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Asthma is induced by intranasal
coadministration of allergen and natural
killer T-cell ligand in a mouse model

Jae-Ouk Kim, PhD,? Dong-Hyeon Kim, MS,? Woo-Sung Chang, BS,?
Changwan Hong, MS,? Se-Ho Park, PhD,® Sanghee Kim, PhD,° and

Chang-Yuil Kang, PhD? Seoul, Korea

Background: Allergic asthma is an inflammatory lung disease
caused by a Ty2-driven immune response. However, intranasal
exposures to soluble antigen lead to mucosal tolerance, and the
mechanism involved in generation of Ty2 responses to inert
inhaled allergens is unknown.

Objective: The aim of this study was to investigate whether
CD1d-restricted natural Killer T (NKT) cells can contribute to
the induction of Ty2-dependent allergic asthma in a mouse
model.

Methods: To investigate the effect of NKT cells on the
development of asthma, NKT cell ligand, «-galactosylceramide
(aGC), was used with antigens. We intranasally sensitized
Balb/c mice with various combinations of antigen and aGC
for 3 consecutive days and challenged them 2 weeks later
with an aerosol of ovalbumin. NKT cell-deficient or Ty
cell-deficient mice were immunized by administering
ovalbumin and aGC together, and ovalbumin inhalation.
Results: Only when immunized with ovalbumin plus aGC,
airway hyperreactivity, airway eosinophils, elevated IgE level,
and Ty2-cytokine production were observed in Balb/c mice.
Ovalbumin alone, GC alone, or BSA plus aGC-immunized
mice did not induce asthma. Studies in NKT cell-deficient, or
CD4™" T-cell-deficient mice intranasally exposed to ovalbumin
plus aGC did not show the development of asthma. An increase
of NKT cells in bronchoalveolar lavage was observed in the
pathologic states.

Conclusion: These data demonstrate that NKT cells can play
crucial roles in allergen sensitization and pathologic states in
asthma. Furthermore, our new asthma model using aGC will
be very useful to induce asthma and to dissect the role of NKT
cells and other cells in asthma. (J Allergy Clin Immunol
2004;114:1332-8.)
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Abbreviations used

aGC: a-Galactosylceramide
AHR: Airway hyperresponsiveness
BAL: Bronchoalveolar lavage

BALF: Bronchoalveolar lavage fluid
BLN: Bronchial lymph node
MLN: Mesenteric lymph node
NKT: Natural killer T

Val4u: Invariant Val4

Asthmas are believed to be caused by inappropriate
T2 immune responses to commonly inhaled antigens.'
However, only a subset of people exposed to these
aeroallergens develops pathological Ty2 responses, and
the mechanisms that determine whether tolerance or
immunity develops in the respiratory mucosa in response
to inhaled allergen are not well defined. Recently, the role
of adjuvants and the innate immune system has been
considered important in the induction of Tj;2 responses.”

Natural killer T (NKT) cells are a unique subset of
T cells that exist in both mice and human beings.> NKT
cells express an af3 T-cell receptor as well as markers
usually associated with natural killer cells and activated/
memory T cells. A major subset of NKT cells is restricted
by the MHC class I-like molecule CD1d.°® CDI1d-
restricted NKT cells mainly express a semi-invariant o3
T-cell receptor composed of an invariant Val4-Ja281
chain (also called Jo18 or Ja15), paired preferentially with
V[38.2 or V37 chains in mice, or Va24-Ja18 and V@311 in
human beings with diverse CDR3 sequences.’'® These
invariant Val4 (Val4v) or Va24 T cells recognize a-
galactosylceramide (aGC), a specific marine sponge
glycolipid, after activation, but the specific glycolipid
antigens in vivo are not known.""'2 In vivo, «GC induces
activation of NKT cells, which release both Ty1 and Ty2
cytokines, notably IFN-y and IL-4, respectively, and elicit
a downstream cascade of activation spreading to dendritic
cells, natural killer cells, and B cells.'310

To date, 3 reports have addressed that Va14uv NKT
cells are required for the development of allergen-induced
Ty2 airway inflammation through a CD1d-dependent
mechanism.'”!° However, these previous studies induced
asthma via sensitization by using alum as an adjuvant.
In contrast, our current study is the first to induce asthma
via the intranasal administration of a«GC as an adjuvant.
We here demonstrate the essential roles played by NKT
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cells in both the initial phase of antigen sensitizations and
the pathological state by showing the kinetic changes in
NKT cells in bronchoalveolar lavage (BAL) after aero-
allergen challenges.

