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Tenascin C (TN-C) is an extracellular matrix glycoprotein whose expression is increased
in several inflammatory diseases of the lung, including bronchial asthma. However, the
exact function of TN-C in the pathogenesis of lung inflammation remains unclear. In the
present study, we compared the degree of bronchial asthma in wild-type and TN-C-
deficient (-/-) BALB/c mice. Bronchial asthma was induced by sensitization and
challenge with ovalbumin. Littermates treated with saline were used as controls.
Cytokines in bronchoalveolar lavage fluid and plasma were measured by enzyme
immunoassays. The number of eosinophils in the lung was significantly increased in
wild-type mice compared with TN-C-knockout mice. Airway hyperreactivity, NF-xB
activation and concentrations of monocyte chemoattractant protein-1, IL-5, IL-13,
metalloproteinase-9 and immunoglobulin-E in the bronchoalveolar lavage fluid were
significantly decreased in ovalbumin-sensitized/challenged TN-C-knockout mice
compared with their wild-type counterparts. In vitro experiments disclosed that
TN-C significantly stimulates the secretion of IL-5, IL-13, IFN-y and immunoglobulin-E
from spleen lymphocytes. These observations suggest that TN-C is involved in the
pathogenesis of bronchial asthma.
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Table 1. Cell count in bronchoalveolar lavage fluid

Clinical immunology

WT/SAL WT/OVA KO/SAL KO/OVA
Total cell count (x 10°/mL) 2.640.2 10.241.1 % 3.340.6 7.340.9 9 ®)
Macrophages (x 10%/mL) 237.3+19.2 485.3+88.3%) 299.0+0.6 441.740.8
(91.3£1.1%) (49.8+6.8%) (91.2+1.2%) (62.8£6.9%) @
Lymphocytes (x 10%/mL) 19.8+3.4 197.2439.2 26.9+7.7 123.3+30.1
(7.3+1.0%) (19.342.3%) @ (7.440.9%) (16.142.9%) @
Eosinophils (x 10°/mL) 2.7+0.8 334.1483.4 @ 2.140.5 154.7+49.6 ©
(1.140.3%) (30.3+5.1%) (0.840.2%) (19.244.2%) @ ®
Neutrophils (x 10%/mL) 0.8+0.3 894319 2.141.1 12.0+3.9 ¥

(0.3+0.1%)

(0.940.3%) ¥

(0.440.1%) (1.940.5%)

3 p<0.05, compared to saline-treated group
b p<0.05, compared to WT/OVA group

longed survival and priming of eosinophils [2]. Th2
cytokines may also cause thickening of the airway wall
not only through their pro-inflammatory effects but also
by their ability to enhance the tissue deposition of
extracellular matrix proteins (e.g., fibrillar collagens,
elastin, entactin, proteoglycan, fibronectin, tenascins)
and the secretion of growth factors. Since airway wall
thickening contributes to hyperresponsiveness [3], Th2
cytokines may also play an important role in the
mechanism of airway obstruction and hyperreactivity
in patients with bronchial asthma.

The tenascins (TN) belong to a family of extracellular
matrix proteins that includes TN-C, TN-N, TN-R, TN-X,
TN-Y and TN-W [4]. The prototypic family member is
TN-C. Structurally, TN-C is a hexameric glycoprotein
with six arms emanating from a central core [4]. The
arms are linked through their N-termini, each of them
being composed of epidermal growth factor-like repeats,
fibronectin type III-like domains and, at the C-terminus,
a fibrinogen-like globular domain [4]. TN-C expression
is high during embryogenesis and organogenesis but is
less abundant and restricted in normal adult organs [4].
TN-C reappears in the adult under pathological condi-
tions such as inflammation, infection and tumorigenesis
and during tissue involution, wound healing, neovascu-
larization and biomechanical stress [5]. In the normal
lung, expression of TN-C may be absent or weakly
detected in small vessels and basement membrane of
large bronchi [6]. However, patients with asthmatic
inflammation have enhanced TN-C expression in the
subepithelial extracellular matrix, and it is correlated
with the grade of bronchial infiltration of mast cells and
eosinophils [6-9]. The inflamed bronchial mucosa of
smokers is associated with a thickening of TN-C-positive
layers [10]. Strong lung tissue expression and high
intraalveolar levels of TN-C have also been reported in
patients with interstitial lung diseases such as usual
interstitial pneumonia and sarcoidosis [11, 12]. TN-C is
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particularly abundant in areas with active inflammation
and fibroblast foci as well as in the basement membrane
of epithelial cells lining honeycomb cysts [13]. The
biological significance of TN-C reappearance during
inflammation remains enigmatic. To clarify this point,
we compared the development of bronchial asthma in
TN-C-knockout (KO) and wild-type (WT) mice.

