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In a mouse experimental asthma model, the administration of
bacterial lipopolysaccharide (LPS), particularly at low doses, en-
hances the levels of ovalbumin (OVA)-induced eosinophilic airway
inflammation. In an effort to clarify the cellular and molecular basis
for the LPS effect, we demonstrate that the OVA-induced eosino-
philic inflammation in the lung is dramatically increased by the
administration of LPS in wild-type mice, whereas such increase was
not observed in mast-cell-deficient mice or Toll-like receptor (TLR)4-
deficient mice. Adoptive transfer of bone-marrow-derived mast
cells (BMMCs) from wild-type, but not from TLR4-deficient, mice
restored the increased eosinophilic inflammation in mast-cell-
deficient mice. Wild-type BMMCs pretreated with LPS in vitro also
reconstituted the eosinophilic inflammation. Moreover, in vitro
analysis revealed that the treatment of BMMCs with LPS resulted
in NF-�B activation, sustained up-regulation of GATA1 and -2
expression, and increased the capability to produce IL-5 and -13.
Dramatic increases in the expression of IL-5 and -13 and Eotaxin 2
were detected in LPS-treated BMMCs after costimulation with LPS
and IgE�Ag. Overexpression of GATA1, but not GATA2, in MC9
mast cells resulted in increased transcriptional activity of IL-4, -5,
and -13. Furthermore, the levels of transcription of Th2 cytokines
in BMMCs were decreased by the introduction of small interfering
RNA for GATA1. Thus, mast cells appear to control allergic airway
inflammation after their activation and modulation through TLR4-
mediated induction of GATA1 and subsequent increase in Th2
cytokine production.

cytokine � GATA1 � mast cell � lipopolysaccharide � bone-marrow-derived
mast cells

I t is well established that mast cells play a central role in anaphy-
lactic reactions. Mast cells are activated by multivalent binding of

antigens to receptor-bound IgE and release inflammatory media-
tors, such as histamine, prostaglandins, and leukotrienes (1–5). It is
also known that mast cells regulate the levels of allergic inflam-
matory responses in the airways by producing cytokines, such as
IL-4, -5, -6, -10, and -13 and TNF-�, which are important in the
pathogenesis of various allergic reactions (6, 7). In particular, IL-5
production is reported to be critical for the pathogenesis of eosin-
ophilic infiltration in the lung (8, 9).

It is well recognized that respiratory infection modulates allergic
airway inflammation (10). However, as for the role for exposure of
bacterial components such as lipopolysaccharide (LPS) in allergic
inflammation, there is apparent controversy, as evidenced by
studies suggesting protective roles for LPS through Th1 cell induc-
tion and studies showing the exacerbating effects of LPS on asthma
(11–13). LPS, a major component of the outer membrane of
Gram-negative bacteria, is ubiquitously distributed in the environ-
ment, including household dusts. Recently, Th1�Th2 inflammatory
responses were reported to be influenced by the levels of LPS
exposure (14). The exposure to high-level LPS with antigens
resulted in increased antigen-specific Th1 responses, whereas a low
dose of LPS resulted in Th2 sensitization. Collectively, these results

suggest a unique biphasic effect for LPS in allergic inflammatory
responses.

Recent progress has revealed that innate immune responses are
initiated by various pattern-recognition receptors, Toll-like recep-
tors (TLRs) (15). TLRs comprise a family of proteins that enhance
certain cytokine gene transcription in response to various patho-
genic ligands and control acquired immune responses such as Th1
responses (16, 17). TLR4 was shown to be a receptor for LPS (18,
19). Recent studies on mouse (20–22) and human (23) mast cells
suggested that LPS-induced activation was mediated through TLR4
expressed on mast cells. A protective role for mast cells in bacterial
infection was first addressed in a bacterial peritonitis animal model,
and the infection was suggested to be mediated by the production
of TNF� as a consequence of TLR4 activation (21, 24, 25). More
recently, LPS-induced production of inflammatory cytokines (IL-
1�, TNF-�, IL-6, and IL-13) from mast cells in the peritoneal cavity
and the resulting neutrophil recruitment were suggested to be
important for protection in septic peritonitis (26). In addition,
TNF� produced by mast cells was reported to be involved in
hypertrophy of draining lymph nodes during intradermal bacterial
infection (27). However, the consequences of LPS-induced mast-
cell activation in allergic airway inflammation have not been well
elucidated.

