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Abstract

Allergic asthma is characterized by Th2-driven eosinophilic airway inflammation and by a central
feature called airway hyperreactivity (AHR), development of which requires the presence of
classical type I invariant NK T (ANKT) cells. Allergen-induced AHR, however, develops in -
microglobulin (%m)~~ mice, which lack classical NKT cells, suggesting that in some situations
MNKT cells may be dispensable for the development of AHR. In contrast, our studies now suggest
that a CD1d-restricted, NK1.1* noninvariant TCR NKT cell population is present in /om™~ mice
and is responsible for the development of AHR but not for Th2 responses. Furthermore, treatment
of /m™~ mice with anti-CD1d mAb or anti-NK1.1 mAb unexpectedly abolished allergen-induced
AHR. The CD1-restricted NKT cells in these mice, which failed to respond to a-
galactosylceramide and which therefore were not classical type | NKT cells, appear to represent
an NKT cell subset restricted by a /om-independent form of CD1d. These results indicate that,
although classical type I NKT cells are normally required for the development of AHR, under
different circumstances other NKT cell subsets, including nonclassical NKT cells, may substitute
for classical NKT cells and induce AHR.

Asthma is an immunological disease that includes multiple inflammatory and clinical
phenotypes characterized by symptoms of recurrent wheezing, coughing, and shortness of
breath. A central and cardinal feature common to all forms of asthma is airway
hyperreactivity (AHR),# the heightened responsiveness of the airways to nonspecific stimuli
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(1). In allergic asthma, the most common form of asthma, the airways contain large numbers
of eosinophils, allergen-specific CD4* Th2 cells, as well as mast cells and basophils, but the
development of allergen-induced AHR has been shown in a number of circumstances to
require the presence of CD1d-restricted, classical, or type | NKT cells (2, 3). Classical NKT
cells express a conserved or invariant TCR (ANKT cell) called Val4Jal8 in mice or Va24 in
humans, recognize lipid Ags such as a-galactosylceramide presented by CD1d, and rapidly
produce large quantities of IL-4 and IL-13 (4, 5). Allergen-induced AHR fails to develop in
CD1d~'~ mice, which lack the restriction element of NKT cells and therefore lack NKT
cells, and fails to develop in Ja18~/~ mice, which lack the conserved a-chain of the invariant
TCR and therefore lack type | NKT cells (2, 3, 6). Moreover, recent studies have shown that
other forms of AHR induced by exposure to ozone or with pulmonary virus infection also
require the presence of NKT cells (7, 8). Since type | NKT cells are increased in lungs of
patients with severe asthma compared with that in normal individuals (8-10), we have
hypothesized that type | NKT cells play a critical role in regulating the development of at
least several forms of asthma.

Classical type | NKT cells represent only one of several subsets of NKT cells. For example,
nonclassical type Il NKT cells express a broad repertoire of (noninvariant) @ and S TCR
chains and although restricted by CD1d, type Il NKT cells are not reactive with CD1d a-
GalCer complexes. Nonclassical type 11 NKT cells are present in Ja18~/~ mice, which fail to
develop AHR (2, 3), indicating that under normal circumstances nonclassical type 1l NKT
cells are not capable of inducing or are not involved in the development of AHR.
Furthermore, because type Il NKT cells are difficult to isolate, study, and specifically
activate until now, the role of type Il NKT cells in the development of AHR has not been
specifically examined. However, type Il NKT cells are involved in regulating the
development of other inflammatory diseases, including hepatitis (11), some forms of cancer
(12), and human inflammatory bowel disease (ulcerative colitis) (13).

To more clearly understand the role of NKT cells and specifically the role of type Il NKT
cells in the development of asthma, we examined /%-microglobulin-deficient (%,m~") mice
in @ mouse model of asthma. A,m~~ mice do not express class | MHC molecules or CD1d
and are thought to lack both type I and type Il NKT cells (as well as CD8* T cells).
However, £,m~~ mice develop robust AHR responses when sensitized and challenged with
allergen (14, 15), suggesting that AHR, at least in some circumstances, may develop in the
absence of NKT cells. In our current studies, however, we showed that although allergen-
induced AHR responses did indeed occur in Am™" mice, surprisingly the AHR response
was blocked by both an anti-CD1d mAb and by an anti-NK1.1 mAb, but not by anti-asialo
GM1 Ab, which eliminates NK cells. The 4,m™~ mice failed to develop AHR when
challenged with a-GalCer, demonstrating the absence of type | NKT cells. Rather, these
mice appeared to contain type Il CD1d-restricted, NK1.1" NKT cells, restricted by a fom-
independent form of CD1d and capable of inducing AHR in the /,m~~ mice. These results
together suggest that the development of AHR under different circumstances may require
the presence of different forms or subpopulations of NKT cells, including type I, classical
MNKT cells, as well as a subset of type 11 NKT cells.
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Materials and Methods

Mice

Wild-type (WT) C57BL/6 mice and B6.129P2-B,miMUnC (4,m=/~ ) mice on the C57BL/6
background were purchased from The Jackson Laboratory. Ja18~/~ mice on the C57BL/6
background were a gift from M. Taniguchi (RIKEN, Yokohama, Japan) and T. Nakayama
(Chiba University, Chiba, Japan). CD1d~/~ mice on the C57BL/6 background were obtained
from M. Exley (Beth Israel Deaconess Hospital, Harvard Medical School, Boston, MA).
Animals were used between 6 and 11 wk of age and were age and sex matched. All animal
protocols were approved by the Children’s Hospital Committee on animal welfare.

