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Abstract. In a mouse experimental asthma model, the administration of bacterial lipopoly-
saccharide (LPS), particularly at low doses, enhances 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 eosinophilic inflammation in the lung is
dramatically increased by administration of LPS at the priming phase in wild-type mice, whereas
such an increase was not observed in mast cell deficient mice. Adoptive transfer of bone marrow-
derived mast cells (BMMC) from wild type but not from Toll-like receptor 4 (TLR4)-deficient
mice restored the increased eosinophilic inflammation in mast cell-deficient mice. Moreover, in
vitro analysis revealed that treatment of BMMC with LPS resulted in sustained up-regulation of
GATA1 expression and increased production of Th2 cytokines (IL-4, IL-5, and IL-13) upon
restimulation. Thus, mast cells appear to control allergic airway inflammation after their
activation and modulation through TLR4-mediated induction of GATA1 proteins and subsequent

increase in Th2 cytokine production.

Keywords: Toll-like receptor 4 (TLR4), mast cell, Th2 cytokine, NF-xB, GATAI, allergy

Introduction

It is well established that mast cells play a central role
in anaphylactic reactions. Mast cells are activated by
multivalent binding of antigens to receptor-bound IgE
and release inflammatory mediators such as histamine,
prostaglandins, and leukotrienes (1, 2). It is also known
that mast cells regulate the levels of allergic inflam-
matory responses in the airways by producing cytokines,
such as interleukin (IL)-4, IL-5, IL-6, IL-10, IL-13, and
tumor necrosis factor (TNF)-a, which are important in
the pathogenesis of various allergic reactions (3).

It is well recognized that respiratory infection modu-
lates allergic airway inflammation (4). However, as for
the role for exposure of bacterial components such as
lipopolysaccharide (LPS) in allergic inflammation, there
is apparent controversy evidenced by studies suggesting
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protective roles for LPS through Th1 cell induction and
studies showing its exacerbating effects on asthma (5,
6). Recently, Th1/Th2 inflammatory responses were
reported to be influenced by the levels of LPS exposure
(7). The exposure to a high level of LPS with antigens
resulted in increased antigen-specific Thl responses,
while 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, TLRs (8). TLRs comprise a family of proteins
that enhance certain cytokine gene transcriptions in
response to various pathogenic ligands and control
acquired immune responses such as Thl responses (9,
10). TLR4 was shown to be a receptor for LPS (11, 12).
Dendritic cells (DCs) are well recognized to play a
central role in inflammatory reactions elicited by LPS
(9). When DCs are activated by LPS through TLR4, they
become mature and acquire an increased ability to prime
T cells (13). In particular, mature DCs produce increased
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levels of IL-1, IL-12, and TNF-a that lead to the pro-
motion of Thl-skewed responses (14). However, it is
also well recognized in humans that LPS is a risk factor
for asthma (14, 15). In some mouse models, LPS was
reported to elicit airway inflammation (7, 16, 17).
Recent studies on mouse mast cells (18, 19, 20) and
human mast cells (20) suggested that LPS-induced
activation was mediated through TLR4 expressed on
mast cells.

In this review, we introduced our recent work describ-
ing the role of TLR4 on mast cells in allergic airway
inflammation and in the production of Th2 cytokines,
which may help explain the enhancement of allergic
eosinophilic airway inflammation by LPS (21). From
our studies presented here, we propose a new mecha-
nism whereby mast cells play a crucial role for regulat-
ing eosinophilic airway inflammation. TLR4-mediated
mast cell activation and modulation with increased
production of Th2 cytokines such as IL-5 and IL-13
appear to control the severity of eosinophilic airway
inflammation.