In this study, we investigated the role of TLR4 on mast cells
in allergic airway inflammation using mast-cell-deficient W�Wv

mice and TLR4-deficient [knockout (KO)] mice. The dramatic
enhancement of eosinophilic airway inflammation induced by
coadministration of a low-dose LPS and ovalbumin (OVA) at the
priming phase in wild-type mice was not observed in W�Wv mice.
Cell-transfer experiments using TLR4 KO mast cells indicated
that the effect of LPS is mediated through TLR4 on mast cells.
Furthermore, we demonstrate that bone-marrow-derived mast
cells (BMMCs) cultured with LPS for 1 week show an augmented
ability to produce Th2 cytokines, which may help explain the
enhancement of allergic eosinophilic airway inflammation.

Results
LPS-Mediated Enhancement of Eosinophilic Inflammation Is Not Ob-
served in W�Wv Mice. The goal of this study was to clarify molecular
targets for LPS in mast-cell activation and allergic eosinophilic
airway inflammation. First, we examined the effect of LPS on
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OVA-induced allergic airway inflammation. Wild-type (���) and
mast-cell-deficient W�Wv mice were treated intranasally with sol-
uble OVA (10 �g) in conjunction with low-dose LPS (1 �g), and,
2 weeks later, the mice were challenged intranasally with OVA (25
�g). Under these conditions, Th2-skewed eosinophilic inflamma-
tion was reproducibly induced in the lung (14). Two days after the
final OVA challenge, bronchoalveolar lavage (BAL) fluid was
harvested and examined for infiltrating leukocytes. A summary of
the types of infiltrating cells is shown in Fig. 1A, and a representative
photographic view of May–Giemsa staining in each group can be
seen in Fig. 5, which is published as supporting information on the
PNAS web site. A modest (�2-fold) but reproducible increase in
the number of eosinophils was detected in mice treated with OVA
alone as compared with those in PBS- or LPS-treated mice. The
extent of eosinophilic infiltration induced in this protocol was
significantly lower than that induced by intraperitoneal immuniza-
tion of OVA with alum (data not shown) (28, 29). However, the
numbers of total cells and eosinophils were significantly increased
when wild-type ��� mice were treated with both OVA and LPS.
Intriguingly, when W�Wv mice were treated with OVA plus LPS,
the numbers of total infiltrating cells and eosinophils did not
increase significantly, as compared with those in ��� mice. These
results point to an important role for mast cells in LPS-mediated
enhancement of eosinophilic infiltration in BAL fluid. Further-
more, the expression of Th2 cytokines (IL-4, -5, and -13) and
Eotaxin-2 in the BAL fluid of wild-type ��� and W�Wv mice was
examined, and significantly decreased expression was detected in
the case of W�Wv mice (see Fig. 6, which is published as supporting
information on the PNAS web site).

Concurrently, changes in lung histology were examined. A sum-
mary of the numbers of infiltrating leukocytes calculated by using

hematoxylin and eosin (H.E.) staining and Luna staining for
eosinophils is shown in Fig. 1B. Among the leukocytes infiltrating,
the number of eosinophils was increased dramatically when LPS
was coadministered to wild-type mice, and the LPS effect was not
observed in W�Wv mice. Sections with H.E. staining can be seen in
Fig. 7, which is published as supporting information on the PNAS
web site, and Luna staining in Fig. 8, which is published as
supporting information on the PNAS web site. Moreover, Masson–
trichrome staining revealed substantial levels of subepithelial fi-
brosis (stained by blue dye) in ��� mice immunized with OVA
plus LPS (see Fig. 9d, which is published as supporting information
on the PNAS web site). In W�Wv mice, however, basically no
significant fibrosis was detected. Thus, mast cells play a crucial role
in low-dose LPS-mediated enhancement of eosinophilic airway
inflammation induced by OVA.