METHODS
Animals

Female BALB/c mice 6 to 8 weeks old were purchased from
Daehan Biolink (Chungbuk, Korea) or Seoul National University
Laboratory Animal Center. CD/ d*’ ~,CD1 a7 (backcrossed with
BALB/c at least 12 times), and MHC class II '~ mice (on a C57BL/6
background) were bred under aseptic conditions in facilities at Korea
University. The studies reported here conformed to the principles for
laboratory animal research outlined by Seoul National University.

Synthesis of «GC

a-Galactosylceramide was prepared by coupling of phytosphin-
gosine with hexacosanoic acid followed by the protection/depro-
tection and galactosylation scheme as described.?’

Antigen immunization and airway challenge

Mice were anesthetized with ketamine (Yuhan, Seoul, Korea) and
xyalazine (Bayer, Seoul, Korea) and then sensitized intranasally with
100 g ovalbumin (grade V; Sigma-Aldrich) = 1 pg aGC, 100 pg
BSA (Sigma-Aldrich, St Louis, Mo) plus oGC, or aGC alone in 20
wL PBS on days 0, 1, and 2. Then mice were challenged on days 14,
15, 18, and 19 with an aerosol of 1% ovalbumin in PBS for 30
minutes by using the ultrasonic nebulizer NE-U12 (Omron, Tokyo,
Japan). Nil group was naive for all experiments.

Measurement of airway hyperresponsiveness

One day after the last aerosol challenge (day 20), airway re-
sponsiveness was assessed as described.”” Airway hyperresponsive-
ness (AHR) was calculated in enhanced pause (Penh).

Determination of serum antibody
concentrations

Mice were bled on day 21, and ovalbumin-specific IgG and IgE
were determined by ELISA as previously described.?

Analysis of bronchoalveolar lavage fluids

On day 21, mice were killed, and BAL cells were obtained and
analyzed as previously described.>® Differential cell counts were per-
formed by counting at least 300 cells on cytocentrifuged preparations
followed by staining with Diff-Quick (DADE Behring, Dudingen,
Switzerland).

Measurement of cytokine production

At day 21, lung draining lymph nodes (peribronchial) were
isolated and were prepared to single-cell suspensions. Per well, 2 X
10° cells were plated in 96-well round-bottomed microtiter plates
(Nunc, Roskilde, Denmark) and were cultured for 3 day with or
without ovalbumin (50 pg/mL) in 200 pL RPMI 1640 medium
containing 10% FBS (Biowhittaker, Walkersville, Md). Supernatants
were analyzed for IL-4, IL-5, IFN-y (BD Pharmingen, San Diego,
Calif) and IL-13 (R&D Systems, Minneapolis, Minn) by ELISAs
according to the manufacturer’s directions. Then, the ovalbumin-
specific cytokine levels were deduced.

Proliferation assay

Isolated bronchial lymph nodes, mesenteric lymph nodes, and
spleen were prepared to single-cell suspensions and erythrocytes
were depleted. Per well, 2 X 10° cells of lymph nodes and 5 X 10°
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cells of splenocytes were cultured with or without 50 pwg/mL
ovalbumin. After 96 hours of incubation, including a final pulse of
14 to 16 hours with [°H] thymidine (1 wCi per well), the cultured
cells were harvested, and [°H] thymidine incorporation was mea-
sured by using a liquid scintillation counter (Wallac, Turku, Finland).
The results were expressed as ovalbumin-specific proliferative
ability.

Lung histology
On day 21, lungs were fixed in 4% formalin. Formalin-preserved

lungs were embedded in paraffin wax, sectioned at 5-pm thicknesses,
and stained with periodic acid Schiff.

Flow-cytometric analysis of NKT cells

a-Galactosylceramide was incubated with CD1d: Ig Recombinant
Fusion Protein (BD Pharmingen, number 557599) at a molar ratio of
10:1. aGC-loaded CD1d complex was labeled with antimouse IgG1-
FITC (SouthernBiotechnology Associates, Birmingham, Ala) at
a weight ratio of 1:2 and incubated at 4°C overnight. The same
amount of mouse IgG1 isotype control was added to block free
antimouse IgG1-FITC. Then the mixture was used with phycoery-
thrin-conjugated antimouse CD3 mAb (BD Pharmingen) to stain the
isolated single-cell suspensions. aGC-unloaded CD1d dimer was
used as a control. The cells were pooled if the cell number of
individual mice were below 5 X 10° and were analyzed by gating the
lymphocytes by using a flow-cytometer, the FACScaliber (BD,
Franklin Lakes, NJ).

