by a-GalCer in IFN-y KO mice. Although IFN-y KO
mice might have a less efficient allergic response, several studies
have demonstrated that an inhibitory effect of certain ligands
on allergic airway inflammation can be evaluated even in those
mice (39, 40). For example, Rodriguez and coworkers and Kline
and colleagues independently showed that specific ligands of
Toll-like receptors, lipopolysaccharide, and CpG oligodeoxy-
nucleotides dramatically suppressed allergic airway inflamma-
tion in wild-type mice (39, 40). Further, to clarify whether this
suppression is dependent on IFN-vy, they performed the experi-
ments using IFN-y KO mice, and found that lipopolysaccharide
and CpG oligodeoxynucleotides could almost completely inhibit
allergic airway inflammation even in IFN-y KO mice, leading
them to conclude that the suppression by these ligands is not
mediated by IFN-y. In sharp contrast to those observations, the
present study showed that a-GalCer failed to inhibit allergic

OVA-OVA Sham-Sham Sham-OVA OVA-OVA Sham-Sham Sham-OVA

airway inflammation in IFN-y KO mice. To interpret our data,
there is a limitation that the allergic response to OVA observed
in IFN-y KO mice was not comparable to that in wild-type mice.
Taken together our results with those of the previous studies;
however, the inhibitory effect of a-GalCer is mediated, at least
in part, by IFN-vy.

Activated NKT cells by a-GalCer produce a variety of cyto-
kines, including IFN-y, IL-4, and TL-13 (11-13). Recently, NKT
cells have been shown to contribute to the regulation of different
types of immune responses such as tumor immunity, autoimmu-
nity, and infection (11-13). An important unresolved issue con-
cerning NKT cells is that they could be able to show flexibility
in their cytokine response and become polarized in the Thl
or Th2 direction. Originally, ligand-activated NKT cells were
reported to favor the development of a Th2 response, because
they were thought to be primary IL-4-producing cells in the
initial phase of immune responses. Consistent with this, a-GalCer
was shown to protect animal models of autoimmune diseases,
which are mediated by a Th1-dominant response, such as typel
diabetes (21,22) and experimental autoimmune encephalomyeli-
tis (20, 41) by inducing Th2 polarization. However, it has become
clear that NKT cells are not essential for establishing a Th2
response, as evidenced by the fact that intact Th2 responses can
be retained in CD1 d- or B,-microglobulin—deficient mice, which
are devoid of NKT cells (23, 42). Recent studies demonstrated
that a-GalCer-activated NKT cells suppressed the Th2 response
against Nippostrongylus brasilliensis (23) and protected mice
against malaria infection through their IFN-y production (35).
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More recently, administration of a-GalCer was shown to elicit
prolonged IFN-y production from NKT cells in mice infected
with Cryptococcus neoformans, resulting in the augmentation of
local host resistance to this fungus (24). These data suggest
that ligand-activated NKT cells also contribute to Th1-mediating
responses. Collectively, the role of NKT cells in promoting a
Th1 or Th2 response is still debatable. The contradictory evi-

OVA-OVA Sham-Sham Sham-OVA

dence might be partially related to differences in the site, dosage,
and frequency of the ligand administration.

In allergic airway inflammation, there have been few studies
investigating the role of NKT cells. Interestingly, using NKT
cell-deficient mice two recent studies by Akbari and coworkers
and Lisbonne and colleagues demonstrated the requirement of
NKT cell for the development of the characteristic features of
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asthma (25, 26). Val4i NKT cell-deficient mice were shown to
develop decreased AHR and OVA-induced airway inflamma-
tion, but adoptive transfer of Val4i NKT cells producing IL-4
and IL-13 fully restored them. They considered that administra-

OVA-OVA Sham-Sham Sham-OVA  OVA-OVA Sham-Sham Sham-OVA

Figure 6. o-GalCer is effective in prevention of AHR, goblet
cell hyperplasia, and alternation of the immunoglobulin pro-
duction. (A) Airway responsiveness. Data are expressed as
means = SEM for each group (n = 4). Significant differences
(P < 0.01) are found between curve of a-GalCer—treated
OVA-sensitized, OVA-challenged mice and vehicle-treated
OVA-sensitized, OVA-challenged mice or sham-sensitized,
OVA-challenged mice. (B) Goblet cell hyperplasia of the
lungs. (C) Serum OVA-specific IgG2a and IgE levels. Data
are expressed as means = SEM. (B and C; OVA-sensitized,
OVA-challenged mice treated with control vehicle [CV, black
columns], n = 13; a-GalCer [aGC, open columns], n = 8;
sham-sensitized, OVA-challenged mice treated with control
vehicle, n = 4; a-GalCer, n = 4; sham-sensitized, sham-
challenged mice treated with control vehicle, n = 4;
a-GalCer, n = 4. *P < 0.01; TP < 0.05; NS, not significant.)