Adoptive Transfer of Wild-Type (���) BMMCs Reconstitutes LPS-
Mediated Enhancement of Eosinophilic Airway Inflammation in W�Wv

Mice. To further investigate the requirement of mast cells in
enhanced eosinophilic inflammation induced by OVA plus LPS,
wild-type mast cells were adoptively transferred into W�Wv mice.
BMMCs were generated by culturing bone marrow cells with IL-3
for 4 weeks. A summary of infiltrating cells in the BAL fluid is
presented in Fig. 2A, and representative photographic views of
infiltrated cells (May–Giemsa staining) in each group are shown in
Fig. 10, which is published as supporting information on the PNAS
web site. The administration of ��� BMMCs resulted in the
dramatic eosinophilic infiltration in the BAL fluid of W�Wv mice
immunized OVA and LPS when compared with mice not given
wild-type (���) BMMCs (see Fig. 10h). No apparent effect was
observed in the numbers of macrophages, neutrophils, and lym-
phocytes with the ��� BMMC transfer.

Concurrently, histological analysis showed that the transfer of
��� BMMCs as described above resulted in the dramatic increase
in the levels of eosinophilic infiltration in the airway of W�Wv mice
(Fig. 2B). There were also moderate increases in the numbers of
total cells. Collectively, these results clearly indicate that mast cells
play a critical role in LPS-mediated enhancement of airway eosin-
ophilic inflammation.

TLR4 on Mast Cells Is Required for LPS-Mediated Enhancement of
Eosinophilic Inflammation. The results thus far indicated that mast
cells are critical for LPS-mediated enhancement of allergic airway
eosinophilic inflammation. Because TLR4 is a known receptor for
LPS (30), we next examined the involvement of TLR4 molecules on
mast cells in the LPS-mediated enhancement of airway inflamma-
tion. BMMCs prepared from TLR4 KO mice showed a normal
surface phenotype, e.g., the expression of c-kit and Fc�RI (data not
shown). Ten million BMMCs prepared from wild-type or TLR4
KO mice were transferred into W�Wv mice. As anticipated, the
levels of eosinophilic infiltration were enhanced by the administra-
tion of wild-type (���), but not in the case of TLR4 KO, BMMCs
(Fig. 2C; and see Fig. 11, which is published as supporting infor-
mation on the PNAS web site). Also, LPS-mediated enhancement
in the total numbers of infiltrating leukocytes was marginal in the
TLR4 KO BMMC transfer group. It would appear that TLR4 on
mast cells is crucial for LPS-mediated enhancement of eosinophilic
inflammation.

To further investigate the involvement of TLR4 on mast cells,
wild-type and TLR4 KO BMMCs were first treated with LPS (10
�g�ml) for 7 days in vitro and then transferred into W�Wv mice. No
immunization was performed. Two days after the challenge with
OVA, infiltrated cells in the BAL fluid were assessed. As shown in
Fig. 2D, although the levels were modest, a significant increase in
the number of eosinophils was detected with the administration of
wild-type BMMCs pretreated with LPS. Representative photo-
graphic views of infiltrated cells (May–Giemsa staining) are shown
in Fig. 12, which is published as supporting information on the

Fig. 1. LPS-mediated enhancement of eosinophilic inflammation was not
observed in W�Wv mice. Wild-type (���) and mast-cell-deficient (W�Wv) mice
were immunized with OVA (10 �g) in conjunction with 1 �g of LPS intrana-
sally, and, 2 weeks later, OVA (25 �g) was again administrated intranasally. (A)
One day after the final OVA administration, BAL fluid was harvested and
examined for infiltrating cells. Mean values, with standard deviation, of the
numbers of total cells and each cell type are shown. Ten mice were used in each
group. **, �0.01 (Dunnett multiple comparisons test). (B) Histological exam-
ination was done 2 days after the final OVA administration. Mean values, with
standard deviation, of the numbers of infiltrated leukocytes in 1 mm2 are
shown. Ten lung sections per mouse from three mice in each group were
examined. **, �0.01 (Dunnett multiple comparisons test).
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PNAS web site. Moreover, TLR4 KO mice were challenged directly
with�without LPS and OVA to assess the LPS-mediated enhance-
ment of airway inflammation, and no enhancing effect of LPS on
the eosinophilic infiltration was observed in TLR4 KO mice (Fig.
2E; and see Fig. 13, which is published as supporting information
on the PNAS web site). The LPS-induced increase in the number
of other cell types, including macrophages and neutrophils, was
modest, and no increase was seen in TLR4 KO mice.