Results

Inflammatory cells in the lung

The total number of cells and the number of macro-
phages, lymphocytes, eosinophils and neutrophils in
bronchoalveolar lavage fluid (BALF) were significantly
enhanced in ovalbumin (OVA)-treated mice (WT/OVA,
KO/OVA) as compared to saline (SAL)-treated mice
(WT/SAL, KO/SAL). The total number of cells and the
number of eosinophils in BALF were significantly
decreased in KO/OVA mice as compared to WT/OVA
mice (Table 1).

Histopathological findings

The lung of WT/OVA and KO/OVA mice showed severe
alveolar and bronchial infiltration of inflammatory cells
compared with control mice (WT/SAL, KO/SAL). There
was significant cellular infiltration in perivascular and
peribronchial areas in WT/OVA compared with KO/OVA
mice (Fig. 1A, B). There was no difference between WT/
SAL and KO/SAL groups. The goblet cell production as
measured by periodic acid Schiff-positive stained areas
in the airway mucosa was significantly enhanced in WT/
OVA and KO/OVA groups compared with WT/SAL and
KO/SAL mice, respectively. Goblet cell production was
significantly enhanced in the WT/OVA group compared
with the KO/OVA group. No difference was found
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between WT/SAL and KO/SAL groups (Fig. 2A, B).
Immunohistochemical staining of TN-C revealed in-
creased deposition of TN-C antigen in the extracellular
matrix of peribronchiolar and perivascular areas in WT/
OVA mice as compared to WT/SAL mice (Fig. 3). TN-C
expression was absent in the KO/OVA and KO/SAL
groups.
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BALF levels of MCP-1 and MMP-9

Chemokine monocyte chemoattractant protein-1 (MCP-
1) and metalloproteinase-9 (MMP-9) have been im-
plicated in leukocyte infiltration and extracellular
matrix degradation, respectively, in bronchial asthma
[2]. The level of MCP-1 in BALF was significantly
increased in WT/OVA mice as compared to WT/SAL

P<0.0001
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Figure 1. Decreased lung cell infiltration in TN-C-KO mice. WT (WT/OVA) and TN-C-deficient (KO/OVA) mice were sensitized and
challenged with OVA. WT (WT/SAL) and TN-C-deficient (KO/SAL) mice sensitized and challenged with saline were used as control
animals. (A) Histological sections were stained with Giemsa-eosin. Representative photomicrographs of lung pathological findings
are shown. There is infiltration of mononuclear cells (arrows) and eosinophils (arrowheads) in the WT/OVA and KO/OVA groups.
Bars indicate 50 um. (B) The number of cells was counted by WinRoof image analyzer software as described in the Materials and
methods. There was significant difference between mice treated with saline and OVA and between WT/OVA and KO/OVA mice.
ANOVA with Fisher's predicted least significant difference test was used for statistical analysis. Values represent the mean + SEM.
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controls (Fig. 4A). Significant statistical difference was
found between the WT/OVA and KO/OVA groups but
not between KO/OVA and KO/SAL mice. The level of
MMP-9 in BALF was significantly elevated in WT/OVA

A

[WT/SAL 2.5

B/ Y
v

Clinical immunology

mice as compared to WT/SAL and KO/OVA mice.
Significant difference was also found between the KO/

SAL and KO/OVA groups (Fig. 4B).
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Figure 2. Goblet cell production is decreased in TN-C-KO mice. WT (WT/OVA) and TN-C-deficient (KO/OVA) mice were sensitized
and challenged with OVA. WT (WT/SAL) and TN-C-deficient (KO/SAL) mice sensitized and challenged with saline were used as
control animals. (A) Representative photomicrographs of lung histological sections stained with periodic acid Schiff are shown.
Areas stained with periodic acid Schiff (arrows) are increased in WT/OVA and KO/OVA mice. Bars indicate 50 pm. (B) The periodic
acid Schiff-positive areas were measured using WinRoof image analyzer software and are expressed as the percentage of the total
bronchial area. There was significant difference between mice treated with saline and OVA and between WT/OVA and KO/OVA
mice. ANOVA with Fisher's predicted least significant difference test was used for statistical analysis. Values represent the mean +