Induction of AHR and measurement of airway responsiveness

Mice were sensitized with 100 g of OVA (Valeant Pharmaceuticals) adsorbed to 2 mg of an
aqueous solution of alum i.p. on days 0 and 14, followed by 50 1g of OVA in 50 /4 of PBS
administered intranasally on days 14 and 25-27. Control mice received i.p. injections of
PBS and intranasal administrations of normal saline. AHR was measured on day 28. AHR
was assessed by invasive measurement of airway resistance, in which anesthetized and
tracheostomized mice were mechanically ventilated using a described method (2).
Aerosolized methacholine was administered for 20 breaths in increasing concentrations
(saline, 1.25, 2.5, 5, and 10 mg/ml). We continuously computed lung resistance (R ) by
fitting flow, volume, and pressure to an equation of motion. In some experiments, AHR was
also assessed 24 h after glycolipid Ags were administered intranasally (2 (g of a-GalCer or
20 (g of Sphingomonas glycolipid Ag (PS-30), both in 50 z4) to mice anesthetized with
isoflurane as described previously (16). a-GalCer was synthesized by P. B. Savage (Brigham
Young University, Provo, UT). PS-30 (also known as PBS-30) was synthesized by P. B.
Savage as previously described (17). We initially brought up the PS-30 Ag in 10% DMSO
and PBS (4 g/d) and diluted to 1% DMSO before administration. Saline and 1% DMSO
were used as controls for the a-GalCer and PS-30 challenges, respectively. In other
experiments, CD1d ™~ mice were reconstituted with NKT cell-enriched populations. These
were prepared from the spleens of 4m™~ or WT mice depleted of B cells with anti-CD19
mAb by magnetic sorting. In brief, 2 x 107 purified splenic cells (~1.2 x 10° /m™~ NKT
cells or 3.2 x 10° WT NKT cells) with 108 bone marrow-derived dendritic cells were
transferred i.v. into CD1d™/~ mice on day 20, after sensitization on days 0 and 14 by
immunization with OVA in alum. The mice were then challenged with OVA intranasally on
days 21, 22, and 23 and analyzed for AHR on day 24.

Collection and analysis of bronchoalveolar lavage (BAL) fluid

Immediately after the AHR measurement, the trachea was cannulated, the lungs were
lavaged two times with 0.5 ml of PBS, and the fluid was pooled. We counted and analyzed
cells in BAL fluid as previously described (18). The relative number of different types of
leukocytes was determined from slide preparations of BAL fluid stained with Diff-Quik
solution (Dade Behring).
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Restimulation of bronchial lymph node cells in vitro

Bronchial lymph node cells were obtained by mechanical disruption and were restimulated
in vitro (5.0 x 10° cells/well in a round 96-well plate) with OVA. Supernatants were
collected after 96 h and kept at —20°C until assayed to determine the secretion of cytokines
in the cultures.

Lung and spleen cells isolation

Whole lungs were flushed with PBS injected into the right ventricle, removed, and rinsed in
PBS. The lungs were then diced on a wax board before incubating in 9.6 ml of RPMI 1640
medium with 0.1% DNase | (fraction 1X; Sigma-Aldrich) and 1.6 mg/ml collagenase (CSL4;
Worthington Biochemicals) at 37°C on an orbital shaker for 30 min. The digest was passed
multiple times through an 18-gauge needle and allowed to incubate for another 30 min
before being filtered. RBC were removed by 4-min incubation in lysis buffer (Sigma-
Aldrich) at room temperature. Single-cell suspensions of spleen lymphocytes were obtained
by mechanical disruption and RBC lysis as above.

Flow cytometry for cell surface markers

We collected cells from BAL fluid, spleen, or lungs and stained with anti-CD45-PE-Cy5.5
(eBioscience), anti-CD45-PE-Texas Red (Caltag Laboratories), anti-TCR/-allophycocyanin
(eBioscience), anti-NK1.1-FITC (eBioscience), a-GalCer-loaded CD1d tetramer-PE
(National Institute of Allergy and Infectious Disease Tetramer Facility), CD8a-Alexa Fluor
700 (Caltag Laboratories), anti-CD49b-FITC (DX5; BD Pharmingen), anti-TCR y&-PE-
Cy5.5 (eBioscience), and CD4-Alexa Fluor 750 (eBioscience). Control samples were
labeled with isotype-matched control Abs (mouse 1gG2b-FITC (BD Pharmingen) for anti-
NK1.1-FITC) and unloaded tetramer-PE (National Institute of Allergy and Infectious
Disease Tetramer Facility)). Analytical flow cytometry was done on a FACSCanto
instrument (BD Biosciences). Analysis was performed with FlowJo software (Tree Star).