Treatment with LPS Modulates Cytokine Production Profiles of Mast
Cells. To analyze the molecular changes induced in mast cells after
LPS treatment, BMMCs were cultured with or without LPS treat-
ment (10 �g�ml) for 1 week in vitro. The expression levels of Fc�RI,
c-kit, I-K, CD54, and RIPA�B were similar between wild-type and
TLR4 KO BMMCs before and after LPS treatment (data not
shown). The LPS-treated BMMCs were then restimulated with
phorbol 12-myristate 13-acetate (PMA) plus ionomycin, and the
ability to produce various cytokines (IL-5, -13, -6, and -4 and
TNF-�) was assessed by ELISA. The levels of IL-5 and -13 were
substantially increased after LPS treatment, whereas the produc-
tion of IL-6 and TNF-� was only slightly increased (Fig. 3A). IL-4
was not detected with or without LPS treatment (data not shown).

Next, we assessed the mRNA expression of IL-4, -5, and -13 and
Eotaxin-2 after IgE�Ag stimulation in wild-type and TLR4 KO
BMMCs cultured with LPS. The mRNA expression of IL-4, -5, and
-13 and Eotaxin-2 was increased dramatically for all of these
cytokines in wild-type BMMCs. In the case of TLR4 KO BMMCs,
however, the increase was seen in the case of IL-4 and -13 but not
in the case of IL-5 and Eotaxin-2 (Fig. 3B). More specifically, the

induction in IL-5 was barely detectable, indicating that the Ag�
IgE-induced expression of IL-5 was most sensitive to the effect of
LPS�TLR4-mediated modification of BMMC function.

To assess more directly whether LPS�TLR4-mediated signaling
synergizes with IgE�Ag-dependent responses in BMMCs, BMMCs
were stimulated with combinations of LPS and IgE�Ag in vitro. As
shown in Fig. 3C, clear synergistic effects were observed in the
expression of IL-5 and -13 and some effect on Eotaxin-2 but much
less in the case of IL-4.

LPS Treatment Induces NF-�B Activation and Increases Expression of
GATA1 and -2 in BMMCs. Because NF-�B is activated through TLR4
after LPS ligation (18), we wanted to test whether LPS treatment
induces NF-�B activation in mast cells. A gel-shift assay for NF-�B
was performed with BMMCs treated with LPS. A significant
activation of NF-�B was detected in wild-type BMMCs but not in
TLR4 KO BMMCs (Fig. 3D Left). In an AP-1 gel-shift assay, a
modest increase was detected after LPS treatment, but no differ-
ence was observed between wild-type and TLR4 KO groups (Fig.
3D Right).

Although GATA3 is reported to be a downstream target of
NF-�B activation (31) and is critical for chromatin remodeling of
the Th2 cytokine gene loci (32–34) and transcription of the IL-5 and
IL-13 genes in Th2 cells (35–37), GATA3 is not expressed in
BMMCs (7). In contrast, GATA1 and -2 play a key role in mast-cell
differentiation (38, 39). We examined the levels of protein expres-
sion of GATA1 and -2 in BMMCs treated with LPS. As shown in
Fig. 3E, the levels of GATA1 and -2, but not -3, were substantially
increased in the BMMCs after LPS treatment for 3 days. The