tion of nominal antigen into the lungs stimulates Val4i NKT
cells through mechanisms that are independent of a-GalCer.
However, the precise mechanisms by which antigen administra-
tion into the lungs stimulates Val4i NKT cells are unclear,

Figure 7. o-GalCer does not alter the lung inflam-
matory cell infiltration in OVA-challenged IFN-y KO
mice. A lung section of sham-sensitized, OVA-
challenged IFN-y KO mice treated with vehicle (A) or
a-GalCer (B), and OVA-sensitized, OVA-challenged
IFN-y KO mice treated with vehicle (C) or a-GalCer
(D). The magnifications were x200.
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because OVA itself is unable to activate Val4i NKT cells. Both
Akbari and colleagues and Lisbonne and coworkers proposed
that unknown self antigens, presumably glycolipids, that are
exposed by antigen challenge into the lung could bind CD1 d,
which is recognized by Val4i NKT cells, thereby stimulating
these cells to produce IL-4 and IL-13. Thus, they concluded
that Val4i NKT cells in the lungs play a crucial role in the
development of asthma, suggesting that suppression of NKT cell
function might be a therapeutic strategy for the treatment of
asthma. In contrast to these observations, we herein show that
stimulation of NKT cells by a-GalCer can indeed inhibit asthma-
tic phenotypes, such as AHR and allergic airway inflammation.
Possibly, this discrepancy is explained by the different natures
and doses of ligands that are recognized by NKT cells. Miyamoto
and colleagues recently demonstrated that analogs of a-GalCer
synthesized by replacing sugar moiety and/or truncating the ali-
phatic chains induced a predominant production of IL-4, but
not IFN-v, by NKT cells, thus preventing autoimmune encepha-
lomyelitis (41). This evidence clearly indicates that NKT cells
differently respond to different ligands in terms of their profiles
of cytokine production. Thus, a-GalCer and putative endoge-
nous ligands exposed by antigen challenge into the lung may
differ with the capacities to modulate the immune response
toward Th1- or Th2-type through ligand-activation of NKT cells,
but further study will be needed to clarify this. Collectively,
although NKT cells may be required for developing asthma,
a-GalCer does inhibit AHR and allergic airway inflammation
probably through large IFN-y production from ligand-activated

CV «GC CV aGC
OVA-OVA Sham-OVA

NKT cells, providing important evidence for designing a thera-
peutic strategy targeting NKT cells using a-GalCer.

Because recognition of a-GalCer by NKT cells is highly con-
served among species, a-GalCer can bind both mouse and human
CD1 d and activate NKT cells of either species. Thus, the present
data provide the rationale for an immunotherapy with a-GalCer
for human asthma. Effective immunotherapy with Thl cyto-
kines, such as IFN-y or IL-12, was shown to need daily consecu-
tive injections in animal models of asthma (10, 43). In the
practical setting for humans, daily administration of these Thl
cytokines is difficult. In addition, their adverse effects have ham-
pered clinical applications of Thl cytokines (44). In contrast,
the present results demonstrate that only a single injection of
a-GalCer is sufficient to protect against airway inflammation,
because it induced a sustained increase of serum and lung IFN-v.
Recently, a phase I study of a-GalCer in patients with solid
tumors was undertaken (45). In this study, the patients were
treated with weekly intravenous injections of a-GalCer, and this
ligand was well tolerated over a wide range of doses. Taken
together, these data suggest a practical use of a-GalCer for
therapeutic intervention in asthma.

In conclusion, the present study documents a novel approach
for protecting allergic airway inflammation by targeting NKT
cells with a-GalCer, a synthetic ligand specific for NKT cells. It
is intriguing that a single application of a-GalCer effectively
prevents AHR and OV A-induced allergic airway inflammation
through IFN-y production, which suggests the therapeutic poten-
tial of a-GalCer in the treatment of asthma.
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Figure 9. Administration of a-GalCer has no effect of airway respon-
siveness, goblet cell hyperplasia, or IgE production. (A) Airway respon-
siveness. Data are expressed as means * SEM for each group (n =
4). No significant difference between curve of a-GalCer- and vehicle-
treated mice. (B) Goblet cell hyperplasia. (C) Serum OVA-specific IgE
levels. Data are expressed as means += SEM. (B and C: OVA-sensitized,
OVA-challenged mice treated with control vehicle [CV, black columns],
n = 12; a-GalCer [aGC, open columns], n = 11; sham-sensitized, OVA-
challenged mice treated with control vehicle, n = 4; a-GalCer, n = 4.
*P < 0.01; TP < 0.05; NS, not significant.)
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