Detection of intracellular cytokines

Flow cytometric measurements of cytokine production in NKT cells were done as described
previously (2). In brief, we stimulated NKT cells in some experiments with PMA (20 ng/ml)
and ionomycin (500 ng/ml) for 3 h. Fixation and permeabilization were done on collected
cells using Cytofix/Cytoperm and Perm/Wash (BD Pharmingen) according to the
manufacturer’s instructions. Cytoplasmic IL-4, IL-13, and IFN-y were stained with anti-
IL-4-PE (Caltag Laboratories), anti-IL-13-PE (eBioscience), and anti-IFN-»-PE
(eBioscience). Control samples were labeled with isotype-matched control Ab (rat IgG1-PE;
eBioscience).

Measurements of cytokines and OVA-specific serum IgE

ELISA for IL-4 assays were performed as described previously (18). The Ab pairs used
were as follows, listed by capture/biotinylated detection: BVD4-1D11/BVD6-24G2. The
standards were recombinant cytokine curves generated in 1/2 dilutions from 500 to 7.5
pg/ml. For the OVA-specific IgE assay, mice were bled and the OVA-specific IgE Abs were
measured in serum using a modified OVA-specific ELISA as described previously (19).
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NK1.1* cell and NK cell depletion and CD1d blockade

NKZ1.1* cells were depleted via a single i.p. injection of 500 yg of anti-NK1.1 mAb (PK136;
mouse 1gG2a) 4 days before the first intranasal OVA challenge. CD1d was blocked by two
i.p. injections per week of 500 /g of f,m-independent anti-CD1d mAb (3C11; rat IgM, a gift
from M. Exley, Beth Israel Deaconess Medical Center, Harvard Medical School) or another
anti-CD1d mAb (HB323) from 1 day before the start of sensitization through 1 day before
the first intranasal OVA challenge. NK cells were depleted by treatment with anti-asialo
GM1 Ab (Wako Chemicals) administered (0.025 ml i.v.) to /m™~ mice on days -1, 4, 9,
13, 18, and 22. These mice were sensitized with OVA on days 7 and 14 and challenged with
OVA on days 21, 22, and 23. PK136, 3C11, HB323, and isotype mouse 1gG2a mAbs were
purified by ammonium sulfate precipitation and dialysis from ascites produced by
hybridoma cells, which had been sub-cloned by limiting dilution. Isotype control rat IgM
mAb was obtained from Millipore and dialyzed against PBS before use.

CFSE proliferation of NKT cells induced by B cells

NKZ1.1* cells were isolated from spleens of WT and Am™~ mice by incubation with anti-
NK1.1 mAb and anti-biotin MACS beads (Miltenyi Biotec) using an autoMACS according
to the manufacturer’s instructions. Purified NK1.1* cells were labeled with CFSE (4 1M/
ml). B cells from WT and m™~ mice were purified using anti-IgG plus IgM (H + L;
Jaxson Research)-coated plates and stimulated with LPS (10 wg/ml) for 24 h. For
proliferation, NK1.1* cells (10° cells/well) were cultured either with 3C11 anti-CD1d mAb
(10 zg/ml) or isotype control mAb (10 zg/ml) in the presence of LPS-stimulated B cells (10*
cells/well). To measure proliferation, CFSE dilution was determined by FACS analysis after
72 h.

Statistical analysis

Nonlinear regression analyses were used to compare airway resistances between groups
(Prism 4; GraphPad software). Otherwise, unpaired Student’s ¢tests were used for
comparisons between groups (SPSS 14). A value of p < 0.05 was considered significant.

Results

,Bzm"‘ mice develop allergen-induced AHR, airway inflammation and Th2 responses

Som~~ mice sensitized and challenged with OVA developed significant AHR (p < 0.0001,
compared with saline-treated controls) comparable to AHR responses induced in WT
C57BL/6 mice (Fig. 1A). In both /om™~ and WT mice, OVA sensitization and challenge
significantly increased the number of cells in the BAL fluid compared with saline control
mice, with eosinophils comprising the majority of cells (Fig. 158). OVA-specific CD4" Th2
responses developed normally in /m™~ and in WT mice, as OVA stimulation of bronchial
lymph node cells from OVA-immunized fm~~ and WT mice induced IL-4 production (Fig.
10). In addition, OVA-specific IgE levels in serum were increased in OVA-immunized
Som~~ and WT mice, but not in control saline-treated mice (Fig. 10). These data indicate
that m™~ mice develop allergen-induced AHR with eosinophilic airway inflammation and
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OVA-specific Th2 and IgE responses that were equivalent or more severe than those
observed in WT C57BL/6 mice.

Blockade of CD1d in Bom~~ mice aborts allergen-induced AHR

To determine the role of CD1d in the development of allergen-induced AHR in Aom™" mice,
Som~~ mice were treated with anti-CD1d-blocking mAb before sensitization and challenge
with OVA. The anti-CD1d mAb used, 3C11, has been shown to recognize CD1d molecules
that may form in the absence of fm (20). Treatment with anti-CD1d mAb significantly
blocked the development of OVA-induced AHR, compared with treatment with no Ab (p=
0.001) or with an isotype control mAb (p < 0.0001; Fig. 2A). However, treatment with anti-
CD1d mAb did not decrease the number of total cells and eosinophils in BAL fluids (Fig.
2B), OVA-induced IL-4 concentrations by bronchial lymph node cells (Fig. 2C), and serum
OVA-specific IgE levels (Fig. 20). Allergen-induced AHR in Am™~ mice was also blocked
by another anti-CD1d mAb, HB323 (data not shown). These data strongly suggest that 5,m-
independent CD1d-restricted NKT cells are required for the development of allergen-
induced AHR in Am™~ mice, but that eosinophilic airway inflammation and OVA-specific
Th2 responses occurred independently of NKT cells, possibly as a result of OVA-specific
Th2 cell development.

