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Abstract
Pulmonary mast cell progenitor (MCp) numbers increase dramatically in sensitized and aerosolized
Ag-challenged mice. This increase depends on CD4+ T cells, as no MCp increase occurs in the lungs
of sensitized wild-type (WT) mice after mAb depletion of CD4+ but not CD8+ cells before aerosol
Ag challenge. Neither the genetic absence of IL-4, IL-4Rα chain, STAT-6, IFN-γ, or IL-12p40 nor
mAb blockade of IFN-γ, IL-3, IL-4, IL-5, IL-6, IL-10, IL-13, IL-17A, IL-12p40, or IL-12p40Rβ1
before Ag challenge in WT mice reduces the pulmonary MCp increase. However, sensitized and Ag-
challenged IL-9-deficient mice and sensitized WT mice given mAb to IL-9 just before Ag challenge
show significant reductions in elicited lung MCp/106 mononuclear cells of 47 and 66%, respectively.
CD1d-deficient mice and WT mice receiving anti-CD1d before Ag challenge also show significant
reductions of 65 and 59%, respectively, in elicited lung MCp/106 mononuclear cells, revealing an
additional requirement for MCp recruitment. However, in Jα18-deficient mice, which lack only type
1 or invariant NKT cells, the increase in the numbers of lung MCp with Ag challenge was intact,
indicating that their recruitment must be mediated by type 2 NKT cells. Furthermore, anti-CD1d
treatment of IL-9-deficient mice or anti-IL-9 treatment of CD1d-deficient mice does not further
reduce the significant partial impairment of MCp recruitment occurring with a single deficiency.
These findings implicate type 2 NKT cells and IL-9 as central regulators that function in the same
pathway mediating the Ag-induced increase in numbers of pulmonary MCp.

Mast cells (MC)4 have been shown to be beneficial for host defense to microbes and conversely
to contribute to immune injury in mouse models for disease. MC are essential for rejection of
adult worms in certain intestinal helminth infections involving a Th2-dependent immune
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response (1–4) yet also contribute to Ag-elicited Th2 cell-dependent pulmonary inflammation
in sensitized mice (5–7). In both settings, intraepithelial mucosal MC undergo T cell-driven
hyperplasia. Similarly, connective tissue MC in an innate response can protect against direct
instillation of bacteria into the lungs or peritoneal cavity (8–10) or can participate in
autoantibody-mediated arthritis (11,12). Both mucosal and connective tissue MC arise from a
single pool of bone marrow-derived circulating MC progenitors (MCp) in blood (13,14) that
mature after transendothelial migration into peripheral tissues (15). Whereas the small intestine
is rich in MCp that home constitutively, presumably to rapidly give rise to mucosal MC, other
peripheral tissues such as lung have only minimal numbers of MCp (14,16,17).

During allergic pulmonary inflammation, the lung depends on early recruitment of MCp which
in turn become mucosal MC (18,19). After 3 days of aerosol Ag challenge of sensitized mice,
the number of MCp in the lung increases more than 10-fold. This rapid recruitment of MCp to
the lung requires expression of α4β1 and α4β7 integrins on the MCp, expression of CXCR2 in
the lung parenchyma, and induction of VCAM-1 on the endothelium (18,19). We presumed
that Th2 cells would control MCp influx to the lung by providing Th2 cytokines either for
VCAM-1 induction (20,21) and subsequent adherence and transendothelial migration of MCp
or for their amplification and chemotaxis (22,23).

We now find that there is no recruitment of MCp to the lungs of sensitized and aerosolized
Ag-challenged mice when CD4+ cells are depleted with mAb at the time of the challenge. This
early CD4+ T cell requirement is not dependent on Th2 cell induction because recruitment of
MCp to the lungs of mice deficient in IL-4, IL-4Rα, or STAT-6 is equivalent to that in sufficient
strains, and mAb blockade of IL-4 or other Th2 cytokines such as IL-3, IL-5, or IL-13 at the
time of Ag challenge does not reduce MCp recruitment. Furthermore, the Ag-induced
recruitment of MCp to lung does not require the Th1 developmental cytokines IFN-γ or
IL-12p40 based on genetic or Ab-blocking approaches. Similarly, neither blocking mAb to
IL-6, IL-17A, the IL-12/23 shared p40 component, or the shared IL-12/23 receptor β-chain nor
the deficiency of IL-12/23p40 reduces the Ag-induced increase in lung MCp, suggesting that
Th17 cells also are not involved (24–26). An effector cytokine is identified by finding
significantly reduced MCp recruitment in IL-9-deficient mice and in wild-type (WT) mice
receiving blocking anti-IL-9 mAb at the time of challenge. Moreover, when we assess for the
involvement of NKT cells, we find that sensitization and challenge of mice lacking CD1d, or
treatment of sensitized WT mice with anti-CD1d just before challenge, also significantly
reduces recruitment of lung MCp. Finally, mAb blocking of IL-9 in CD1d-deficient mice or
mAb blocking of CD1d in IL-9-deficient mice does not further reduce MCp recruitment from
the significant, partial reduction observed with either deficiency alone. These latter findings
indicate the involvement of CD1d-restricted NKT cells and IL-9 in the same pathway that leads
to the aerosolized Ag-induced recruitment of MCp and suggest that CD1d-restricted NKT cells
directly or indirectly provide the IL-9.