Fig. 2. TLR4 on mast cells is required for LPS-induced enhancement of eosinophilic inflammation. (A) BMMCs (1 � 107) were transferred intravenously 2 days
before the initial OVA sensitization. The mean values, with standard deviation, of numbers of total cells and each cell type in the BAL fluid of W�Wv mice
reconstituted with wild-type (���) BMMCs are shown. Ten mice were used in each group. **, �0.01 (Dunnett multiple comparisons test). (B) Histological analysis
of the lung with H.E. and Luna staining. Mean values, with standard deviation, of infiltrated cells in 1 mm2 are shown. Ten lung sections per mouse from three
mice in each group were examined. **, �0.01 (Dunnett multiple comparisons test). (C) Infiltrated cells in BAL fluid of W�Wv mice reconstituted with wild-type
(���) and TLR4 KO BMMCs are shown. Ten mice were used in each group. **, �0.01 (Dunnett multiple comparisons test). (D) Infiltrated cells in BAL fluid of W�Wv

mice reconstituted with wild-type (���) and TLR4 KO BMMCs precultured with or without LPS (10 �g�ml) for 7 days are shown. No immunization was performed.
Ten mice were used in each group. **, P � 0.01 (Student t test). (E) Wild-type and TLR4 KO mice were immunized and challenged, and infiltrated cells in the BAL
fluid were assessed as in Fig. 1A. *, P � 0.05 (Student t test).
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LPS-induced increase in the levels of GATA1 and -2 protein was
not detected in TLR4 KO BMMCs (Fig. 3F), but increases were
detected in STAT6 KO BMMCs (data not shown). The increase in
GATA1 and -2 protein was also observed after 7-day cultures (data
not shown). Thus, TLR4-mediated signaling is critical for GATA1
and -2 up-regulation in BMMCs upon LPS treatment.

GATA1 Controls the Expression of Th2 Cytokines in Mast Cells. Finally,
we studied whether GATA1 and -2 can play a functional role in
transcription of IL-5, -13, and -4 in mast cells. We used a MC9
mast-cell line for a reporter gene assay. The introduction of
GATA1, but not -2 or -3, into MC9 cells resulted in substantial
induction of the reporter activities of IL-4 and -5 promoters (Fig.
4A). When GATA1 was introduced by retrovirus into MC9 cells,
the mRNA expression of IL-4, -5, and -13, but not of Eotaxin-2, was
increased significantly (Fig. 4B). The increase in Th2 cytokine
mRNA was not observed with GATA2 overexpression. Further-
more, we tested whether the inhibition of GATA1 expression in
BMMCs would result in decreased expression of Th2 cytokines.
BMMCs cultured with LPS were transfected with small interfering
(si)RNA specific for GATA1 during the treatment with LPS
stimulated with PMA plus ionomycin, and then the transcriptional
levels of Th2 cytokines were determined by quantitative PCR. As
expected, the mRNA levels of IL-4, -5, and -13 were all decreased
significantly (Fig. 4C). These results suggest that GATA1 controls
the expression of Th2 cytokines in mast cells, such as MC9 and
BMMCs, with LPS stimulation.

Discussion
The results presented here indicate that mast cells and their TLR4
molecules are crucial for LPS-mediated enhancement of allergic
airway eosinophilic inflammation. After LPS treatment, BMMCs
acquired an increased ability to produce Th2 cytokines, such as IL-5
and -13. Clear synergistic effects in the expression of IL-5 and -13
were detected in LPS-treated BMMCs after costimulation with LPS
and IgE�Ag. GATA1 appeared to be important for the transcrip-
tion of Th2 cytokines in mast cells. These findings suggest that
LPS-induced TLR4 signaling modulates mast-cell function and
regulates allergic airway inflammation in vivo.