Depletion of NKT cells in B,m~~ mice eliminates OVA-induced AHR

To confirm the requirement of NKT cells for the development of allergen-induced AHR, we
depleted NKT cells from lung and airways of £m™~ mice using anti-NK1.1 mAb before
assessment of AHR. In vivo treatment with anti-NK1.1 mAb but not isotype control mAb, 4
days before the first OVA challenge, completely depleted NK1.1* T cells from OVA-
immunized lung and BAL fluids in /m™~ mice (Fig. 3, Aand B). Splenic NKT cells were
also depleted after treatment with anti-NK1.1 mAb in /m~~ mice (data not shown). In
addition, NK cells (NK1.1* TCR/A cells) were substantially reduced in lung (Fig. 3, A and
0), BAL fluids (Fig. 3, Aand C), and spleen (data not shown) after treatment with anti-
NK1.1 mAb. The depletion of the NKT cells by anti-NK1.1 mAb was also shown by
staining of NKT cells with DX5 mAb rather than anti-NK1.1 mAb. Thus, DX5*TCRg"
NKT cells and DX5* NK cells were substantially reduced in lung and BAL fluids after
treatment with anti-NK1.1 mAb in /m™" mice (data not shown).

Importantly, treatment of the m~~ mice with anti-NK1.1 mAb, which removes NKT cells
and NK cells, abolished the development of allergen-induced AHR in &m~" mice,
compared with treatment with no (p < 0.0001) or isotype control mAb (p < 0.0001; Fig. 4A4).
However, depletion of the NK1.1* cells did not decrease the total number of cells and
eosinophils in BAL fluid (Fig. 48), OVA-induced IL-4 productions by bronchial lymph node
cells (Fig. 40), and serum OVA-specific IgE levels (Fig. 40). To demonstrate that the
depletion of NK cells by anti-NK1.1 mAb did not affect the AHR response in these mice, we
showed that treatment of the Am™~ mice with anti-asialo GM1 Ab, which depletes only NK
cells, did not reduce AHR (Fig. 4E) nor airway eosinophilia (Fig. 4F). These results
confirmed that CD1d-restricted NKT cells, but not NK cells, were essential for the
development of allergen-induced AHR in Am™~ mice, but not for the eosinophilic airway
inflammation and CD4* Th2 responses.
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,Bzm"‘ mice have type I, but not type | iINKT cells

Since the development of allergen-induced AHR has been shown to require the presence of
type | NKT cells (2, 3), we examined the fm™~ mice for the presence of type | NKT cells.
Although CD1d-tetramer-binding type | ANKT cells were clearly observed in spleen, lung,
and BAL fluid of OVA-immunized WT C57BL/6 mice, no type | NKT cells were detected in
OVA-immunized £m~~ mice (Fig. 5A4). Furthermore, although intranasal administration a-
GalCer, which specifically activates type | NKT cells, induced AHR in WT C57BL/6 mice,
a-GalCer failed to induce AHR in 4m™~ mice (Fig. 58). In addition, another glycolipid, a
constituent of Sphingomonas cell membranes synthesized as PS-30, activates type | NKT
cells to induce AHR after intranasal administration (16). This glycolipid PS-30 failed to
induce AHR in A&m™" mice, but induced significant AHR in WT C57BL/6 mice (Fig. 5C).
These data indicate that £,m~'~ mice do not have type | NKT cells in lung and airways.
However, OVA-immunized Am™~ mice contained a population of type Il NKT cells in
spleen, lung, and BAL fluids, as defined by expression of NK1.1 and TCRf. The number of
NK1.1*, TCR*, NKT cells, however, was approximately one-half of the number present in
WT C57BL/6 mice (Fig. 50), but included 2.6% of the lymphocytes in the BAL fluid,
following sensitization and challenge with OVA. These data indicate that /,m™~ mice
clearly have type Il NKT cells but no type | NKT cells and suggest that these type Il NKT
cells are capable of inducing AHR in these mice.