Materials and Methods
Animals

Male BALB/c 6- to 10-wk-old mice were obtained from Taconic Farms. The athymic BALB/
c nudes (BALB/c-nu/nu) and mice deficient in STAT-6 (C.129S2-Stat6tmlGru/J), IL-4 (BALB/
c-ll4tm2Nnt/J), IL-4Rα (BALB/c-Il4ratm1Sz/J), IFN-γ (C.129S7(B6)-Ifngtm1Ts/J), Rag2 (C.
129S7(B6)-Rag2tmlFwaN12/J), IL-12p40 (C.129S1-Il12btm1Jm/J), CD1d (C.129S2-Cd1tm1Gru/
J), and their BALB/c controls were obtained from The Jackson Laboratory. The MC-deficient
mouse strains WBB6F1/J-KitW/KitW-v/J and WCB6F1/J KitlSl/KitlSl-d and their WT controls
WBB6F1/J and WCB6F1/J, respectively, were obtained from The Jackson Laboratory. The
C57BL/6J-KitW-sh and their WT controls C57BL/6J were provided by Dr. H. Katz in our
department. IL-9-deficient mice were provided by Dr. A. McKenzie (Medical Research
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Council Laboratory of Molecular Biology, Cambridge, U.K.). These mice were backcrossed
onto the BALB/c background (N7) and bred in-house. The Jα18-deficient mice (27) were
provided by Dr. M. Taniguchi (RIKEN Research Center for Allergy and Immunology,
Kanagawa, Japan) and bred in-house.

OVA sensitization and OVA aerosol challenge protocol
Individual groups of two to three mice received i.p injections of 10 μg of OVA (Sigma-Aldrich
catalog no. A5503) adsorbed to 1 mg of alum (Pierce catalog no. 7161) in 200 μl of sterile
HBSS on days 0 and 7. Mice were challenged with 1% aerosolized OVA in HBSS for 30 min
per day using a PARI nebulizer. For most experiments, mice were challenged on days 17–19
and were euthanized by isoflurane inhalation on day 20. Immunohistochemistry on challenged
lung was performed as previously described (19).

Ab blocking and cell depletions
The monoclonal anti-IL-3 (catalog no. 503906, clone MP2– 8F8), anti-IFN-γ (catalog no.
505812, clone XMG1.2), anti-IL-9 (catalog no. 504802, clone D9302C12), anti-CD1d (catalog
no. 123504, clone 1B1), and anti-IL-12p40/IL-23 (catalog no. 505208, clone C15.6) and
isotype control Ig were obtained from BioLegend. The anti-IL-4 (catalog no. 554385, clone
BVD4-1D11), anti-IL-5 (catalog no. 554391, clone TRFK5), anti-IL-10 (catalog no. 554421,
clone JESS2A5), anti-CD212 (anti-IL-12Rβ1; catalog no. 551455, clone 114), and the isotype-
matched control Ig were obtained from BD Biosciences. The anti-IL-13 (catalog no. MAB413,
clone 38213) and isotype control Ig were obtained from R&D Systems. All mAb were sodium
azide free. For blocking, mice were injected i.p. with 100 μg/100 μl of mAb 15 min before
each aerosol challenge.

Depletion of various T cells was performed as follows: the mAb anti-CD4 (catalog no. 100416,
clone GK1.5) and anti-CD8a (catalog no. 100716, clone 53–6.7) were obtained from
BioLegend, and 500 μg of the mAb was injected i.p. on days 15 and 18. For assessment of
depletion by flow cytometry, the mAb, FITC-conjugated anti-CD4 (RM4-5, IgG2a; BD
Biosciences) and FITC-conjugated anti-CD8a (53–6.7, rat IgG2a; BD Biosciences) were used.
For depletion of CD25+ regulatory T (Treg) cells, 1 mg of anti-CD25 mAb (clone PC61) or
isotype-matched control (28) diluted in 200 μl of sterile PBS was injected i.p. on days −1, 6,
and 16.

Mononuclear cell (MNC) preparation and MCp assessment
Mice were euthanized, the lungs were perfused with 10 ml of HBSS administered via the right
ventricle, and both lungs and spleen were harvested. Lung and spleen tissues were placed
separately in 20 ml of RPMI 1640 containing 100 U/ml penicillin, 100 μg/ml streptomycin, 10
μg/ml gentamicin, 2 mM L-glutamine, 0.1 mM nonessential amino acids, and 10% heat-
inactivated FCS (Sigma-Aldrich catalog no. F2442) and were processed essentially as
previously described (14,29). Briefly, the lungs were finely chopped with scalpels and
transferred to 50-ml plastic tubes with 20 ml of complete RPMI 1640 plus 1.25 mg/ml
collagenase type 4 (Worthington). Three enzymatic digestions were conducted for ~20 min
each at 37°C. The undigested tissue clumps were collected after each digestion and subjected
to another enzymatic digestion, while the liberated cells were harvested by centrifugation of
the supernatant, resuspended in 44% Percoll (Sigma-Aldrich catalog no. P1644), underlaid
with a 67% Percoll layer, and spun at 400 × g for 20 min at 4°C.

The MNC were harvested from the 44/67% Percoll interfaces, and cells from the lungs of the
three digestions were pooled and washed in complete RPMI 1640. The number of viable cells
was determined by trypan blue dye exclusion on a hemacytometer. The cells were serially 2-
fold diluted in complete RPMI 1640, and 100 μl of each dilution was added to each well of
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standard 96-well flat-bottom microplates (Corning catalog no.) in duplicates. Twenty-four
wells were plated for each cell concentration. Lung MNC were plated at concentrations
beginning at 20,000 cells/well. Then, each well received 100 μl of γ-irradiated (30 Gy) splenic
feeder cells plus cytokines (mouse rIL-3 at 20 ng/ml and mouse recombinant stem cell factor
(SCF) at 50 ng/ml). The cultures were placed in humidified 37°C incubators with 5% CO2 for
10–12 days and wells containing MCp colonies were counted with an inverted microscope.
The MCp colonies were easily distinguished as large colonies of nonadherent, small- to
medium-sized round cells (14,17,30). The MCp concentration is expressed as the number of
MCp/106 MNC isolated from the tissue. The number of lung MCp per mouse is derived by
multiplying the concentration of MCp by the MNC yield from the lung divided by the number
of mice if several mice were used to make the pool of MNC as was the case in the evaluation
of the IFN−/− mice.