Dendritic cells (DCs) are well recognized to play a central role
in inflammatory reactions elicited by LPS (16). When DCs are
activated by LPS through TLR4, they become mature and acquire
an increased ability to prime T cells (40). In particular, mature DCs
produce increased levels of IL-1 and -12 and TNF-� that lead to the
promotion of Th1-skewed responses (41). However, it is also well
recognized in humans that LPS is a risk factor for asthma (42, 43).
In some mouse models, LPS was reported to elicit airway inflam-
mation (14, 22, 44). To investigate the molecular basis underlying
the LPS-induced mast-cell activation and regulation of allergic
eosinophilic airway inflammation, we used an experimental model
with a low-dose LPS administration, in which Th2-dependent

pendent experiments were performed, and similar results were obtained. (C)
Wild-type BMMCs were stimulated with combinations of LPS and IgE�Ag.
Transcriptional levels of IL-4, -5, and -13 and Eotaxin-2 were determined by
real-time RT-PCR analysis. Two independent experiments were performed,
and similar results were obtained. (D) EMSAs for NF-�B and AP-1. Nuclear
extracts of wild-type and TLR4 KO BMMCs treated with LPS for 1 and 3 h were
subjected to EMSAs with NF-�B and AP-1 probes. Two independent experi-
ments were performed, and similar results were obtained. (E) The levels of
protein expression of GATA1 and -2 in LPS-stimulated BMMCs. BMMCs treated
with LPS for 3 days and CD4 T cells cultured under Th2-skewed conditions for
3 days were prepared. Nuclear extracts were used for immunoblotting with
specific mAbs specific for GATA1, -2, and -3. Arbitrary densitometric units
normalized with the band intensity of tubulin � are shown under each band.
Three experiments were performed, and similar results were obtained. (F)
GATA1 and -2 expression in LPS-treated BMMCs from wild-type and TLR4 KO
mice. Two experiments were performed, and similar results were obtained.

Fig. 3. Cytokine-expression profiles and NF-�B activation in BMMCs treated
with LPS. (A) BMMCs were cultured with LPS for 1 week. Then, BMMCs were
restimulated with PMA (10 ng�ml) and ionomycin (1 �M) for 24 h to assess the
production of IL-5, -13, and -6 and TNF-� by ELISA. Four experiments with
individual BMMC preparations were performed, and similar results were
obtained. (B) Wild-type (���) and TLR4 KO BMMCs were cultured with LPS for
1 week and then stimulated with IgE�Ag. Transcriptional levels of IL-4, -5, and
-13 and Eotaxin-2 were determined by real-time RT-PCR analysis. Two inde-
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eosinophilic airway inflammation is selectively induced (14). As for
a mechanism, Eisenbarth et al. (14) suggested the importance of
LPS-induced DC activation for the induction of eosinophilic airway
inflammation. From the studies presented here, we propose a
different mechanism, whereby mast cells, another innate immunity
cell type, play a crucial role for regulating eosinophilic airway
inflammation. LPS-induced mast-cell activation and modulation
with increased production of Th2 cytokines, such as IL-5 and -13,
appear to control the severity of eosinophilic airway inflammation.

It is known that IL-5 and -13 play crucial roles in the induction
and the severity of eosinophilic airway inflammation in the lung
(45). The levels of Th2 cytokines, such as IL-5 and -13, produced
by mast cells were increased dramatically after LPS treatment (Fig.
3A). We detected decreased levels of IL-4, -5, and -13 and Eotaxin-2
in BAL fluid cells from mast-cell-deficient W�Wv mice as com-
pared with ��� mice (Fig. 6). The IgE�Ag-induced IL-5 expres-
sion in BMMCs was minimal in TLR4 KO BMMCs (Fig. 3B).
Moreover, obvious synergistic effects in the expression of IL-5 and
-13 were detected in LPS-treated BMMCs after costimulation with

LPS and IgE�Ag (Fig. 3C). Thus, although it is difficult to deter-
mine which Th2 cytokines produced by mast cells are most impor-
tant for LPS-mediated enhancement of allergic eosinophilic in-
flammation, a direct effect of IL-5 in the activation and migration
of eosinophils in the lung appears to be critical. Because BMMCs
also produce increased TNF-� (�2-fold) after LPS treatment (Fig.
3A), it is conceivable that TNF-� produced from activated mast
cells may also induce DC maturation and regulate eosinophilic
airway inflammation. In addition, Eotaxin-2 expression induced by
IgE�Ag stimulation in BMMCs (Fig. 3 B and C) may also contribute
to the inflammation by increasing eosinophil migration into the
lung.