LPS-mediated enhancement of eosinophilic inflam-
mation is not observed in W/W" mice

In order 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 eosinophilic airway inflam-
mation is selectively induced (7). To examine the effect
of LPS on OVA-induced allergic inflammation, wild
type (+/+) and mast cell-deficient W/W" mice were
treated intranasally with soluble OVA in conjunction
with a low dose LPS (1 xg), and 2 weeks later, the mice
were challenged intranasally with OVA. Under these
conditions, Th2-skewed eosinophilic inflammation was
reproducibly induced in the lung. Two days after the
final OVA challenge, BAL fluid was harvested and
examined for infiltrating leukocytes. A modest (approx.

twofold) increase in the number of eosinophils was
detected in mice treated with OVA alone as compared
with those in PBS- or LPS-treated mice (Fig. 1).
However, the numbers of total cells and eosinophils
were significantly increased when wild type +/+ mice
were treated with both OVA and LPS (Fig. 1). Intrigu-
ingly, when W/W" mice were treated with OVA + LPS,
the numbers of total infiltrating cells and eosinophils did
not increase significantly as compared with those in +/+
mice (Fig. 1). These results point to an important role for
mast cells in low-dose LPS—mediated enhancement of
eosinophilic infiltration in BAL fluid.

Adoptive transfer of wild type (+/+) bone marrow-
derived mast cells (BMMCs) reconstitutes LPS-
mediated enhancement of eosinophilic airway inflam-
mation in W/W" mice

To further investigate the requirement of mast cells in
enhanced eosinophilic inflammation induced by OVA +
LPS, wild type mast cells were adoptively transferred
into W/W" mice. Bone marrow-derived mast cells
(BMMCs) were generated by culturing bone marrow
cells with IL-3 for four weeks. The administration of +/+
BMMCs resulted in the dramatic eosinophilic infiltra-
tion in the BAL fluid of W/W" mice immunized OVA
and LPS when compared to mice not given wild type
(+/+) BMMCs (21). No apparent affect was observed in
the numbers of macrophages, neutrophils, and lympho-
cytes with the +/+ BMMC transfer. The results thus far
indicated that mast cells are critical for LPS-mediated
enhancement of allergic airway eosinophilic inflam-
mation.

Since TLR4 is a known receptor for LPS (22), we next
examined the involvement of TLR4 molecules on mast
cells in the LPS-mediated enhancement of airway
inflammation. BMMCs prepared from wild type (+/+)
or TLR4 KO mice were transferred into W/W" mice. As
anticipated, the levels of eosinophilic infiltration were
enhanced by the administration of +/+ BMMCs but not
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Fig.2. Cytokine expression profiles in BMMCs
treated with LPS. BMMCs were stimulated with com-
binations of LPS and IgE/Antigen. Transcriptional
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of TLR4 KO BMMCs (21). Collectively, these results
clearly indicate that TLR4 on mast cells play a critical
role in low dose LPS-mediated enhancement of airway
eosinophilic inflammation.

Treatment with LPS modulates cytokine production
profiles of mast cells

In order to analyze the molecular changes induced in
mast cells by LPS treatment, BMMCs were stimulated
with IgE/Antigen in the presence or absence of LPS,
and mRNA expression of IL-4, IL-5, IL-13, and
Eotaxin-2 was assessed. The obvious synergistic effects
in the expression of IL-5, IL-13, and Eotaxin-2 were
detected in LPS-treated BMMCs after co-stimulation
with LPS and IgE/Ag (Fig. 2).

To assess the effect of LPS more preciously, BMMCs
were cultured with or without LPS treatment (10 x«g/ml)
for one week in vitro, and then BMMCs were restimu-
lated with PMA plus ionomycin, and the ability to
produce various cytokines was assessed. The levels of
IL-5, IL-13, and Eotaxin-2 were substantially increased
after LPS treatment, whereas the production of IL-6 and
TNF-o was only slightly increased (21).