SEM.
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Figure 3. Immunohistochemical staining of TN-C in WT mice with asthmatic inflammation. WT (WT/OVA) and TN-C-deficient
(KO/OVA) mice were sensitized and challenged with OVA. WT (WT/SAL) and TN-C-deficient (KO/SAL) mice sensitized and
challenged with saline were used as controls. Expression of TN-C antigen was enhanced in the extracellular matrix, particularly in
areas surrounding bronchioles (arrows) and small vessels (arrowheads) from WT/OVA mice as compared to WT/SAL mice. TN-C
expression was absent in the KO/OVA and KO/SAL groups. Bars indicate 50 um.
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Figure 4. Reduced levels of MCP-1 and MMP-9 in BALF from TN-C-KO mice. WT (WT/OVA) and TN-C-deficient (KO/OVA) mice were
sensitized and challenged with OVA. WT (WT/SAL) and TN-C-deficient (KO/SAL) mice sensitized and challenged with saline were
used as controls. The concentration of MCP-1 (A) was measured by immunoassay, and MMP-9 (B) was measured using a
commercial kit as described in the Materials and methods. There was significant difference between WT/SAL and WT/OVA mice
and between WT/OVA and KO/OVA mice. The level of neither MCP-1 nor MMP-9 in BALF was significantly different between WT/
SAL and KO/SAL mice. ANOVA with Fisher's predicted least significant difference test was used for statistical analysis. Values
represent the mean + SEM.
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Th2 and Th1 cytokines

The concentration of IL-5 in BALF was significantly
elevated in WT/OVA and KO/OVA mice as compared to
WT/SAL and KO/SAL mice, respectively. There was also
significant statistical difference in the BALF level of IL-5
between the WT/OVA and KO/OVA groups (Fig. 4A).
The plasma concentration of IL-5 was significantly
increased in the WT/OVA group compared with the WT/
SAL and KO/OVA groups, but no significant difference
was observed between KO/SAL and KO/OVA mice
(Fig. 4A). The concentration of IL-13 in BALF and
plasma was significantly enhanced in the WT/OVA
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Figure 5. Reduced Th2 cytokine levels in TN-C-KO mice. WT
(WT/OVA) and TN-C-deficient (KO/OVA) mice were sensitized
and challenged with OVA. WT (WT/SAL) and TN-C-deficient
(KO/SAL) mice sensitized and challenged with saline were used
as controls. The concentrations of IL-5 (A) and IL-13 (B) were
measured using commercial immunoassay kits. There was
significant difference between WT/SAL and WT/OVA mice and
between WT/OVA and KO/OVA mice. The BALF and plasma
concentrations of IL-5 and IL-13 were not significantly different
between WT/SAL and KO/SAL mice. ANOVA with Fisher's
predicted least significant difference test was used for
statistical analysis. Values represent the mean + SEM.
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group as compared to the WT/SAL and KO/OVA groups
(Fig. 5B). No marked changes in the BALF and plasma
concentrations of IFN-y were detected among the
different groups (data not shown).

IgE levels in BALF

The concentrations of total IgE and OVA-specific IgE in
BALF were significantly elevated in WT/OVA as
compared to WT/SAL and KO/OVA mice (Fig. 6A).
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Figure 6. The BALF level but not the plasma level of IgE is
reduced in TN-C-KO mice. WT (WT/OVA) and TN-C-deficient
(KO/OVA) mice were sensitized and challenged with OVA. WT
(WT/SAL) and TN-C-deficient (KO/SAL) mice sensitized and
challenged with saline were used as control animals. The BALF
(A) and plasma (B) concentrations of total IgE and OVA-specific
IgE were measured by immunoassay. The concentrations of
total IgE and specific IgE in BALF were different between WT/
SAL and WT/OVA mice and between WT/OVA and KO/OVA
mice. The plasma concentrations of total IgE and specific IgE
were different between mice treated with saline and OVA but
not between WT/OVA and KO/OVA mice. The BALF and plasma
concentrations of total IgE and OVA-specific IgE were not
significantly different between WT/SAL and KO/SAL mice.
ANOVA with Fisher's predicted least significant difference test
was used for statistical analysis. Values represent the mean +
SEM.
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The concentration of total IgE but not that of OVA-
specific IgE was markedly increased in BALF from KO/
OVA as compared to KO/SAL mice (Fig. 6A); this
discrepant result may be due to low sensitivity of the
immunoassay used to measure OVA-specific IgE. An
increased concentration of OVA-specific IgE was found
in plasma from WT/OVA and KO/OVA mice, but it was
undetectable in that from WT/SAL and KO/SAL mice
(Fig. 6B). The plasma concentration of total IgE was
significantly increased in WT/OVA and KO/OVA mice
compared with WT/SAL and KO/SAL mice, respectively.
The concentration of neither OVA-specific IgE nor total
IgE in plasma was significantly different between WT/
OVA and KO/OVA mice (Fig. 6B).