Statistics
Results are expressed as the means = SEMs. Each experiment was

repeated at least twice (n = 3-10). Values of P < .05 were considered
statistically significant.

RESULTS

Both NKT cell activation and antigen
specificity are required in the induction
of asthma

To determine whether CD1d-restricted NKT cells can
play arole in the induction of asthma, we divided mice into
4 sensitization groups: ovalbumin + aGC, ovalbumin,
aGC, and BSA + aGC. In all experiments, mice were
immunized as described in the Methods section (see Fig
El in the Journal’s Online Repository at www.mosby.
com/jaci).

We first examined AHR by methacholine inhalation.
When sensitized with ovalbumin antigen plus « GC, Balb/c
mice developed severe AHR, whereas in contrast, the mice
sensitized with ovalbumin or aGC alone did not develop
AHR (Fig 1, A). To show that this effect was antigen-
dependent, we included another group of mice that were
sensitized with BSA plus aGC followed by the ovalbumin
inhalation. That group of mice did not develop AHR.
Collectively, these data indicate that NKT cell activation is
necessary but not sufficient to induce allergen-mediated
AHR.

The AHR in the ovalbumin + aGC group was also
associated with a substantial increase in airway eosino-
philia, as indicated by an increase of eosinophils in
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FIG 1. Analysis of antigen + aGC-induced airway responses in BALB/c mice. A, AHR reactivity to nebulized
methacholine. B, The number of total cell count (TCC), eosinophils (Eos), monocyte/macrophage (Mo), and
lymphocytes (Lym) in BALF. C, Ovalbumin (OVA)-specific IgG and IgE levels in serum. In the IgE graph, the x-
axis represents the dilution of serum. ®, OVA + oGC; [0, OVA; A, aGC; ®, BSA+aGC; X, Nil. D, Comparison of
the OVA-specific cytokine production of BLN cells. E, Comparison of the OVA-specific proliferative ability of
each group. n = 3-5 mice in each group. Conc, Concentration. *P < .01 compared with all other groups.

FIG 2. Histologic examination of lungs. On day 21, lung tissue
was removed from individual mice, formalin-fixed and paraffin-
embedded, and periodic acid Schiff-stained (X200). Lung tissue
from ovalbumin (OVA) + aGC (A), OVA (B), «GC (C), and Nil (D).

bronchoalveolar lavage fluid (BALF; Fig 1, B) as well
as of lung tissue infiltrates and airway mucus secretion
(Fig 2). Bronchial lymph node (BLN) cells in this
ovalbumin + aGC group showed the most marked in-
crease of all section (see Table EI in the Online Re-
pository at www.mosby.com/jaci). Mice exposed to
BSA + aGC or to ovalbumin or oGC alone did not
develop pulmonary inflammation after ovalbumin chal-
lenge (Fig 1, B; Fig 2). We measured IgE levels in the sera
by using ELISA. Only the ovalbumin + aGC group
showed an elevated ovalbumin-specific IgE level as well
as an IgG level comparable with that seen in other groups
of mice (Fig 1, C). It is well known that NKT cells release

IL-4 and IFN-y immediately after activation and favor
Ty2 or Tyl protective immune responses in experimental
autoimmune disease or tumors, respectively.24 Accord-
ingly, we analyzed the cytokine profiles of bronchial
lymph node cells via in vitro ovalbumin stimulation. High
levels of IL-4, IL-5, and IL-13 production confirmed the
T2 nature of the inflammatory response in the ovalbu-
min + aGC group, although IFN-y was detected in this
group (Fig 1, D). The BSA + aGC group of mice showed
a low level of IL-4 and IL-13 production. Other groups
exposed to ovalbumin or aGC alone showed levels of
cytokine production that were either low or below de-
tection limits. We also analyzed the proliferation ability
of BLN, mesenteric lymph node (MLN), and splenocytes
in response to ovalbumin. BLN cells and splenocytes
showed high ovalbumin-specific proliferation, whereas
MLN cells did not. This finding suggests that ovalbu-
min + aGC sensitization and ovalbumin challenge af-
fected the immune system systemically but that this
effect did not reach the MLN (Fig 1, E). In summary,
antigen-specific Ty2 immune responses and airway in-
flammation were induced in the presence of aGC with
ovalbumin.