Phenotypic and functional characteristics of NKT cells in |32m"‘ mice

We compared the phenotype of NKT cells in 4m™~ mice with that in WT C57BL/6 and
Jal18~~ mice. As discussed earlier, CD1d tetramer-staining type | NKT cells were present in
WT but not in om~~ or Ja187/~ mice (Fig. 64), but all three strains contained
NK1.1*TCR* NKT cells (Fig. 68). In om~~ mice, NKT cells were CD4* or CD4CD8"
double negative (DN) (no CD8* cells present), while in WT and in Ja18~/~ mice the NKT
cells were CD4*, CD8*, and DN (Fig. 68). The NK1.1* cells in the lungs and BAL fluid of
the ,m™~ mice sensitized and challenged with OVA expressed afand not 5 TCRs (Fig.
6C). Furthermore, the splenic NKT cells from WT, Am™~, and Ja18~/~ mice produced IL-4
and IFN-y by intracellular cytokine staining after activation with PMA and ionomycin (Fig.
7A), indicating that at least some of the type Il NKT cells present in 5,m~~ mice had an
unrestricted cytokine profile. Moreover, the pulmonary NKT cells from Am™~ mice
sensitized and challenged with OVA spontaneously produced (without further activation)
IL-13, but not much IL-4 and IFN-y (Fig. 7B). These results indicate that IL-13 production
from pulmonary type Il NKT cells may contribute to the development of allergen-induced
AHR in the /om~~ mice. Finally, adoptive transfer of an NKT cell-enriched population
purified from Am~~ mice (or from WT mice) into NKT cell-deficient CD1d~/~ mice
rescued AHR (Fig. 7C) and airway inflammation (Fig. 7). In these experiments, bone
marrow-derived dendritic cells from WT mice were also transferred with the NKT cells to
provide APC function. These studies indicate that the type Il NKT cells in £om™~ mice
indeed function to induce AHR and airway inflammation.
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NKT cell proliferation in [Szm‘/‘ mice caused by pom-independent CD1d

Based on our results, we hypothesized that AHR in the £,m~~ mice was caused by a NKT
cell population that was restricted by a /om-independent form of CD1d. This was confirmed
by the fact that NKT cells purified from £m™~ mice (or WT mice) proliferated when
stimulated with B cells from £m™~ mice (activated with LPS to induce expression of CD1d:;
Fig. 8, third column). This NKT cell proliferative response induced with B cells from gm™~
mice was inhibited by anti-CD1d mAb (3C11) (Fig. 8, second row) but not isotype control
mADb (Fig. 8, first row). These results provide very strong evidence for the existence of this
NKT cells population (NK1.1*) in fom™~ mice that is restricted by a ,M-independent form
of CD1d.

Discussion

In these experiments, we demonstrated for the first time that a subset of type 11 NKT cells
expressing noninvariant TCRs can potently induce AHR. Up to now, only type | NKT cells
and not type Il NKT cells have been shown to be involved in the induction of AHR (2, 3).
The type II NKT cells in /m™~ mice, which developed severe AHR, expressed NK1.1 and
TCRs (therefore by definition these are NKT cells), but do not respond to a-GalCer and
therefore by definition are not type | ANKT cells. Furthermore, the development of AHR in
Som~~ mice was surprisingly blocked both by anti-CD1d mAb and by anti-NK1.1 mAb, but
not by depletion of NK cells. Moreover, purified NKT cells from fm™~ mice proliferated in
vitro to activated B cells from £m™~ mice in a CD1d-dependent fashion. Finally, adoptive
transfer of a NKT cell-enriched population from £m™~ mice into NKT cell-deficient
CD1d™~ mice rescued AHR and airway inflammation. Together these results strongly
suggest that AHR responses that develop in fm™~ mice are caused by a unique subset of
NKT cells that express noninvariant TCRs and are restricted by a 5,M-independent form of
CD1d.

The precise molecular structure of CD1d in fm™~ mice is not entirely clear, since CD1d
normally forms in association with /m (21). However, several previous studies have
demonstrated that cells transfected with CD1d express in the endoplasmic reticulum and on
the cell surface a 45-kDa form of CD1d, independent of /m (20, 22-24). Furthermore,
human intestinal epithelial cells express CD1d in the absence of 5,m, suggesting that /om-
independent CD1d-restricted type Il NKT cells are normally present in humans (23). In our
studies, the development of AHR was blocked by several anti-CD1d mAbs, including the
3C11 anti-CD1d mAb, which has been shown previously to block Ag presentation by fm-
independent CD1d (20) and the HB323 anti-CD1d mAb. Finally, the proliferation of purified
NKT cells from Am™~ mice to activated B cells from Am™~ mice was blocked by the anti-
CD1d mAb. Our studies therefore demonstrate for the first time that /om-independent
CD1d-restricted NKT cells can be pathogenic and responsible for the induction of AHR in
the Am~~ mice. What glycolipid Ags bind to and are presented by the fm-independent
form of CD1d to activate the type 11 NKT cells in £,m~~ mice are not yet clear, but these
glycolipids are likely to be distinct from those that bind to the fm-dependent form of CD1d.

Our current results demonstrating the role of CD1d- restricted type |1 NKT cells in causing
AHR in Am™~ mice explain the paradox of £,m~~ mice and AHR. Because Am™~ mice
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were initially thought not to express CD1d and therefore not to contain any CD1d-restricted
type | or type Il NKT cells, the development of severe AHR responses in 4m~'~ mice (14,
15) was perplexing, and suggested that NKT cells were not essential for the development of
AHR. However, in this study, we demonstrated that £/om~~ mice do indeed contain a subset
of NKT cells and provide strong evidence that (/m independent)-CD1d restricted NKT
cells are responsible for the allergen-induced AHR responses in these mice. Although recent
studies have also demonstrated the presence of NKT cells in Aom~~ mice (25, 26), we now
show that the NKT cells in Aom™~ mice are CD1d restricted and on adoptive transfer restore
AHR responses in CD1d™~ but not Ja18~~ mice. These results suggest that the type Il NKT
cells in /om~~ mice may develop unique functions distinct from those in Ja18~/~ mice, such
as the ability to induce AHR, possibly due to the absence of CD8* T cells in the fom™~
mice.