Airway hyperresponsiveness

Penh values increased significantly in mice in the WT/
OVA and KO/OVA groups as compared to their respective
saline-treated controls. The penh values were signifi-
cantly higher in WT/OVA mice as compared to KO/OVA
mice after inhalation of 20 mg/mlL methacholine
(Fig. 7A). We also measured airway pressure in WT/
SAL and KO/SAL mice after saline inhalation and in WT/
OVA and KO/OVA mice after methacholine (20 mg/mL)
inhalation using a respirator. The airway pressure was
significantly increased in WT/OVA mice as compared to
WT/SAL and KO/OVA mice, but no significant difference
was observed between WT/SAL and KO/SAL mice
(Fig. 7B).

Effect of TN-C on cytokine and IgE expression

Lymphocytes from spleen were cultured in 24-well
plates coated with fibronectin active fragment in the
presence or absence of TN-C. The presence of TN-C
significantly increased secretion of IL-5, IL-13, IFN-y and
IgE from lymphocytes (Fig. 8A).

NF-kB activation

The binding capacity of NF-kB oligonucleotide to
nuclear proteins was significantly increased in WT/
OVA mice as compared to WT/SAL mice. No difference
in NF-kxB activation was observed between the KO/OVA
and KO/SAL groups. The binding activity of NF-kB was
significantly decreased in KO/OVA mice compared with
WT/OVA mice (Fig. 8B, C).

Discussion
The results of the present study show that mice deficient
in TN-C have significantly reduced eosinophilic airway

inflammation, less expression of Th2 cytokines, MMP-9
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and MCP-1 in the lung and decreased airway hyperre-
sponsiveness in comparison with WT mice, suggesting
the involvement of TN-C in the pathogenesis of
asthmatic inflammation.

The airway with asthmatic inflammation is char-

acterized by infiltration of leukocytes, sloughing of
surface epithelial cells, edema, hyperplasia of mucus-
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Figure 7. Decreased hyperresponsiveness in TN-C-KO. WT
(WT/OVA) and TN-C-deficient (KO/OVA) mice were sensitized
and challenged with OVA. WT (WT/SAL) and TN-C-deficient
(KO/SAL) mice sensitized and challenged with saline were used
as controls. (A) Enhanced pause (penh) was measured by
plethysmography as marker of hyperresponsiveness. Before
measurement of penh, WT/SAL and KO/SAL mice inhaled
saline, and WT/OVA and KO/OVA mice inhaled methacholine
as indicated. There was significant difference between WT/SAL
and WT/OVA mice, KO/SAL and KO/OVA mice as well as WT/
OVA and KO/OVA mice but not between WT/SAL and KO/SAL
mice. ANOVA with Fisher's predicted least significant differ-
ence test was used for statistical analysis. Values represent the
mean + SEM. (B) Airway pressure was measured after tracheal
cannulation and connection of mice to a respirator. Before
measurement of airway pressure, WT/SAL and KO/SAL mice
inhaled saline and WT/OVA and KO/OVA mice inhaled 20 mg/
mL methacholine. There was significant difference between
WT/OVA and KO/OVA mice but not between WT/SAL and KO/
SAL mice. ANOVA with Fisher's predicted least significant
difference test was used for statistical analysis. Values
represent the mean + SEM.
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secreting goblet cells and enhanced deposition of
extracellular matrix proteins such as collagens, entactin,
laminin, proteoglycans and TN-C in the airways [2, 3].
The detection of TN-C in particular is a characteristic
feature of asthmatic inflammation because it is absent or
only slightly expressed in the normal adult airway [4].
However, the role of newly expressed TN-C in bronchial
asthma is still unknown. In the present study, we
compared the degree of allergic inflammation in TN-C
and WT mice to clarify the role of TN-C expression in
bronchial asthma. The results show that TN-C-deficient
mice have reduced numbers of eosinophils and a
decreased concentration of IgE in BALF as well as fewer
inflammatory cells in the lung as compared to WT mice
after sensitization and challenge with OVA. The fact that
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the plasma level of IgE was similar in OVA-sensitized/
challenged WT and TN-C-KO mice indicates that
differences in allergic inflammation between the two
genotypes were not due to differences in systemic
sensitization. In addition, we found that TN-C is capable
of enhancing the secretion of IgE from lymphocytes in
vitro. Overall, these observations suggest that TN-C
plays a role in the pathogenesis of allergic inflammation
in bronchial asthma.