LPS treatment induces the expression of GATA1 and
GATA2 in BMMCs

Although GATA3 is critical for chromatin remodeling
of the Th2 cytokine gene loci (23, 24) and transcription
of the IL-5 and IL-13 genes in Th2 cells (25-27),
GATA3 is not expressed in BMMCs. In contrast,
GATA1 and GATA?2 are expressed and play a key role
in mast cell differentiation (28, 29). Therefore, the
changes in the expression levels of protein expression of
GATAI1 and GATA2 were examined in BMMCs treated

15 levels of 1L-4, -5, and -13 and Eotaxin-2 were deter-
mined by quantitative RT-PCR analysis.

with LPS. The levels of GATA1 and GATA2 but not
GATA3 were substantially increased in the BMMCs
after LPS treatment (21). The LPS-induced increase in
the levels of GATA1 and GATA2 protein was not
detected in TLR4 KO BMMCs. Thus, TLR4-mediated
signaling is critical for GATA1 and GATA2 up-regula-
tion in BMMCs upon LPS treatment (21).

Finally, the role of GATA1 and GATA?2 in transcrip-
tion of Th2 cytokines in mast cells was examined by a
reporter gene assay using a MC9 mast cell line. The
introduction of GATA1 but not GATA2 or GATA3 into
MC9 cells resulted in substantial induction of the
reporter activities of IL-4 and IL-5 promoters (21). This
result suggests that GATA1 could control the expression

Th2 cytokine T
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Augmentation of allergic airway inflammation

Fig. 3. Augmentation of allergic airway inflammation through the
TLR4-mediated modification of mast cell functions (hypothesis).
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level of Th2 cytokines in mast cells.

Conclusion

In conclusion, in a mouse allergic asthma model, the

present findings show that mast cells play a crucial for
LPS-mediated enhancement of the eosinophilic airway
inflammation (Fig. 3). Moreover, TLR4 molecules on
mast cells were critical for the LPS-induced mast cell
activation and functional modulation (Fig. 3). Thus, a
search for specific inhibitors acting on the TLRA4-
mediated signal transduction pathway could lead to a
new approach for the treatment of inflammation in
patients with bronchial asthma, particularly during
respiratory infection.

References

Metcalfe DD, Kaliner M, Donlon MA. The mast cell. Crit Rev
Immunol. 1981;3:23-74.

Brightling CE, Bradding P, Pavord ID, Wardlaw AJ. New
insights into the role of the mast cell in asthma. Clin Exp
Allergy. 2003;33:550-556.

Drazen JM, Arm JP, Austen KF. Sorting out the cytokines of
asthma. J Exp Med. 1996;183:1-5.

Gern JE. Viral and bacterial infections in the development and
progression of asthma. J Allergy Clin Immunol. 2000;105:S497—
S502.

Liu AH. Endotoxin exposure in allergy and asthma: reconciling
a paradox. J Allergy Clin Immunol. 2002;109:379-392.
Schwartz DA. Does inhalation of endotoxin cause asthma? Am J
Respir Crit Care Med. 2001;163:305-306.

Eisenbarth SC, Piggott DA, Huleatt JW, Visintin I, Herrick CA,
Bottomly K. Lipopolysaccharide-enhanced, toll-like receptor
4-dependent T helper cell type 2 responses to inhaled antigen.
J Exp Med. 2002;196:1645-1651.

Janeway CA Jr, Medzhitov R. Innate immune recognition. Annu
Rev Immunol. 2002;20:197-216.

Akira S, Takeda K, Kaisho T. Toll-like receptors: critical
proteins linking innate and acquired immunity. Nat Immunol.
2001;2:675-680.

Iwasaki A, Medzhitov R. Toll-like receptor control of the
adaptive immune responses. Nat Immunol. 2004;5:987-995.
Takeda K, Kaisho T, Akira S. Toll-like receptors. Annu Rev
Immunol. 2003;21:335-376.

Medzhitov R. Toll-like receptors and innate immunity. Nat Rev
Immunol. 2001;1:135-145.

Banchereau J, Steinman RM. Dendritic cells and the control of
immunity. Nature. 1998;392:245-252.

Schnare M, Barton GM, Holt AC, Takeda K, Akira S,
Medzhitov R. Toll-like receptors control activation of adaptive
immune responses. Nat Immunol. 2001;2:947-950.