To determine whether the effect of «GC described was
general to other antigens, we sensitized and challenged the
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FIG 3. Analysis of antigen + aGC-induced airway responses in CD1d-deficient mice. A, The airway reactivity to
nebulized methacholine. B, The number of total cell count (TCC), eosinophils (Eos), monocytes/macrophages
(Mo), and lymphocytes (Lym) in BALF on day 21. C, Ovalbumin-specific IgG and IgE levels in serum. In the IgE
graph, the x-axis indicates the dilution of serum. ¢,CD1d*/~; &, CD1d /. *P<.01; 1P < .05 compared with the

cD1d™~ group. Penh, Enhanced pause.

mice with BSA by using similar approaches. However, the
mice were challenged with BSA intranasally (20 pg/
mouse on days 14, 15, 18, and 19) rather than inhalation,
because BSA vaporization was impossible even at a 0.1%
concentration. These BSA-treated mice showed AHR,
eosinophilia in BALF, BSA-specific IgE and IgG, and
BSA-specific T-cell responses (data not shown). These
findings indicate that the effect of «GC is not ovalbumin-
specific but general to other antigens.

To isolate the effects caused by sensitization alone,
the mice were exposed to 3 intranasal administrations
of ovalbumin+ aGC (day 0, 1, and 2) without further
inhalation of ovalbumin. These mice did not develop
airway inflammatory responses such as eosinophilia in
BALF and AHR, but very low levels of ovalbumin-
specific IgG and IgE were detected in the serum on day 21,
and ovalbumin-specific T-cell responses were detected
beginning on day 7 (data not shown). These results
confirm that sensitization alone (with antigen plus aGC)
does not elicit inflammatory responses.

CD1d-deficient mice do not develop airway
responsiveness when exposed to
ovalbumin + aGC

To demonstrate directly that NKT cells are involved in
inducing asthma, we used CD1d deficient mice, which
lack the class I restricting element of NKT cells and
therefore lack NKT cells.”” CD/d"'~ mice have shown
normal expression ranges of CD1d compared with the
wild-type mice (data not shown). CD/d*'~ and CDI1d~"~
mice were sensitized with 100 g ovalbumin + 0.5 pg
aGC and were exposed to ovalbumin via inhalation.
Unlike CD1d™'~ littermates, CD/d~'~ mice did not deve-
lop AHR. In addition, eosinophils in BALF were rarely
detected in CDId '~ mice (Fig 3, B). In the CDId~"~
mice, the ovalbumin-specific IgG level (3.0 wg/mL) was
significantly lower than that of CD1d"’™ littermates (20
pg/mL). Also, the T2 cell-dependent IgE level of the
CDI1d~'~ mice remained below the detection limits even
in a 1:20 serum dilution (Fig 3, C). However, the failure to
produce high levels of IgE was not caused by the inability
of CDId™'~ mice to produce this isotype, because
previous studies have reported that the immunized

CDId™~'~ mice produced antigen-specific IgE.>> IFN-y
remained below detection limits (15 pg/mL) in CDId~'~
as well as CD1d™' ™ mice, as did BLN IL-4, IL-5, and IL-
13 production in CD/ d~'" mice. However, the cytokine
production of CD1d"'™ mice confirmed the Ty;2 nature of
the inflammatory response to ovalbumin + aGC (Fig E2,
A). Interestingly, the level of cytokine production in the
case of 0.5 pg aGC exposure was lower than in the case of
1.0 pg aGC (Fig 1, D), although preliminary data showed
no dose-dependent variations in AHR, ovalbumin-specific
IgG and IgE levels for doses ranging from 0.125 pg to 1.0
g (data not shown). BLN cells of the CD/d~'~ mice did
not show the proliferation ability in response to ovalbu-
min. The proliferation level of splenocytes was also lower
than in CDId "'~ littermates (see Fig E2, B, in the Online
Repository at www.mosby.com/jaci). In addition, the
substantial diminishment in cellularity (8.3 £ 5.7 X 10°
inCDId""~ vs3.0 = 1.2 X 10%) also pointed to a reduced
proliferative response in the BLN of CD/d '~ mice. The
CDId™'~ mice exposed to ovalbumin + aGC showed
anormal airway phenotype; in contrast, similarly exposed
CDI1d"'~ mice showed significant lung tissue infiltrates
(data not shown). Thus, CDI d~'~ mice sensitized with
ovalbumin + aGC and challenged with ovalbumin had
normal airway responsiveness, which is related to the
deficiency of NKT cells.