Activation of T lymphocytes, in particular of CD4™
T cells, is a fundamental event in the mechanism of
asthmatic inflammation [2]. Different functional sub-
sets of CD4™" T cells termed Th1, Th2 and ThO have been
identified, the activation of Th2 cells being predominant
in asthma. Th2 cytokines including IL.-4, IL-5 and IL-13
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Figure 8. TN-C stimulates cytokine secretion from lymphocytes and NF-kB activation in the lung. (A) Lymphocytes were isolated
from mouse spleen and cultured in the presence of TN-C for 24 h. Cytokine concentrations were measured using commercial
immunoassay kits. TN-C (20 pg/mL) significantly stimulated the secretion of IL-5, IL-13, IFN-y and IgE from spleen lymphocytes.
Mann-Whitney U test was used for statistical analysis. Values represent the mean + SEM. (B) WT (WT/OVA) and TN-C-deficient
(KO/OVA) mice were sensitized and challenged with OVA. WT (WT/SAL) and TN-C-deficient (KO/SAL) mice sensitized and
challenged with saline were used as control animals. Lung tissue was isolated, and nuclear protein was prepared for gel shift
assays. A representative gel is shown. (C) Densitometric analysis of NF-xB bands was performed using the public domain NIH
(version 1.6) image analyzer software for Macinstosh. There was difference between WT/OVA and KO/OVA mice. Mann-Whitney U
test was used for statistical analysis. Bars represent the mean density from three animals per group.
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trigger the initiation and progression of the inflamma-
tory response in asthma [2]. The infiltration of
lymphocytes in asthma preferentially occurs in the
bronchial wall, which is also the preferential localization
of TN-C expression in the lung [6, 14, 15]. Several effects
of TN-C on lymphocytes have been reported. For
example, it has been reported that TN-C can stimulate
the motility and migration of lymphocytes by retarding
their attachment and spreading on extracellular matrix
(e.g. fibronectin, laminin) and by stimulating tethering
and rolling of lymphocytes [16]. TN-C was also shown to
induce calcium mobilization and secretion of inflam-
matory cytokines from cultured lymphomononuclear
cells [17, 18], suggesting that TN-C may be involved in
lymphocyte trafficking and positioning on inflamed
bronchial mucosa. To further clarify the effect of TN-C
on lymphocyte function in asthma, we evaluated the
levels of Thl and Th2 cytokines in TN-C-KO mice in
comparison with their WT counterparts. We found that
the levels of IL-5 and IL-13 in BALF were significantly
reduced in OVA-sensitized/challenged TN-C-KO mice as
compared to their WT counterparts and that TN-C can
stimulate the secretion of IL-5 and IL-13 from lympho-
cytes. Overall, these observations indicate that TN-C
may be involved in the pathogenesis of asthmatic
inflammation by affecting the distribution and activa-
tion of lymphocytes.