Previously, CD1d-restricted type 11 NKT cells have been shown to play important
pathogenic roles in several other disease states. For example, in ulcerative colitis in humans,
type I NKT cells are present in the lamina propria of the colon, produce IL-13 and IL-5, and
are cytotoxic against intestinal epithelial cells (13), suggesting that type 1l NKT cells play a
major effector cell role in the pathogenesis of ulcerative colitis. In addition, in a transgenic
mouse model of acute hepatitis B infection, type Il NKT cells have been shown to cause
liver cell injury (11). Furthermore, type Il NKT cells regulate autoimmune diabetes in a
TCR-transgenic mouse (27) and down-regulate tumor-immune surveillance in mouse models
of cancer by enhancing TGF-£ production (28, 29). These studies thus demonstrated a
pathogenic role for type 11 NKT cells, which may be related to the type 11 NKT cells
responsible for AHR.

In our studies, we noted a separation between AHR and airway inflammation in that
blockade of NKT cell function in the £,m~~ mice prevented AHR but not eosinophilic
airway inflammation. These results are consistent with previous observations indicating that
the presence of airway inflammation is neither sufficient nor necessary for the development
of AHR (30, 31). Importantly, AHR rather than airway inflammation is arguably the critical
feature in asthma responsible for clinical symptoms observed in patients with asthma (32).
In any case, our results indicate that the mechanisms responsible for AHR are distinct from
those responsible for the development of airway inflammation. We believe that NKT cells
(type I or type Il in different situations) are uniquely involved in the induction of AHR,
whereas CD4* Th2 cells independently drive the eosinophilic inflammation in the airways
and IgE production, although NKT cells may also induce some amount of airway
inflammation independent of conventional CD4* T cells (1, 16). Thus, treatment with anti-
CD1d or anti-NK1.1 mAbs, while blocking NKT cell function, did not affect IL-4
production from OVA-specific Th2 cells in bronchial lymph node cells.

The specific mechanisms by which type I and type 1l NKT cells, but not Th2 cells induce
AHR, are not yet clear. Type | and type Il NKT cells as well as Th2 cells all produce Th2
cytokines, but Th2 cells in the absence of NKT cells cannot induce AHR (2, 3).
Explanations for this include the possibility that NKT cells produce additional cytokines that
may be responsible for AHR, that NKT cells produce larger quantities of I1L-4/IL-13 than
Th2 cells, or that Ag-specific Th2 cells may not be present in sufficient quantity to induce
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AHR in the absence of NKT cells. Nevertheless, it should be noted that another type | NKT
cell subset producing IL-17 (33, 34) has been shown to be required for the development of
AHR induced by exposure to ozone, a major component of air pollution (7). The ozone-
induced form of AHR was associated with airway neutrophils rather than eosinophils and
could occur in the complete absence of adaptive immunity, consistent with the idea that
NKT cells rather than eosinophils or Th2 cells may be the common denominator required
for the development of AHR. Clearly, much more must be learned about various subsets of
NKT cells and Th cells to more completely understand how AHR is regulated.

Treatment of £,m~~ mice with anti-NK1.1 mAb depleted both NKT and NK cells and
abolished AHR, suggesting that NK cells might contribute to the development of AHR.
Previous studies have suggested that NK cells might be involved in the development of
airway eosinophilia. Importantly, however, in those studies, AHR responses were not
evaluated and therefore a role of NK cells in AHR could not be assessed (35, 36). In
contrast, in our studies, we found that treatment with anti-CD1d mAb produced the same
loss of AHR as did treatment with anti-NK1.1 mAb. Moreover, treatment with anti-asialo
GML1 Ab to specifically remove NK cells had no effect on OVA-induced AHR in the /om™~
mice. These results together suggest that NKT cells and not NK cells were responsible for
the development of AHR in the /m™~ mice.

In summary, Am™~ mice developed allergen-induced AHR, which was abolished by
treatment with anti-CD1d or anti-NK1.1 mAb, but not with anti-asialo GM1 Ab. We found
that the 5,m~'~ mice contained a novel Am-independent CD1d-restricted type Il NKT cell,
which we believe was responsible for the development of allergen-induced AHR. Thus, the
development of AHR under different circumstances may require the presence of different
forms or types of NKT cells, including type | as well as type 1l NKT cells. Each may be
important in human patients with distinct forms of bronchial asthma.
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FIGURE 1.
Development of allergen-induced AHR, airway inflammation, and Th2 responses in S,m~/~

mice. A, m™~ mice develop allergen-induced AHR. AHR was determined by invasive
measurement of airway resistance (R ) in response to increasing doses of methacholine in
sensitized mice 24 h after the last OVA challenge. Data represent the mean + SEM
percentage of saline value from three experiments (7= 9-16). Values of pare 0.019 for OVA
WT vs saline WT and <0.0001 for OVA m™~ vs saline m™". B, 5,M~'~ mice induce
airway eosinophilia. BAL fluid from mice in A was analyzed immediately after AHR
measurement. Data represent the number of cells per milliliter in BAL fluid and are the
mean + SEM, representative of three experiments. Mac, Macrophage; Lymph, lymphocytes;
Eos, eosinophils; Neut, neutrophils. €, £,m~~ mice induce OVA-induced IL-4 production
from bronchial lymph node T cells. Bronchial lymph nodes from mice in A were removed
and analyzed immediately after AHR measurement. IL-4 was measured by ELISA in
supernatants from the lymph node cell cultures stimulated with 25 tg/ml OVA. Data are the
mean + SEM, representative of three experiments. D, /,m~'~ mice produce OVA-specific
serum IgE. OVA-specific IgE was measured by ELISA in sera taken from mice in A,
immediately after AHR measurement. Data are the mean + SEM, representative of three
experiments.
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FIGURE 2.
Blockade of CD1d in /om™" mice inhibits the development of allergen-induced AHR. A,