MHC class II~'~ mice do not develop airway
responsiveness when exposed to
ovalbumin + a«GC

Earlier reports by other groups'’ ' have demonstrated
the requirement of NKT cells in asthma. Therefore, we
next investigated whether asthma can be induced with the
activation of NKT cells alone, in the absence of Ty2 cells.
We used MHC class II-deficient mice, which do not have
conventional CD4™ T cells.? Wild-type littermates and
MHC class II-deficient mice were immunized as de-
scribed in the Methods section. The increase of AHR in
wild-type C57BL/6 mice was not significant (P > .05) in
our system (data not shown), which might be a result of the
genetic background.27 However, wild-type mice had
significant increases of BAL eosinophils and lymphocytes
compared with the MHC class II-deficient mice (Fig 4, A).
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FIG 4. Analysis of antigen + aGC-induced airway responses in MHC class Il-deficient mice. A, The number
of total cell count (TCC), eosinophils (Eos), monocytes/macrophages (Mo), and lymphocytes (Lym) in BALF.
B, Ovalbumin-specific IgG and IgE levels in serum. In the IgE graph, the x-axis indicates the dilution of
serum. n = 6 per group. WT, Wild-type mice. *P < .01 compared with the MHC II™/~ group.
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compared with day 3; 1P < .05 compared with day 14. TCC, Total cell count; Neu, neutrophils; Eos, eosinophils;
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Serum IgG and IgE levels were detected in wild-type
littermates but not in MHC class I/~ mice (Fig4,B). In
C57BL/6 background mice, the numbers of BLN cells
were too small to allow for analysis of proliferative ability
and cytokine production. The splenocytes of wild-type
mice immunized with ovalbumin + aGC proliferated in
response to ovalbumin antigen in vitro, but those of MHC
class II”'~ mice did not (data not shown). Collectively,
these findings demonstrate that asthma cannot be induced
by NKT cell activation alone but requires the presence of
antigen-specific T2 cells as well.

NKT proliferation occurs in the airway
mucosa but not in the draining lymph
nodes after antigen challenges

We next analyzed the changes in NKT cell ratios in
spleen, BLN, and BAL of BALB/c mice at the indicated
time points (days 0, 3, 5, 14, and 21) by using flow
cytometry. As shown in Fig 5, A, neutrophil recruitment
into the airways was observed on day 3 or 5. This suggests

that the activation of NKT cells in airways under the
condition with antigen can induce the Ty 1-driven neutro-
philia in an early phase. As shown in Fig 5, B, the cell
numbers of BLN on day 14 (6.76 = 0.32 X 10° cells),
before the inhalation of ovalbumin, were greater than on
day 3 or 5, suggesting that the cells participating in the
initial antigen + aGC sensitization had moved from the
airway into the draining lymph nodes by day 14 (Fig 5, B).
The greatest cellularity was observed on day 21, after the
aerosol ovalbumin antigen inhalation (P < .05 compared
with day 14). We checked the frequency of NKT cells in
spleen, BLN, and BALF on the indicated days (day 3, 5,
14, and 21). However, the frequency of NKT cell
population was not significantly changed in spleen or
BLN (data not shown), but did increase in BAL (Fig 5, C),
reaching maximum levels on day 21 (14.24 = 1.08; P <
.05 compared with day 14). In each case, the frequency of
oGC-unloaded CD1d dimer staining was 0.61 £ 0.14%
(n = 3). Our finding of increased number of NKT cells in
airway mucosa suggests that the NKT cells may play
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a direct role in the AHR, confirming the results of Akbari
etal.l”

DISCUSSION

Our experiments with ovalbumin plus aGC clearly
show that both CDl1d-restricted Val4t NKT cells and
antigen-specific CD4" T cell help are required for the
induction of experimental allergic asthma in mice. Mice
injected intranasally with both ovalbumin and aGC before
ovalbumin challenge did not become tolerant but de-
veloped experimental allergic asthma. Moreover, NKT
cell frequency in BAL was increased during experimental
allergic asthma, suggesting that NKT cells may play a
critical role in the pathology of asthma. The results
presented here also support a new experimental model of
sensitization to inhaled antigens that require NKT cell
activation.