In vitro culture of splenic BALB/c NKT cells with restimulation for assessment of cytokine
production

Bone marrow-derived dendritic cells (DC) were obtained by culturing whole bone marrow
with GM-CSF (10 ng/ml, catalog no. 315-03; Pepro-Tech) plus IL-4 (20 ng/ml, catalog no.
214-14; PeproTech) for 6 – 8 days. The day before the coculture with the NKT cells, the DC
were pulsed with α-galactosylceramide (α-GalCer) at a 100 ng/ml final concentration. Just
before coculture, the DC were harvested, irradiated with 35 Gy, and washed with fresh medium.

The NKT cells were purified from the spleens of 10 –12 naive BALB/c mice after depletion
of B cells with Dynabeads Mouse pan B (B220) (catalog no. 114.41D; Invitrogen) according
to the manufacturer’s protocol. The cells were stained with FITC-anti-TCR-β (hamster IgG2,
clone H57-597; BD Biosciences) and PE-conjugated PBS57-loaded CD1d tetramer (National
Institutes of Health Tetramer Facility, Atlanta, GA). TCR-β + tetramer+ cells were purified
using the Dana-Farber Cancer Institute Flow Cytometry Core. Cells were plated at a
concentration of 0.2 × 106/well in 96-well trays. Cultures contained 5 × 105 DC, 25 U/ml human
rIL-2 (National Institutes of Health), and 10 ng/ml mouse rIL-7 (catalog no. 217-17;
PeproTech). Cells were cultured at 37° C for 4 –5 days and supernatants were collected for
determination of cytokine production.

Determination of IL-9 concentrations
The concentration of IL-9 in cell culture supernatants was determined using purified rat anti-
mouse IL-9 mAb (clone D8402E8; BD Pharmingen) as a capture Ab at a concentration of 5
μg/ml and biotinylated hamster anti-mouse IL-9 mAb (clone D9302C12; BD Biosciences) as
a detection Ab at a concentration of 1 μg/ml. Briefly, Nunc 96-well plates were covered with
capture Ab for at least 3 h and then were blocked with 10% FCS. The assay was developed
with streptavidin-HRP (BD Biosciences) and tetramethylbenzidine substrate solution (Sigma-
Aldrich). Mouse rIL-9 (catalog no. 409-ML; R&D Systems) was used to construct the standard
curve and all determinations were performed in duplicate. The limit of sensitivity was ~200
pg/ml IL-9.

Statistical analysis
All experiments were repeated at least three times unless otherwise indicated. Data are
expressed as the mean ± SE when derived from three or more values and as mean ± ½ range
where n = 2. Significance was determined with a two-tailed Student’s t test where three or
more values were available for analysis. Values of p < 0.05 were considered significant.
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Results
CD4+ T cells, but not CD8+ T cells, are required for aerosolized OVA-induced increases in
pulmonary MCp numbers

In the lung, the low constitutive levels of MCp are T cell independent (14), whereas the Ag-
induced increase requires sensitization and challenge with the same Ag, implying T cell
dependence (18). To distinguish the role for T cells in sensitization from a function occurring
during Ag challenge, we evaluated the pulmonary recruitment of MCp in athymic and
RAG-2−/− mice and in sensitized WT mice depleted of specific T cell subsets during the
aerosolized Ag challenge. Sensitized, unchallenged WT and BALB/c nude (athymic) mice had
similar numbers of lung MCp and MNC (Fig. 1A). Sensitization and Ag challenge of nude
mice elicited no increase in lung MCp or MNC, whereas MCp were recruited in abundance to
the lungs of WT mice treated in parallel (Fig. 1A). Similar findings were found for sensitized
and challenged RAG-2−/−/BALB/c mice (data not shown), thereby indicating a strict
requirement for T cells for the increase in MCp number in the lung in this model of allergic
pulmonary inflammation. The protocol and timing of the MCp assay, performed after only
three Ag challenges, are designed to avoid the presence of induced mucosal MC in the bronchial
or tracheal tissues that would be harvested with the MNC and contaminate the clonogenic
assessment of the MCp numbers. This early time point is characterized by modest recruitment
of inflammatory cells to the bronchovascular bundles (18) and the infiltrate has few eosinophils
based on Congo Red or H&E staining.

To determine whether the increase in lung MCp following Ag challenge on days 17–19 was
CD4+ cell dependent, BALB/c mice were treated with monoclonal anti-CD4 on days 15 and
18. The anti-CD4 treatment reduced the proportion of CD4+ cells in the harvested lung MNC
from 15 ± 2.4% to 0.2 ± 0.1% (mean ± SE, n = 6), as assessed by flow cytometry. The
recruitment of MCp, measured as concentration of MCp/106 MNC and as the total number of
lung MCp per mouse, was ablated along with the increase in MNC (Fig. 1B). In contrast,
treatment with anti-CD8 using the same protocol had no effect on the Ag-induced recruitment
of MCp (Fig. 1C), although it reduced the proportion of CD8+ cells in the MNC population
from 11.8 ± 5.5% to 3 ± 2.4% (mean ± SE, n = 4), similar to the level of 4% in unchallenged
animals (mean of two animals).

