












LPS; in addition, the enhanced proliferation of LN cells was
blocked completely by treatment with the inhibitor (Fig. 5E). In
terms of the production of Th1 and Th17 cytokines, both Th1
polarizing (IL-12p70) and Th17 polarizing (IL-6) cytokines in

BAL fluid 24 h after sensitization decreased significantly in OVA/
LPS-sensitized inhibitor-treated mice compared with sham-treated
mice sensitized in the same manner (Fig. 5F). Moreover, the
proportion of IL-12- and IL-6-producing DCs in lung tissues,

FIGURE 5. VEGFR-mediated signaling during sensitization plays a key role in the development of innate immune response induced by airway exposure
of LPS. A–G, Evaluation (n � 5 each group) was performed in C57BL/6 WT mice after sensitization three times on days 0, 1, and 2. A, BAL cellularity
(left) and lung CD11b� and CD11c� cells in lung tissues (right) 24 h after sensitization following treatment with 10 mg/kg SU5416 (SU). B, The proportion
of annexin V� cells in lung tissues 24 h after sensitization. C, Numbers of lung CD11c� cells (DC) expressing costimulatory molecules, such as MHC class
II, CD40, and CD86, 24 h after sensitization. D, The proportion of CD11c� and CD11c� MHC class IIhigh cells in lung-draining LNs 24 h after sensitization.
E, Ratio of thymidine uptake of T cells isolated from lung-draining LNs 72 h after stimulation with OVA (100 �g/ml) or PBS; cells were isolated 72 h
after sensitization. F, Levels of IL-12p70 and IL-6 in BAL fluid 24 h after sensitization following treatment with 10 mg/kg SU5416 (SU). G, The proportion
of IL-12- and IL-6-producing cells in lung tissues 24 h after sensitization. For all figures: �, p � 0.05 compared with mice sensitized with OVA alone; ��,
p � 0.05 compared with the other groups.
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enhanced by LPS, was completely blocked by treatment of the
inhibitor (Fig. 5G). These findings indicate that VEGF and its re-
ceptor-mediated signaling play an important role in the prolifera-
tion of naive T cells, possibly via enhancing DC maturation and
migration into regional LNs, and that VEGFR signaling is also
important for primed T cells to differentiate to Th1 and Th17 cells,
possibly via up-regulation of the production of Th1 and Th17 po-
larizing cytokines.

Discussion
There is increasing evidence that inflammatory mechanisms other
than eosinophilic inflammation (noneosinophilic asthma) are in-
volved in the pathogenesis of asthma (11, 27). In addition, a Eu-
ropean Network for Understanding Mechanisms of Severe Asthma
(ENFUMOSA) cross-sectional European multicenter study indi-
cated that patients with more severe disease differ from the mild to
moderate group by having increased sputum neutrophil counts
(28). For more than 20 years, immunologists have divided helper
T cells into two functional subsets: Th1 and Th2 cells (29). In
terms of the role of T cell-derived cytokines in the development of
noneosinophilic asthma, there is a great deal of evidence that neu-
trophilic inflammation, especially in severe asthma, is related to
Th1 cytokine expression (IFN-�) rather than to Th2 cytokines (11,
30). Our animal studies demonstrated that noneosinophilic asthma
induced by LPS-containing allergens is partly dependent on IFN-�
(11), indicating that the allergen-specific Th1 immune response is
important in the development of noneosinophilic inflammation.
Recently, Th17 cells producing IL-17 have been identified (15);
IL-17 acts in vitro and in vivo as a potent mediator of the devel-
opment of neutrophilic inflammation (17). Unfortunately, the pre-

cise role of the Th17 immune response in the development of
neutrophilic inflammation that characterizes noneosinophilic or se-
vere asthma is still unknown. The present data show that, on ex-
posure to LPS-containing allergens, noneosinophilic inflammation
in the airways is partly mediated by allergen-specific Th17 im-
mune responses. These findings suggest that both Th1 and Th17
immune responses are important in the development of noneosi-
nophilic asthma, whereas Th2 immune responses are important in
eosinophilic asthma.