Enhanced deposition of matrix proteins in the airway
walls including that of TN-C may result from accelerated
degradation and synthesis of connective tissue compo-
nents [19]. Excessive degradation of connective tissue
constituents provokes disproportionate and dysregu-
lated deposition of newly formed matrix proteins, which
may ultimately cause bronchial wall thickening and
obstruction. The family of matrix metalloproteinases
(MMP) is the main modulator of extracellular matrix
proteolysis [20]. Previous studies demonstrated that TN-
C is capable of stimulating the expression of MMP, in
particular MMP-9, and thus it is conceivable that its
overexpression favors the degradation and consequently
the accumulation of matrix proteins such as collagen
and fibronectin in the airways [21, 22]. The significant
correlation between TN-C deposition and increased
MMP-9 expression reported in patients with bronchial
asthma and the demonstration in the present study that
MMP-9 activity and airway hyperresponsiveness are
substantially reduced in TN-C-deficient mice compared
with their WT counterparts are consistent with the
possibility that TN-C expression is detrimental for the
airway walls in bronchial asthma [23]. Another
abnormality of the airway walls in bronchial asthma
is increased goblet cell production [2]. We found that
TN-C-deficient mice have less goblet cell production
than WT mice, implicating a role for TN-C in increased
production of mucin; however, whether TN-C stimulates
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goblet cell production needs to be demonstrated. The
size of the bronchial tree is another factor that may
affect conductivity in the asthmatic airways [24]. A
previous study demonstrated that TN-C-KO mice have
enlarged airspaces with reduced bronchial branching
compared with WT mice, pointing to the size of the
bronchial tree as a potential mechanism contributing to
the difference in airway pressure found in the present
study between WT/OVA and KO/OVA mice [25].
However, we found similar airway pressure in both
control groups (WT/SAL and KO/SAL), suggesting that
reduced bronchial branching is probably not a critical
factor for the difference in airway pressure found
between WT/OVA and KO/OVA mice.

MCP-1 is a C-C chemokine also involved in the
mechanism of asthmatic inflammation. MCP-1 may
promote allergic inflammation by stimulating the
recruitment of monocytes and lymphocytes, inducing
the release of histamine and leukotriene from mast cells
and basophils and enhancing Th2 polarization [26]. In
addition, MCP-1 may favor the accumulation of
extracellular matrix proteins in the airway walls by
stimulating the secretion of transforming growth factor-
betal and procollagens from fibroblasts [26]. Trans-
forming growth factor-betal is an important stimulator
of TN-C production, and thus MCP-1 may also increase
the secretion of TN-C by stimulating the secretion of
transforming growth factor-betal, further contributing
to enhancement of the allergic response in the airways
[22]. Expression of MCP-1 is regulated by activity of the
NF-kB family of transcription factors. In the present
study, we found a reduced concentration of MCP-1 in
BALF together with decreased activation of NF-kB in the
lung of TN-C-deficient mice compared with their WT
counterparts. These observations suggest the possible
involvement of TN-C in MCP-1 expression through
modulation of NF-kB activation.

In brief, the results of the present study show for the
first time that mice with TN-C deficiency are protected
from allergic inflammation, Th2 T cell activation and
hyperresponsiveness, suggesting a role for TN-C in the
pathogenesis of bronchial asthma. To the best of our
knowledge, this study also demonstrates for the first
time that TN-C enhances the secretion of Th2 cytokines
from lymphocytes. A recent study demonstrating that a
single nucleotide polymorphism in the fibronectin type
III-D domain of TN-C is associated with major risk for
developing asthma supports our present findings and
indicates that TN-C may also have a relevant role in the
pathogenesis of bronchial asthma in humans [27].
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Materials and methods

Reagents

OVA (grade V, >98% pure) and aluminum hydroxide were
from Sigma (St. Louis, MO). Fibronectin active fragment
(RGDS) was purchased from Peptide Institute (Osaka, Japan).
TN-C was purified from conditioned medium of the U-251MG
human glioma cell line [28]. All other chemicals and reagents
used were of the highest quality commercially available.

Animals

Mice deficient in TN-C, originally generated by Saga et al.,
were backcrossed with BALB/c mice for more than ten
generations [29]. Mice were maintained on a constant 12-h
light/12-h dark cycle in a temperature- and humidity-
controlled room and were given ad libitum access to food
and water. WT littermates were used as controls. Female mice
at an age between 8 and 10 wks were used in the experiments.
The Mie University's Committee on Animal Investigation
approved the experimental protocol.

Experimental groups

There were four treatment groups of animals: (1) OVA-
sensitized WT mice exposed to aerosolized OVA (WT/OVA,;
n=33), (2) non-sensitized mice that received i.p. injection of
saline and inhaled normal saline (WT/SAL; n=24), (3) OVA-
sensitized TN-C-KO animals exposed to aerosolized OVA (KO/
OVA; n=17) and (4) non-sensitized TN-C-KO mice that
received i.p. injection of saline and inhaled normal saline
(KO/SAL; n=13).