After in vitro LPS stimulation for a short period (�16 h),
Supajatura V. et al. (21) reported that BMMCs produced TNF-�,
IL-1�, -6, and -13 but not IL-4 or -5. Similarly Matsuda et al. (22)
reported that LPS induced the production of IL-5, -10, and -13, but
not of IL-4, in BMMCs. The levels of cytokine production detected
in those studies were much lower than those detected in this study
(Fig. 3A), due, perhaps, to the different methods of LPS treatment.
In our studies, to assess the changes in the ability to produce
cytokines in BMMCs, the cells were treated with LPS for 1 week
(Fig. 3A). We observed some increase in acetylation of histone
H3�K9 at the Th2 cytokine gene loci, suggesting the occurrence of
chromatin remodeling (M.Y. and T.N., unpublished observation).
Although we do not know whether the LPS treatment induced a
true ‘‘maturation’’ of BMMCs, it is clear that BMMCs acquired an
ability to produce increased amounts of Th2 cytokines after LPS
treatment for 1 week, reminiscent of the maturation process of DCs
after LPS stimulation (40).

It has been reported that airway hyperreactivity to methacholine
is modulated by the administration of high-dose LPS in rats (44) and
mice (46). In the current experimental system, where a mild OVA
sensitization protocol was used, we did not observe clear induction
of airway hyperreactivity, and treatment with LPS�OVA did not
change this situation significantly (M.Y. and T.N., unpublished
observation). Further investigation will be needed to clarify the
effect of LPS and the contribution of mast cells in the development
of airway hyperreactivity.

In summary, in a mouse allergic asthma model, we found that
mast cells play a crucial role for LPS-mediated enhancement of
eosinophilic airway inflammation. Moreover, TLR4 molecules on
mast cells were critical for LPS-induced mast-cell activation and
functional modulation. Thus, a search for specific inhibitors acting
on the TLR4-mediated signal transduction pathway could lead to
an approach for the treatment of inflammation in patients with
bronchial asthma, particularly during respiratory infection.

Materials and Methods
Animals. C57BL�6, WBB6F1 W�Wv mice (47) with
(WBxC57BL6)F1 background and WBB6F1 ��� were purchased
from Japan SLC (Shizuoka, Japan). STAT6-deficient and TLR4-
deficient (TLR4 KO) mice backcrossed eight times with C57BL�6
mice were kindly provided by Dr. Shizuo Akira (Osaka University)
(30, 48). All mice used in this study were maintained under
specific-pathogen-free conditions. Animal care was in accordance
with the guidelines of Chiba University.

Cell Cultures. BMMCs were generated as described in ref. 29.

Immunization and Challenge. Female mice (6–7 weeks old) were
anesthetized with ketamine hydrochloride, xylazine, and flunitraz-
epam i.p. and sensitized intranasally with 10 �g of OVA [Grade V;
Sigma Aldrich, LPS contamination �0.5 ng; measured by limulus
amebocyte assay (Bio-Whittaker)] and 1 �g of LPS (Escherichia coli
O55:B5, List Biological Laboratories, Campbell, CA) in 35 �l of
PBS on days 0, 1, and 2. The sensitized mice were challenged on
days 14, 15, 18, and 19 intranasally with 25 �g of OVA in 35 �l of
PBS under anesthesia as described in ref. 14.