The mechanism by which Th17 cells are polarized from naive T
cells has been studied extensively; IL-6, in synergy with TGF-�,
induces IL-17 expression in T cells via the STAT3-ROR�t path-
way (31). Our in vivo study shows that the production of IL-6 is
enhanced by high-dose LPS, but not by a low dose. Moreover, the
Th17 immune response induced by an allergen plus high-dose LPS
is abolished in IL-6-deficient mice. These findings indicate that, on
exposure to LPS-containing allergens, IL-6 is a key mediator in the
development of the allergen-specific Th17 immune response.

VEGF is produced during the innate immune response induced
by LPS (32). VEGF is a potent mediator of vascular remodeling
and angiogenesis in the lung (23). In addition, overexpression of
VEGF in the airways augments T cell priming to inhaled allergens
along with enhanced expression of costimulatory molecules on
lung DCs (23). The present studies indicate that airway exposure
to high-dose (10 �g) LPS up-regulates the production of VEGF;
rVEGF enhances T cell priming on exposure to allergens alone.
Moreover, the present study shows that LPS-induced effects on the
T cell priming (e.g., recruitment of inflammatory cells, overex-
pression of costimulatory molecules on DCs and DC migration
into regional LNs, and subsequent proliferation of naive T cells)

FIGURE 6. Speculation regarding the immunopathogenesis of T cell priming to inhaled allergens and its polarization to Th1 and Th17 cells on exposure
to LPS-containing allergens. When a subject inhales LPS-containing allergens, pattern-recognition receptor (TLR4) signaling in airway epithelial cells and
DCs after binding LPS produces VEGF (A), which mediates the recruitment of inflammatory cells via VEGFR-mediated signaling in vascular endothelial
cells (B). After inflammatory cells are recruited into the lung, recruited monocytes and resident immature DCs are differentiated into mature DCs, in which
the expression of costimulatory molecules is enhanced via VEGFR-mediated signaling (C). During migration of mature DCs into lung-draining LNs which
is enhanced by VEGF, DCs gain the ability to produce IL-12p70 and IL-6 via VEGFR-mediated signaling (D). In lung draining LNs, mature DCs induce
proliferation of naive T cells via antigenic and costimulatory stimuli (E). Then, IL-12p70 and IL-6 produced by mature DCs induce differentiation of
activated T cells into Th1 and Th17 cells, respectively (F).
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are also blocked by treatment with the pan-VEGFR inhibitor.
These findings suggest that VEGF induced by LPS is a key me-
diator in the development of T cell priming to allergens on expo-
sure to LPS-containing allergens.

In terms of the effects of VEGF on the differentiation of primed
T cells, some evidence suggested that VEGF enhances Th1 polar-
ization (33), although the effects of VEGF on Th17 polarization
are wholly unknown. The present studies indicate that rVEGF en-
hances both Th1 and Th17 immune responses on exposure to al-
lergens alone. In addition, the present study shows that noneosi-
nophilic inflammation induced by allergen-specific Th1 and Th17
immune responses is abolished by blockade of VEGFR-mediated
signaling during Ag presentation. Moreover, the production of Th1
and Th17 polarizing cytokines enhanced by LPS was also blocked
by treatment with the pan-VEGFR inhibitor. These findings indi-
cate that VEGF produced by LPS exposure is involved in the dif-
ferentiation to Th1 and Th17 cells from primed T cells, via up-
regulation of the Th1 and Th17 polarizing cytokines.

In summary, we speculated on the immunological mechanisms of
T cell priming to inhaled allergens and then polarization to Th1 and
Th17 cells on exposure to LPS-containing allergens, as shown in Fig.
6. When a subject inhales LPS-containing allergens, pattern-recogni-
tion receptor (TLR4)–mediated signaling in airway epithelial cells and
DCs after binding LPS produces VEGF, which mediates the recruit-
ment of inflammatory cells mainly via VEGFR-mediated pathway in
vascular endothelial cells. Recruited monocytes and/or resident im-
mature DCs are differentiated into mature DCs, in which the expres-
sion of costimulatory molecules and migration into regional LNs are
enhanced via VEGFR-mediated signaling. During migration of ma-
ture DCs into lung draining LNs, DCs gain the ability to produce both
the Th1 (IL-12) and Th17 (IL-6) polarizing cytokines via VEGFR-
mediated pathway. In lung-draining regional LNs, mature DCs induce
proliferation of naive T cells via antigenic and costimulatory stimuli
and then proliferated T cells are differentiated into Th1 and Th17 cells
via IL-12 and IL-6 produced by VEGF and VEGFR-mediated path-
ways in mature DCs.
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