Classic Th1 or Th2 development is not required for aerosolized Ag-induced increases in
pulmonary MCp numbers

Since CD4+ Th2 cells are implicated in the maturation of MCp to mucosal MC (4,31), we
evaluated the role of Th2 cytokines in the recruitment of MCp by genetic and immunologic
approaches. Sensitized, unchallenged WT and IL-4−/− mice had similar numbers of baseline
lung MCp and MNC (Fig. 2A). With sensitization and challenge, WT and IL-4−/− mice had
similar increments in the concentration of lung MCp/106 MNC, in the number of pulmonary
MCp per mouse, and in lung MNC per mouse. Mice lacking the IL-4Rα or its signal
transduction molecule STAT-6 also had increments in lung MCp, assessed as MCp/106 MNC
or total number of lung MCp per mouse similar to their WT controls treated in parallel (Table
I). The lack of production of Ag-specific IgE in these three strains was as expected (data not
shown) (32,33) and eliminated a requirement for Ag-specific IgE in pulmonary accumulation
of MCp. Moreover, the administration of mAb to IL-4, IL-5, IL-10, or IL-13 before each of
the three daily aerosol Ag challenges also did not inhibit the increase in lung MCp as measured
by the concentration of lung MCp/106 MNC or total lung MCp per mouse (Table I). The
absence of a requirement for IL-4 signaling, which is needed for robust Th2 cell development
(32–36), suggests that recruitment of MCp is Th2 cell independent. The lack of inhibition after
IL-5 blockade also indicates that eosinophils are not required for this recruitment.
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Others have demonstrated an early Th1 response in protocols of Ag-induced lung inflammation
(37). Thus, we next assessed whether loss of either the IFN-γ or the IL-12/23 signaling pathway
would affect pulmonary MCp numbers. Sensitized and Ag-challenged IFN-γ−/− mice and WT
mice developed similar concentrations of lung MCp/106 MNC and total number of lung MCp
per mouse (Fig. 2B). Consistent with this result, WT mice treated with anti-IFN-γ showed no
attenuation in Ag-induced increases in the number of MCp assessed by the concentration of
MCp/106 MNC or total lung MCp per mouse (Table I). Furthermore, IL-12p40−/− mice and
WT mice given mAb to IL-12p40 or to IL-12p40Rβ1, which would attenuate Th1 cell
development and Th17 cell expansion (24,26,38,39), showed robust increments in
concentration and total number of lung MCp, comparable to those values in WT controls treated
in parallel (Table I). The administration of blocking mAb to either IL-6 or to IL-17A at the
time of Ag challenge did not affect the increase in pulmonary MCp (Table I). Thus, the Ag-
induced T cell-dependent increments in pulmonary MCp also do not require either the action
of classic Th1 cells or the IL-23 expansion or signature cytokine of Th17 cells.

We then tested the MC-active cytokine IL-3. This cytokine can be generated by either Th1 or
Th2 cells (40), plays an important role in helminth-induced MC hyperplasia in the intestine
(31,41), is a potent comitogen for fetal blood MCp (13), and has chemotactic activity for bone
marrow-derived immature cultured MC and for peritoneal MC ex vivo (22,23). Using mAb
blockade, we found that mice treated with anti-IL-3 before challenge had no attenuation in the
increase in the number of lung MCp measured either by the concentration of MCp/106 MNC
or by the total number of lung MCp per mouse, relative to mice given PBS and challenged in
parallel (Table I). In one experiment, IL-3−/− mice also showed robust Ag-induced increases
in lung MCp (data not shown).

IL-9 regulates pulmonary MCp numbers in aerosolized Ag-challenged mice
In seeking a MC-active cytokine that did not depend on STAT-6 for signaling, we turned to
IL-9. This cytokine signals through STAT-3 and STAT-5 (42,43), is expressed by Th2 and
Treg cells (44,45) and by MC (46), and can be expressed by lymph node and spleen cells early
in an immune response in an IL-4-independent manner (47). Sensitized, unchallenged IL-9-
deficient and WT mice had similar numbers of lung MCp and MNC (Fig. 3A). After challenge,
the IL-9−/− mice had significant (47 and 62%) reductions in the concentration of lung MCp/
106 MNC and in the total number of lung MCp per mouse, respectively (p < 0.02, n = 9),
relative to WT mice challenged in parallel. Consistent with these data, WT mice treated with
anti-IL-9 at the time of Ag challenge had significant (66 and 76%) reductions in the
concentration of lung MCp/106 MNC and in the total number of lung MCp per mouse
respectively (p < 0.001, n = 12–14 mice), compared with mice treated with isotype-matched
IgG (Fig. 3B). IL-9 deficiency did not significantly affect the level of lung inflammation based
on the yields of MNC per mouse (Fig. 3A) or the levels of total IgG1, total IgE, and OVA-
specific IgE compared with WT mice (data not shown). Treatment with anti-IL-9 did not
change the numbers of MCp/106 MNC in bone marrow in one experiment in which lung MCp/
106 MNC was inhibited by 51%, suggesting no effect by this treatment on early lineage
progenitors (data not shown). We also saw no diminution in the up-regulation of VCAM-1
expression on the vascular endothelium or in the level of VCAM-1 mRNA expression in lung
relative to GAPDH mRNA with Ag challenge (data not shown). These findings are consistent
with the reports by Townsend et al. (48) and McMillan et al. (49) who noted that IL-9-deficient
mice did not have a diminished inflammatory response as assessed by serum Igs, VCAM-1
expression and collagen deposition in airways, or in airway hyperresponsiveness.