Treatment with anti-CD1d mADb, but not isotype control mAb, blocks the development of
AHR in /m™~ mice. /om™~ mice were treated with the 3C11 anti-CD1d or isotype control
mADb as described in Materials and Methods and AHR was measured as in Fig. 1A. Data
represent the mean £ SEM percentage of saline value from four experiments (7= 4-18).
Values of pare 0.001 for OVA + anti-CD1d vs OVA and <0.0001 for OVA + anti-CD1d vs
OVA + IgM control. B, Treatment with anti-CD1d mAb does not inhibit the development of
eosinophilic airway inflammation in Am™~~ mice. BAL fluid from mice in A, was analyzed
as in Fig. 1B. C, Treatment with anti-CD1d mAb does not inhibit OVA-induced IL-4
production from bronchial lymph node T cells in 4,m~~ mice. Bronchial lymph nodes from
mice in A were removed and analyzed as in Fig. 1C. Lymph node cell cultures were
stimulated with 100 wg/ml OVA. D, Treatment with anti-CD1d mAb does not inhibit OVA-
specific serum IgE production in £,m~~ mice. OVA-specific IgE from mice in A was
measured as in Fig. 1D. See Fig. 1 legend for definitions of abbreviations.
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FIGURE 3.
Depletion of NKT cells from lung and airways of m™" mice after treatment with anti-

NK1.1 mAb. Am™~ mice were treated with anti-NK1.1 or isotype control mAb as described
in Materials and Methods. A, Lung and BAL fluid (BALF) cells were obtained and pooled
24 h after the last OVA challenge (7 = 3) and stained with anti-NK1.1 mAb and anti-TCRf
mAb for evaluation by flow cytometry. Treatment with anti-NK1.1 mAb, but not isotype
control mADb, in m™~ mice substantially reduced the number of NK1.1*TCRA* NKT cells
in the lungs and BAL fluid. The number of NKT cells are shown as a percentage of total
lymphocytes. B, The absolute number of NKT cells in the lungs and BAL fluid was
calculated, and shows that treatment with anti-NK1.1 mAb greatly reduced the number of
NKT cells in these compartments. Data are representative of three experiments. C, Depletion
of NK cells from lung and airways of %m™~ mice after treatment with anti-NK1.1 mAb.
Som™~ mice were treated with anti-NK1.1 or isotype control mAb as described in Materials
and Methods. Lung and BAL fluid cells were obtained and pooled 24 h after the last OVA
challenge (7= 3) and stained with anti-NK1.1 mAb and anti-TCRS mAb for evaluation by
flow cytometry. The proportion of NK1.1*"TCRA™ NK cells was obtained and the total cell
counts were calculated. Treatment with anti-NK1.1 mAb, but not isotype control mAb, in
Som~~ mice substantially reduced the total counts of NK cells from lung (/ef?) and airways
(right), which is representative of three experiments.
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FIGURE 4.
Depletion of NKT cells in /om™~ mice aborts the development of allergen-induced AHR. A,

Treatment with anti-NK1.1 mAb, but not isotype control mAb, inhibits the development of
AHR in om~~ mice. £om™~ mice were treated with anti-NK1.1 mAb as described in
Materials and Methods and AHR was measured as in Fig. 1LA. Data represent the mean £
SEM percentage of saline values from four experiments (7= 10-14). The value of pis
<0.0001 for OVA + anti-NK1.1 vs OVA or OVA + 1gG2a control. B, Treatment with anti-
NK1.1 mAb does not inhibit the development of eosinophilic airway inflammation in Am=/~
mice. BAL fluid from mice in A, was analyzed as in Fig. 1B8. C, Treatment with anti-NK1.1
mADb does not inhibit OVA-induced IL-4 production from bronchial lymph node T cells in
Sm™ mice. Bronchial lymph nodes from mice in A, were removed and analyzed as in Fig.
1C. Lymph node cell cultures were stimulated with 50 zg/ml OVA. D, Treatment with anti-
NK1.1 mAb does not inhibit OVA-specific serum IgE production in A,m™~ mice. OVA-
specific IgE from mice in A, was measured as in Fig. 1D. £, Treatment with anti-asialo
GM1 Ab to deplete NK cells does not block the development of OVA-induced AHR in
Som~~ mice. fom™~~ mice were treated with anti-asialo GM1 Ab during the sensitization and
challenge phases. AHR was assessed in intubated and mechanically ventilated mice. F,
Treatment with anti-asialo GM1 Ab does not block the development of OVA-induced airway
inflammation in £m™" mice. BAL fluid was taken from mice treated as described in £. See
Fig. 1 legend for definitions of abbreviations.
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FIGURE 5.
Sm™~ mice have type Il NKT cells but not type | NKT cells. A, Am™~ mice have no