Administration of soluble antigens to the oral or nasal
mucosa is well known to lead to systemic unresponsive-
ness on rechallenge with the same antigens.”® As ex-
pected, ovalbumin alone priming in this study did not
develop airway inflammation. However, intranasal co-
injection of ovalbumin and aGC led to the development of
the characteristic features of asthma (Fig 1). It is possible,
therefore, that the use of aGC as an adjuvant might be
required to break tolerance to ovalbumin.

The failure of the intranasal administration of aGC
alone or aGC together with BSA followed by ovalbumin
challenge to induce any of the parameters of asthma
indicated that NKT cell activation alone was not sufficient
for the development of asthma pathology. These findings
suggest that aGC acted as adjuvant and that Vo14u NKT
cells alone are not able to function as effector cells in the
absence of conventional CD4" T lymphocytes. Ulti-
mately, antigen-specific Ty2-driven allergic responses
are vitally important in the development of asthma,*°
though not in themselves sufficient to induce asthma.
Therefore, we hypothesized that the activation of both
NKT cells and antigen-specific Ty2 cells was indispens-
able for the induction of asthma. Mice that had been
intranasally administered ovalbumin plus aGC alone
without ovalbumin challenge failed to develop an in-
flammatory response, signaling that sensitization alone is
not sufficient to induce inflammation. Thus, we next
sought to determine whether NKT cell activation played
a role beyond that of initial antigen sensitization. As
shown in Fig 5, NKT cell activation in the initial allergen
sensitization is not itself sufficient to induce allergic
responses in the airways. On day 21, 2 days after the last
inhalation of ovalbumin, eosinophils in BAL increased to
77.4% = 3.7% of total cells. Surprisingly, the NKT cell
ratio in lymphocytes also significantly increased to
14.24% = 1.08% (P < .05 compared with day 14),
although aGC was not administered as part of the
ovalbumin challenge (Fig 5, C). The significant increase
in NKT cells occurred in BAL but not in sites distant from
the airway, such as spleen and even BLN (data not shown).
These findings suggest that NKT cells may play a direct

Kim et al 1337

role in AHR and in the recruitment of eosinophils into the
airway. They also suggest that various cell types in the
airway, including NKT and conventional CD4 " memory
T cells, engage in complex interactions that ultimately lead
to eosinophilic Ty2 responses. Antigen-specific Ty2 cells
may augment the number of NKT cells through pro-
duction of cytokines or costimulatory molecules or by
other mechanisms in the absence of the ligand of NKT
cells. In addition, it is possible that self-antigen such as
glycolipid may be recognized by NKT cells through
CD1d, triggering NKT cell proliferation.

Recent reports underlining the importance of NKT
cells in asthma support our ﬁndings.”'19 These studies
did not use aGC to induce asthma. Without direct-
activating NKT cells of mice, which were sensitized
intraperitoneally to ovalbumin plus alum after intranasal
challenge with ovalbumin, their data showed that the
Val4e NKT cells may mediate Ty2 eosinophil airway
inflammation and AHR in an allergen-induced asthma
model. An explanation for the possibility of NKT cell
activation in the absence of aGC was offered by another
report, although the data were limited to Tyl-directed
responses.”’ Therefore, it is possible that in pathological
states, endogenous antigens associated with CD1d mol-
ecules can be recognized by NKT cells and that the
activation of NKT cells is mediated and amplified by the
signal from ovalbumin-specific T2 cell activation. It is
also possible that asthma development is triggered by the
inhalation of a naturally occurring NKT cell ligand, for
example, by bacterial cell walls containing putative
ligand, phosphatidylinositol mannoside.*> Because no
ligand other than aGC has yet been identified for
Val4r NKT cells, it will be necessary to identify
naturally occurring exogenous or endogenous ligands,
which can lead to a better understanding of the role of
NKT cells in asthma.

In summary, the results presented here provide further
evidence that Val4u NKT cells are critical not only to
primary antigen sensitization and but also to the patho-
logical state of asthma. In addition, these cells are essential
for amplifying T2 development in the lung. In conclu-
sion, our studies represent a new experimental allergic
asthma model in mice, one that might mimic natural
exogenous antigen inhalation. Our results also suggest that
therapies targeting NKT cell function could contribute to
ameliorating asthma.

We thank Dr R. Ward, US Environmental Protection Agency,
for critically reading the manuscript, and Brenda Hartman and Toni
Garrison, National Institutes of Health/National Institute of
Allergy and Infectious Diseases/Vaccine Research Center, for figure
preparation.
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