Early IL-9 expression after Ag exposure has been reported to precede and be independent of
IL-4 expression in the local draining lymph nodes (47). This finding led us to determine whether
IL-9 played a regulatory role in the robust increments in Ag-induced MCp levels in the lung
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of the IL-4-deficient strain. Treatment of sensitized and aerosolized Ag-challenged WT and
IL-4−/− mice with anti-IL-9 before each challenge reduced MCp recruitment similarly in each
strain. Relative to their respective controls, anti-IL-9 treatment in WT and IL-4−/− mice caused
a significant reduction of 61 and 78%, respectively (p < 0.05), in the concentration of MCp/
106 MNC and a reduction of 77 and 89%, respectively, in the total number of lung MCp per
mouse.

Resident tissue MC or Treg cells are not required to elicit increases in pulmonary MCp
numbers in aerosolized Ag-challenged mice

Although the requisite IL-9 is likely to be derived from a lymphocyte subset, resident MC can
also generate IL-9 (46,50). Thus, we evaluated resident lung MC as a source of factors essential
to the Ag-induced increase in pulmonary MCp by using three different strains of genetically
MC-deficient mice. We knew from previous studies that these deficient strains could develop
MCp from bone marrow in culture but that either such cells did not develop well in vivo or
their distribution could not be sustained in the peripheral tissues (14,51,52). With sensitization
and challenge, C57BL/6-KitWsh mice with a mutation in the c-Kit promoter region (53) and
C57BL/6 mice had increases in the concentration of lung MCp/106 MNC of 7- and 8-fold,
respectively. WBB6F1-KitW/KitWv mice with a mutation in the coding region for c-Kit (54)
and their WT (WBB6F1) controls responded with an increment in the concentration of MCp/
106 MNC of 19- and 13-fold, respectively. WCB6F1-KitSl/KitSld mice, which lack the
membrane-bound form of SCF (55), and their controls (WCBB6F1) also responded similarly
to Ag challenge with MCp increments of 3- and 4-fold, respectively. These consistent results
indicate that mature pulmonary MC are not required for the Ag-driven increase in MCp in this
tissue, nor is the SCF-c-Kit interaction needed for the mobilization of these cells to the lung.

The recent observation that CD4+ Treg cells control the level of the immune response in
allergen-challenged mice (28) and interact with MC in a tolerogenic response to skin grafts,
possibly via the elaboration of IL-9 (45), led us to consider a role for these cells as producers
of the IL-9 required for the increment in pulmonary MCp levels. We used anti-CD25 to ablate
the Treg cells (28). Compared with sensitized and challenged BALB/c mice receiving isotype-
matched Ig, those treated with anti-CD25 had an even greater response in lung MCp/106 MNC
and in total lung MCp per mouse (Table I), indicating that recruitment was not dependent on
Treg cells or their products. The anti-CD25-treated mice, relative to Ig-treated control mice,
had a significant increase in serum IgE concentration (from 9.7 ± 1 to 17 ± 3 μg/ml, p < 0.01,
n = 4) and a 53 and 81% reduction (analyzed in two separate mice) in the number of
CD4+CD25+ cells in the lung as assessed by flow cytometric analysis of the isolated lung MNC.

CD1d-restricted cells regulate pulmonary MCp numbers in aerosolized Ag-challenged mice
Because several studies implicated NKT cells in early pulmonary responses in mice (56–58)
and others reported that C57BL/6 NKT cells produce IL-9 in vitro (59,60), we evaluated IL-9
production in NKT cells isolated from BALB/c spleen by sorting for the TCR-β+, α-GalCer-
CD1d tetramer+ cells. The purified NKT cells were cultured with α-GalCer-pulsed bone
marrow-derived DC (61) for 4 days. The cell supernatants from the NKT cultures contained
~1 ng/ml IL-9 as well as nanogram amounts of IL-4 and IL-17A (data not shown).

The finding that NKT cells could produce IL-9 prompted an analysis of MCp recruitment to
lung in NKT-deficient mice using the CD1d−/− BALB/c strain. Unchallenged, sensitized WT
and CD1d−/− mice had similar numbers of lung MCp and MNC (Fig. 4A). Sensitized and Ag-
challenged CD1d-deficient mice had significant (65 and 66%) reductions in the numbers of
recruited pulmonary MCp/106 MNC and in total pulmonary MCp per mouse, respectively (p
< 0.02 for both, n = 7), but no reduction in the number of lung MNC relative to WT BALB/c
mice sensitized and challenged in parallel (Fig. 4A). To confirm the requirement for CD1d-
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restricted cells in the Ag-elicited recruitment of MCp to lung in WT mice, we administered
anti-CD1d before each aerosol challenge. The administration of mAb to block CD1d
significantly reduced the number of MCp/106 MNC and total lung MCp by 59 and 69%,
respectively (p < 0.05, n = 4 – 6), relative to WT BALB/c mice treated with isotype-matched
Ig in parallel, and had no effect on the total number of lung MNC (Fig. 4B).

The genetic loss or Ab blockade of CD1d signaling ablates activation of both the type 1 or
invariant NKT (iNKT) and the type 2 NKT cells (56,57,62,63). Thus, Jα18-deficient mice
which lack iNKT cells have been used to identify whether a response is dependent or
independent of the integrity of this subset (27,57,63). In sensitized, unchallenged mice, the
number of pulmonary MCp/106 MNC and total lung MCp in Jα18−/− mice was similar to that
of WT BALB/c mice (Fig. 4C). In sensitized and aerosol Ag-challenged Jα18−/− mice, the
increase in MCp/106 MNC and in total lung MCp was significantly greater than in the WT
mice, 675 ± 118 vs 380 ± 39 MCp/106 MNC and 1977 ± 295 vs 736 ± 79 total lung MCp,
respectively (mean ± SE, p < 0.001, n = 14 from six experiments; Fig. 4C). In two experiments,
blockade with anti-CD1d effected a similar reduction in the number of MCp/106 MNC and in
the total number of MCp recruited to the lung in sensitized and Ag-challenged Jα18−/− and
BALB/c mice, 63.3 vs 71.4% and 77.2 vs 67.2%, respectively. The same finding of a
comparable suppression of MCp recruitment in Jα18−/− and WT mice occurred in a single
experiment with anti-IL-9 blockade (data not shown). These data indicate that iNKT cells are
not required and that type 2 NKT cells mediate the Ag-induced increase in pulmonary MCp.