Rizzo MC, Naspitz CK, Fernandez-Caldas E, Lockey RF,

16

17

18

20

21

22

23

24

25

26

27

28

29

Mimica I, Sole D. Endotoxin exposure and symptoms in
asthmatic children. Pediatr Allergy Immunol. 1997;8:121-126.
Tulic MK, Wale JL, Holt PG, Sly PD. Modification of the
inflammatory response to allergen challenge after exposure to
bacterial lipopolysaccharide. Am J Respir Cell Mol Biol.
2000;22:604-612.

Masuda A, Yoshikai Y, Aiba K, Matsuguchi T. Th2 cytokine
production from mast cells is directly induced by lipopoly-
saccharide and distinctly regulated by c-Jun N-terminal kinase
and p38 pathways. J Immunol. 2002;169:3801-3810.

McCurdy JD, Lin TJ, Marshall JS. Toll-like receptor 4-mediated
activation of murine mast cells. J Leukoc Biol. 2001;70:977—
984.

Supajatura V, Ushio H, Nakao A, Akira S, Okumura K, Ra C,
et al. Differential responses of mast cell Toll-like receptors 2
and 4 in allergy and innate immunity. J Clin Invest. 2002;
109:1351-1359.

Okumura S, Kashiwakura J, Tomita H, Matsumoto K, Nakajima
T, Saito H, et al. Identification of specific gene expression
profiles in human mast cells mediated by Toll-like receptor 4
and FcepsilonRI. Blood. 2003;102:2547-2554.

Nigo YI, Yamashita M, Hirahara K, Shinnakasu R, Inami M,
Kimura M, et al. Regulation of allergic airway inflammation
through Toll-like receptor 4-mediated modification of mast cell
function. Proc Natl Acad Sci U S A. 2006;103:2286-2291.
Hoshino K, Takeuchi O, Kawai T, Sanjo H, Ogawa T, Takeda Y,
et al. Cutting edge: Toll-like receptor 4 (TLR4)-deficient mice
are hyporesponsive to lipopolysaccharide: evidence for TLR4 as
the Lps gene product. J Immunol. 1999;162:3749-3752.
Yamashita M, Ukai-Tadenuma M, Kimura M, Omori M, Inami
M, Taniguchi M, et al. Identification of a conserved GATA3
response element upstream proximal from the interleukin-13
gene locus. J Biol Chem. 2002;277:42399-42408.

Inami M, Yamashita M, Tenda Y, Hasegawa A, Kimura M,
Hashimoto K, et al. CD28 costimulation controls histone
hyperacetylation of the interleukin 5 gene locus in developing
Th2 cells. J Biol Chem. 2004;279:23123-23133.

Lee HJ, O’Garra A, Arai K, Arai N. Characterization of cis-
regulatory elements and nuclear factors conferring Th2-specific
expression of the IL-5 gene: a role for a GATA-binding protein.
J Immunol. 1998;160:2343-2352.

Zhang DH, Yang L, Ray A. Differential responsiveness of the
IL-5 and IL-4 genes to transcription factor GATA-3. J Immunol.
1998;161:3817-3821.

Schwenger GT, Fournier R, Kok CC, Mordvinov VA, Yeoman
D, Sanderson CJ. GATA-3 has dual regulatory functions in
human interleukin-5 transcription. J Biol Chem. 2001;276:
48502-48509.

Migliaccio AR, Rana RA, Sanchez M, Lorenzini R, Centurione
L, Bianchi L, et al. GATA-1 as a regulator of mast cell differen-
tiation revealed by the phenotype of the GATA-1low mouse
mutant. J Exp Med. 2003;197:281-296.

Harigae H, Takahashi S, Suwabe N, Ohtsu H, Gu L, Yang Z,
et al. Differential roles of GATA-1 and GATA-2 in growth and
differentiation of mast cells. Genes Cells. 1998;3:39-50.