CD1d-tetramer™ type | NKT cells. £,m~~ mice were sensitized and challenged with OVA.
Spleen, lung, and BAL fluid (BALF) cells were obtained 24 h after the last OVA challenge
and stained with a-GalCer-loaded CD1d tetramers and anti-TCRS mAb, which are
representative of at least three experiments. The number of CD1d-tetramer* type | NKT
cells are shown as a percentage of total lymphocytes. B, /m™~ mice do not respond to
intranasal challenge of a-GalCer. Invasive measurement of airway resistance (R ) was
performed 24 h after 2 g of intranasal challenge of a-GalCer. Data are the mean + SEM
percentage of saline values from two experiments (7= 10-11). C, /,m~~ mice do not
respond to intranasal challenge of Sphingomonas glycolipid Ag. AHR was measured as in B
24 h after 20 1g of intranasal challenge of Sphingomonas glycolipid Ag. Data are the mean
+ SEM percentage of saline values (7= 4-5). D, /om~'~ mice have NK1.1* T cells. Spleen,
lung, and BAL fluid cells were obtained as in A and stained with anti-NK1.1 mAb and anti-
TCRAmMAD. The number of NK1.1* T cells is shown as a percentage of total lymphocytes.
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FIGURE 6.
Characteristics of NKT cells in /,m™~ mice. A, Type | NKT cells present in WT C57BL/6

mice are CD4* and CD4~CD8~ DN. Spleen cells were isolated from naive mice and stained
with a-GalCer-loaded CD1d tetramers, anti-TCR/A mAb, anti-CD4 mAb, and anti-CD8«
mAb. CD1d-tetramer* type | NKT cells were gated (/eft columm; the number is shown as a
percentage of total lymphocytes) and further analyzed for CD4 and CD8 expression (right
column), representative of three experiments. B, NKT cells in m™~ mice are CD4* and
DN. Spleen cells were isolated as in A and stained with anti-NK1.1mAb,anti-
TCRAMAD,anti-CD4 mADb, and anti-CD8a mAb. NK1.1* T cells were gated (/eft columrr,
the number is shown as a percentage of total lymphocytes) and further analyzed for CD4 and
CDB8 expression (right column), representative of three experiments. C, NKT cells in fom™~
mice express primarily afand not y5§ TCRs. Lung and BAL fluid (BALF) cells were
obtained 24 h after the last OVA or saline challenge in /m™~ mice and stained with anti-
NK1.1 mAb and anti-TCRys mAb. The number of NK1.1*TCRy5* NKT cells is shown as
the absolute number in BAL fluid and lung. Lung and BALF NK1.1*TCRyS" NKT cells
were not increased in OVA-immunized £m™~~ mice compared with that in saline-treated
control mice.
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FIGURE 7.
Cytokine production in NKT cells from fm~~ mice. A, NKT cells in /om~'~ mice produce

IL-4 cytokine. Spleen cells were isolated as in Fig. 64, stimulated with PMA and
ionomycin, and stained with anti-NK1.1 mAb, anti-TCRS mAb, and mAbs against IL-4 or
IFN-y, which are representative of three experiments. The numbers are shown as a
percentage of NK1.1* T cells. B, Spontaneous cytokines production from lung NKT cells of
OVA-immunized £4m™~~ mice. Lung cells were obtained 24 h after the last OVA or saline
challenge in £,m~~ mice. Lymphocytes were enriched, cultured for 3 h without further
stimulation, and stained with anti-NK1.1 mAb, anti-TCRS mAb, and mAbs against 1L-4,
IL-13, or IFN-y. The numbers shown represent the percentage of NK1.1* T cells after gating
on NK1.1* cells. Lung NKT cells from OVA-immunized £m™~ mice produced more IL-13,
but not much IL-4 and IFN-y, compared with saline-treated 5m™" mice. C, Adoptive
transfer of a NKT cell-enriched population from £m™~ mice rescues AHR in NKT cell-
deficient CD1d~/~ mice. In brief, 2 x 107 spleen cells enriched for NKT cells from WT or
Am™~ mice were adoptively transferred into OVA-sensitized CD1d™/~ mice. The recipients
were then challenged with OVA intranasally and analyzed for AHR. D, BAL fluid was taken
from the mice described in Cand evaluated for cell type. See Fig. 1 legend for definitions of
abbreviations.
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FIGURE 8.
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NKT cell proliferation in £,m™~~ mice is caused by Am-independent CD1d. Spleen NK1.1*

cells and LPS-stimulated spleen B cells were obtained from WT and Am™~ mice as

described in Materials and Methods and cultured in the presence of 3C11 anti-CD1d mAb or
isotype control mAb. The NKT cells were labeled with CFSE, and B cell-induced
proliferation was measured by staining and gating on TCRA" NKT cells and assessing CFSE
expression. Treatment with anti-CD1d mAb, but not isotype control mAb, inhibited the

proliferation of NKT cells induced by B cells from £m™~ mice and WT mice.
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