Blockade of both CD1d and IL-9 in aerosolized Ag- challenged mice does not further reduce
MCp recruitment compared with a single deficiency

To address whether the requirements for CD1d-restricted NKT cells and IL-9 are in the same
Ag-induced pathway for recruitment of MCp, we needed a protocol that examined their
function during this critical time. We therefore determined whether deficiency and Ab blockade
of both together further reduced the impaired Ag-induced recruitment of MCp observed with
a single deficiency. IL-9-deficient mice treated with control Ig or with anti-CD1d and WT mice
treated with anti-CD1d showed similar, statistically significant reductions in the number of
MCp/106 MNC (Fig. 5A). Notably, relative to Ig-treated, Ag-challenged WT mice, the
reduction in MCp recruitment per 106 MNC of 54.9% in IL-9-deficient mice treated with anti-
CD1d (n = 9, p < 0.001) was not different from the reduction of 54.2% (n = 8, p < 0.001)
observed in IL-9−/− mice treated with control Ig or from the 61.5% (n = 7, p < 0.001) in WT
mice treated with anti-CD1d. The total number of lung MCp per mouse in IL-9-deficient mice
treated with anti-CD1d were also not significantly different from the reductions observed with
IL-9 deficiency alone or with anti-CD1d treatment of WT mice (data not shown). To confirm
these findings, we compared MCp recruitment in CD1d−/− mice treated with Ig or anti-IL-9 to
WT mice treated with Ig or anti-IL-9 in parallel. Relative to the Ag-induced recruitment of
MCp/106 MNC in WT mice given control Ig (n = 4), the CD1d−/− mice showed a 57.5%
reduction (n = 4, p < 0.05) that was not different from the 54.8% reduction observed after
treatment with anti-IL-9 (n = 6, p < 0.05) or from the 52.9% reduction (n = 5, p < 0.05) in WT
mice given anti-IL-9 (Fig. 5B). In a separate experiment, the reduction in MCp/106 MNC in
WT mice given anti-IL-9 or anti-CD1d alone was not further reduced by treatment with both
mAbs at the same time (data not shown).

Discussion
The presence of minimal numbers of constitutive MCp in the lung of sensitized BALB/c mice
and the rapid and large (> 10-fold) increase in the number of MCp after three consecutive daily
aerosolized Ag challenges provides a window for characterization of this early event in allergic
pulmonary inflammation that leads to development of mature intraepithelial/mucosal MC
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(18,19). Mature MC provide host defense functions but also are implicated in remodeling of
the airways (6). Our previous genetic and immunologic studies demonstrate that this Ag-
induced expansion of pulmonary MCp levels involves their influx by transendothelial
migration from blood and that this response is observed across strains (18,19). Although the
minimal baseline numbers of MCp in lung of naive mice are T cell independent and do not
change with sensitization (14,18), their expansion with sensitization and aerosolized Ag
challenge is absolutely T cell dependent, being absent in T cell-deficient RAG-2−/− and nude
mice. Importantly, the T cell requirement for MCp recruitment is separated in time from the T
cell role in sensitization because treatment with mAb to CD4 but not to CD8 in sensitized mice
at the time of Ag challenge blocks MCp recruitment. In seeking to identify the subclass of the
CD4+ T cells and the cytokines regulating the recruitment of MCp in sensitized mice, we found
that the Ag-induced expansion of MCp in the lung is dependent on type 2 NKT cells and IL-9
without a requirement for classic polarized Th1 or Th2 cells or the IL-23-dependent expansion
of the Th17 subset or their signature cytokine, IL-17A. IL-9 is coproliferative and antiapoptotic
for MC in vitro and in vivo (64–66) and could increase the numbers of MCp in the circulation
or, more likely, in situ after adhesion-based trans-endothelial migration. A requirement for
CD1d-restricted type 2 NKT cells is consistent with an innate early host response in which
they provide the IL-9. In support of this possibility, we demonstrated that the requirements for
CD1d-restricted type 2 NKT cells and IL-9 in Ag-induced MCp recruitment are non-additive
in that the absence of either one alone reduced MCp recruitment as much as their combined
functional elimination. This indicates a shared pathway in which type 2 NKT cells provide or
elicit IL-9 production.