Fig. 4. GATA1 controls the expression of Th2 cytokines in mast cells. (A) A
reporter gene assay was done with IL-4 and -5 promoters by using the MC9
mast-cell line. The mean values, with standard deviation, of relative luciferase
activity of four different experiments are shown. (B) MC9 cells were infected with
retrovirus encoding GATA1 or -2 bicistronically with EGFP. GFP-positive infected
cells were enriched by cell-sorting and stimulated with PMA (25 ng�ml) plus
ionomycin (500 nM) for 18 h. Quantitative real-time RT-PCR was performed. (C)
Inhibition of Th2 cytokine expression by the introduction of siRNA for GATA1.
BMMCs were transfected with siRNA specific for GATA1. Two days after trans-
fection, the cells were stimulated with PMA plus ionomycin, and transcriptional
levels of GATA1 and Th2 cytokines were determined by quantitative RT-PCR. Two
experiments were done with similar results.
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Collection and Analysis of BAL Fluid. Two days after the last
challenge with OVA, BAL was prepared as described in refs. 28
and 29. One-hundred thousand viable BAL cells were cytocen-
trifuged onto slides by using a Cytospin 3 (Shandon, Pittsburgh)
and stained with May–Grunwald–Giemsa solution (Merck) as
described in ref. 9. Two hundred leukocytes were counted in
each slide. Cell types were identified based on morphological
criteria.

Lung Histology. On day 20, 1 day after the last OVA challenge, mice
were killed by CO2 asphyxiation, and the lungs were infused with
10% (vol�vol) formalin in PBS for fixation and then subjected to
H.E., Luna, or Masson–trichrome staining as described in refs. 28
and 29.

Treatment of BMMCs with LPS in Vitro. BMMCs were cultured with
or without LPS (10 �g�ml) for 7 days. The LPS-stimulated BMMCs
were activated with PMA (10 ng�ml) and ionomycin (1 �M), or
with IgE�Ag (anti-DNP IgE and DNP) as described in ref. 49. In
the experiments addressing a direct synergistic effect between LPS
stimulation and IgE�Ag stimulation, BMMCs were stimulated with
a combination of LPS (10 �g�ml) and IgE�Ag in vitro for 24 h. The
production of cytokines was assessed by ELISA as described in ref.
50. For transfer experiments, BMMCs (1 � 107) were transferred
into W�Wv mice 2 days before the first immunization. In some
experiments, BMMCs were pretreated with LPS (10 �g�ml) for 7
days before transfer, and no LPS was used for in vivo priming.

RT-PCR. Quantitative RT-PCR was performed by using Gene Ex-
pression assay (Applied Biosystems) and ABI prism 2000 as de-
scribed in ref. 34. Hypoxanthine phosphoribosyltransferase was
used for a control. The specific primers for detection of cytokines
were described in ref. 34. Primer pairs for Eotaxin-2 are tagcct-
gcgcgtgttgcatcttcc-3� and 5�-taaacctcggtgctattgccacgg.

Immunoblot Analysis. Immunoblot analysis for GATA1, -2 and -3
was performed as described in ref. 34. Anti-GATA1 (N1), anti-

GATA2 (CG2–96) and anti-GATA3 (HG3–31) (all from Santa
Cruz Biotechnology) antibodies were used.

Luciferase Reporter Assay. Luciferase assay was performed by using
Dual Luciferase Reporter instructions as described in ref. 32. A
single copy of an IL-4 promoter (�766 bp) and IL-5 promoter
(�1,200 bp) in the luciferase reporter plasmid pGL2 Basic (Pro-
mega) and MC9 (a mast-cell line expressing some levels of GATA1
and -2 but not GATA3) cells were used.

EMSA EMSAs were performed by using Gel Shift Assay Systems
(Promega) as described in ref. 51.

siRNA. Introduction of siRNA into BMMCs was performed as
described in ref. 52. Predesigned siRNA for GATA1 was purchased
from Ambion (#16704). In brief, 2 �l of TransIT-TKO transfection
reagent (Mirus, Madison, WI) was diluted in 50 �l of serum-free�
antibiotic-free RPMI medium 1640. Ten minutes later, 1 �l of 40
�M siRNA was added to the diluted transfection reagent and
incubated for 30 min with gentle agitation. The siRNA solution was
added to BMMC cultures containing 5 � 105 cells in 500 �l of
medium per well in a 24-well plate. Two days after transfection,
expression levels of GATA1 and IL-4, -5, and -13 mRNA were
assessed by quantitative RT-PCR.
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