Our findings indicate that the CD4+ T cells effecting the recruitment of the pulmonary MCp
are downstream from those required during the sensitization step and are not CD8+, or Th2,
Th1, or Treg polarization dependent. Ag-induced accumulation of lung MCp is normal in mice
genetically deficient in IL-4, IL-4Rα, or STAT-6, mutations that markedly attenuate Th2 cell
development (35,36,67,68). Furthermore, blocking by mAb of two of the Th2 cytokines that
promote MC growth, IL-3 and IL-10, also does not reduce the recruitment of pulmonary MCp.
Similarly, mice genetically deficient in IFN-γ or in IL-12p40, both of which attenuate Th1 cell
development (24,25), or WT mice receiving blocking mAb to IFN-γ, IL-12p40, or the shared
receptor chain IL-12p40Rβ1 show the usual robust increase in pulmonary MCp numbers with
sensitization and aerosolized Ag challenge. The CD4+ CD25+ Treg cell was recently reported
to be a source of IL-9 yet we found that the recruitment of MCp is not attenuated in mice
depleted of the CD25+ cells, eliminating a role for this subset as the critical source of IL-9. We
also considered a role for Th17 based on several recent studies implicating these cells and their
signature cytokine IL-17A in allergic pulmonary inflammation (69,70). However, compatible
with the lack of effect from the genetic absence of IL-12p40 or mAb blockade of IL-12p40RB1,
neither blocking the effector cytokine IL-17A nor blocking IL-6 or IL-23, which are involved
in Th17 cell development or expansion, diminishes the recruitment of MCp.

Veldhoen et al. (71) described an IL-9- producing “Th9” cell that requires IL-4 for its
development in culture. Our in vivo findings that recruitment of MCp occurs fully in the
absence of IL-4 or its receptor do not favor such a cell. However, our findings are consistent
with the report of Monteyne et al. (47) showing that after a single immunization IL-9 is
expressed early in draining lymph nodes even in IL-4-deficient mice. Our cumulative findings
against involvement of classic polarized T cells led to a consideration of a possible role for the
NKT subclass which had been shown in vitro to be the source of IL-9 for the C57BL/6 strain
(59,60). Sensitized and challenged CD1d-deficient mice or WT BALB/c mice receiving CD1d-
blocking mAb are each ~60% suppressed in recruitment of MCp, a magnitude similar to that
occurring in IL-9-deficient or WT mice receiving blocking mAb to IL-9. Since a robust
recruitment of MCp was found in Jα18−/− mice which lack the iNKT subpopulation (27), our
data indicate that it is the type 2 NKT subpopulation that is critical to this response. That CD1d
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blockade in IL-9-deficient mice and IL-9 blockade in CD1d-deficient mice do not increase the
partial suppression of MCp recruitment occurring with either genetic deficiency alone indicates
that IL-9 and CD1d-restricted NKT cells function in the same pathway. The mAb depletion of
the CD4+ cells at the time of aerosolized Ag challenge fully abrogated the recruitment of MCp
compared with the significant but partial reduction of MCp recruitment in the absence or
blockade of CD1d or IL-9. Thus, although we can account for the source of functional IL-9 in
MCp recruitment, we cannot exclude a role for two different CD4+ T cells, a type 2 NKT cell
and a MHC class II-restricted T cell. The latter could be particularly important for supplying
the combination of cytokines needed for the subsequent development of mucosal MC
hyperplasia and airway remodeling (6,72).

The involvement of two classes of CD4+ cells in an in vivo response, with one of them being
a NKT cell, has been observed before. Yoshimoto et al. (59) first ascribed a role for NKT cells
in concert with another CD4+ T cell in the production of IgE after the i.v. administration of
IL-18. In their study, IgE production was absent in CD1d-deficient mice and in MHC class II-
deficient mice. The spleen cells of the MHC class II-deficient mice contained a normal number
of NKT (CD4+NK1.1+) cells, and these mice were reconstituted for IL-18-induced IgE
production after adoptive transfer of conventional MHC class II-restricted (CD4+ NK1.1−) T
cells from WT mice. These authors also noted the production of IL-9 by CD4+NK1.1 cells
after their stimulation in vitro with IL-2 and IL-18. Others have observed an essential role of
iNKT cells in concert with MHC class II-restricted T cells in OVA-induced Th2-type
pulmonary inflammation by finding suppression of inflammation in BALB/c and C57BL/6
strains deficient in CD1d-restricted NKT cells or in the Jα18 subpopulation (56,57). The
appearance of IL-13-induced airway hypersensitivity was a characteristic of this response and
was directly observed with α-GalCer activation of iNKT in naive mice (56,58). Administration
of mAb to CD1d prevented the OVA-induced Th2-type pulmonary inflammation and
appearance of OVA-specific IgE in blood of WT mice, and both findings were reconstituted
by adoptive transfer of iNKT cells (57). In contrast, we found that after sensitization and
aerosolized Ag challenge, the increase in pulmonary MCp is dependent on type 2 NKT cells
as defined by intact recruitment in Jα18−/− mice and a significant reduction in CD1d−/− mice.
That the impairments in MCp recruitment with CD1d or IL-9 deficiency are not incremental
indicates that the type 2 NKT provide or elicit IL-9 production.
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FIGURE 1.
The increase in pulmonary MCp numbers with aerosolized Ag challenge requires CD4+ and
not CD8+ T cells. A, BALB/c WT and athymic BALB/c (nude) mice were sensitized and half
were challenged with aerosolized OVA as indicated. The mean (±SE) concentration of MCp/
106 MNC (top panel), the number of lung MCp per mouse (middle panel), and the number of
lung MNC per mouse (bottom panel) are shown from four mice in each group. B, Sensitized
BALB/c mice were given IgG or anti-CD4 and either not challenged or challenged with
aerosolized OVA as indicated. The mean (±SE) concentration of MCp/106 MNC (top panel),
the number of lung MCp per mouse (middle panel), and the number of lung MNC per mouse
(bottom panel) are shown from five to eight mice. C, The same analysis as in B but using anti-
CD8. The mean (±SE) concentration of MCp/106 MNC (top panel), the number of lung MCp
per mouse (middle panel), and the number of lung MNC per mouse (bottom panel) are shown
from four mice in each group. *, p < 0.05; **, p < 0.01; and ***, p < 0.001.
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FIGURE 2.
Ag-induced increases in pulmonary MCp numbers are not attenuated in the absence of IL-4 or
IFN-γ. A, BALB/c WT and IL-4-deficient (IL-4−/−) mice were sensitized and either not
challenged or challenged with aerosolized OVA as indicated. The mean (±SE) concentration
of MCp/106 MNC (top panel), the number of lung MCp per mouse (middle panel), and the
number of lung MNC per mouse (bottom panel) are shown from four to eight mice. B, The
same analysis as in A with IFN-γ-deficient (IFN-γ−/−) mice on a BALB/c background. Values
are the mean (±½range) from two experiments with lung MNC pooled from two mice in each
group.
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FIGURE 3.
IL-9 regulates the Ag-induced increase in pulmonary MCp numbers. A, BALB/c WT and IL-9-
deficient (IL-9−/−) mice were sensitized and half were challenged with aerosolized Ag as
indicated. The mean (±SE) concentration of MCp/106 MNC (top panel), the number of lung
MCp per mouse (middle panel), and the number of lung MNC per mouse (bottom panel) are
shown from 9 to 11 mice in each group. B, BALB/c mice were sensitized and treated with PBS,
control IgG, or anti-IL-9, either not challenged or challenged as indicated, and evaluated as in
A. The values are the mean (±SE) from 3, 9, 5, 12, and 14 mice in each group, respectively.
**, p < 0.02 and ***, p < 0.001.
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FIGURE 4.
CD1d-restricted NKT cells regulate the Ag-induced increase in pulmonary MCp numbers. A,
BALB/c WT and CD1d−/− BALB/c mice were sensitized and half were challenged with
aerosolized Ag as indicated. The mean (±SE) concentration of MCp/106 MNC (top panel), the
number of lung MCp per mouse (middle panel), and the number of lung MNC per mouse
(bottom panel) are shown from six, four, seven, and seven mice in each group, respectively.
B, BALB/c mice were sensitized and treated with control IgG or anti-CD1d and either not
challenged or challenged as indicated and evaluated as in A. The values are the mean (±SE)
from four, four, and six mice in each group, respectively. C, BALB/c WT and Jα18−/− BALB/
c mice were sensitized and half were challenged with aerosolized Ag as indicated. The mean
(±SE) concentration of MCp/106 MNC (top panel), the number of lung MCp per mouse (middle
panel), and the number of lung MNC per mouse (bottom panel) are shown from 7, 4, 14, and
14 mice in each group, respectively. *, p < 0.05; ***, p < 0.01; and ***, p < 0.001.
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FIGURE 5.
Blocking both IL-9 and CD1d produces no further reduction in the number of pulmonary MCp.
A, BALB/c WT and IL-9−/− mice were sensitized and half were treated with control Ig and the
other received anti-CD1d just before challenge with aerosolized Ag as indicated. The mean
(±SE) concentration of MCp/106 MNC from six, seven, eight, and nine mice in each group,
respectively, is presented. B, BALB/c WT and CD1d−/− mice were sensitized and half were
treated with control Ig and the other received anti-IL-9 just before challenge with aerosolized
Ag as indicated. The mean (±SE) concentration of MCp/106 MNC from four, five, four, and
six mice in each group, respectively is presented.
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Table I

Evaluation of the requirement for major Th cytokines for aerosolized Ag-induced recruitment of pulmonary MCp
in sensitized BALB/c mice

Cell and/or Mediator Tested Deficient strain or mAba
Mean % of Control Lung

MCp/106 MNCb (variance)
Mean % of Control Lung
MCp/Mouseb (variance) No. of Expt.c (no. of mice)

Null mice
 Th2/IL-4 IL-4−/− 142 (19) 200 (78) 5 (7)

IL-4Rα−/− 63 (15) 118 (18) 4 (6)
STAT-6−/− 95 (36) 99 (21) 3 (4)

 Th1/IFN-γ IFN-γ−/− 170 (140) 90 (50) 2 (2)
 Th1/17-IL-12/23 IL-12p40−− 71 137 1 (2)
Ab blockade
 IL-3 Anti-IL-3 148 112 1 (2)
 IL-4 Anti-IL-4 64 (3) 69 (10) 2 (2)
 IL-5 Anti-IL-5 218 (27) 284 (83) 2 (2)
 IL-6 Anti-IL-6 126 (11) 165 (48) 1 (3)
 IL-10 Anti-IL-10 98 341 1 (1)
 IL-13 Anti-IL-13 106 (23) 98 (29) 2 (4)
 IFN-γ Anti-IFN-γ 138 (30) 155 (100) 2 (2)
 IL-12p40 Anti-IL-12p40 78 93 1 (2)

Anti-IL-12Rβ1 86 88 1 (2)
 IL-17A Anti-IL-17A 111 (29) 129 (42) 1 (3)
 Treg Anti-CD25 146 (46) 270 (16) 2 (4)

a
All mice listed were on a BALB/c background and were sensitized and challenged. The increment in total lung MCp over baseline was >10-fold in the

different experiments. For mAb inhibition, mice were injected with 100 μg of the indicated mAb before each challenge. For Treg depletion, mice were
injected with 1 mg of mAb on days −1, 6, and 16.

b
The values represent the influx of MCp as measured by lung MCp concentration (MCp/106 MNC) or by total lung MCp per mouse as a percentage of

the values obtained from control mice treated in parallel. The controls were WT mice for deficient strains and WT mice treated with isotype-matched IgG
for WT mice receiving blocking mAb. The values are the mean with the variance in parentheses: SE for three or more experiments or 1/2 range for two
experiments.

c
Number of experiments and in parentheses the number of mice evaluated.
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