Animals and sensitization

Mice were sensitized by i.p. injection of 10 pg aluminum-
precipitated OVA on day 0 and booster injection on days 7 and
14 as described [30]. Control (non-sensitized) animals
received i.p. injection of normal saline following the same
schedule of aluminum-precipitated OVA injection.

Inhalation of OVA

A solution of 2% OVA (20 mg/mL) was prepared for
inhalational exposure. Sensitized mice were exposed to
aerosolized 2% OVA for 30 min/day on days 22, 23 and 24
and twice for 30 min on day 25. Aerosol of OVA was generated
using an AZWELL UN-511 ultrasonic nebulizer (Osaka, Japan).
During the exposure the animals were placed in a plastic
inhalation chamber, and filtered air was drawn through the
chamber at a flow rate of 17 L/min. The volume of the
chamber was about 17 L maintained under normoxic and
normocapnic conditions. Non-sensitized animals were exposed
to aerosolized normal saline following the same schedule.

BALF sampling

BALF samples were collected after i.p. injection of an overdose
of pentobarbital as described [30]. The total number of cells in
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BALF was measured using a nucleocounter from ChemoMetec
(Allergd, Denmark). The BALF supernatant was separated by
centrifugation and stored at —80°C until use for biochemical
analysis. For cell differential counting, BALF was centrifuged
using a cytospin, and the cells were stained with May-
Grunwald-Giemsa (Merck, Darmstadt, Germany).

Biochemical analysis

The concentrations of MCP-1, IFN-y and IL-5 were measured
using commercial EIA kits from BD Biosciences Pharmingen
(San Diego, CA). OVA-specific IgE was measured as previously
described [31]. The level of IL-13 was measured using an EIA
kit from Genzyme (Minneapolis, MN) following the instruc-
tions of the manufacturer. The activity of MMP-9 was
measured using a commercial kit (collagenase IV activity kit,
Yagai Incorporation, Yamagata, Japan) following the manu-
facturer's instructions.

Histological examination

Anaesthetized mice were thoracotomized, the pulmonary
circulation flushed with saline and the lungs removed. The
lung was perfused with 10% neutral buffered formalin and
fixed in formalin for 24 h before embedding in paraffin.
Sections of lung specimens 5 um thick were prepared and
stained with Giemsa-eosin (Merck) for cell counting or with
periodic acid Schiff (Muto Pure Chemicals, Tokyo, Japan) for
quantification of goblet cell production and were then
examined by light microscopy. Computer-assisted analysis of
cell count and goblet cell production was performed using an
Olympus BX50 microscope with a Plan objective, combined
with an Olympus DP70 Digital Camera (Tokyo, Japan) and
WinRoof image processing software (Mitani Corp., Fukui,
Japan) for Windows. Digitized and multispectral images of five
lung histological fields were taken from the WT/SAL, WT/
OVA, KO/SAL and KO/OVA groups by an investigator unaware
of the experimental group. A second blinded investigator then
counted the number of cells infiltrating the perivascular and
peribronchial areas or measured the total bronchial area and
the periodic acid Schiff-positive stained areas using the
WinRoof image processing software. Goblet cell production
is expressed as the percentage of the total bronchial area
positively stained with periodic acid Schiff.

In vitro effect of TN-C on cytokines and IgE expression

Fibronectin active fragment (50 ug/mL) in PBS was immobi-
lized on 24-well plates for 48 h. Lymphocytes were isolated
from the spleen of WT mice as previously described and
cultured in RPMI medium containing 10% FBS for 24 h [31].
After overnight serum starving, the spleen lymphocytes were
cultured in fibronectin-coated plates in the presence or
absence of TN-C (20 pg/mL) for 24 h. The cell supernatant
was then harvested for measurement of IL-5, IL-13, IFN-y and
IgE.
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Lung function test

We measured enhanced pause (Penh) as an indirect index of
airway resistance. Penh does not directly reflect lung
mechanics but has been shown to significantly correlate with
airway resistance, particularly in BALB/c mice. Penh was
measured using a whole body plethysmograph system (Buxco,
Sharon, CT) as previously described [32]. Measurements of
Penh were made after inhalation of saline and 10 and 20 mg/
mL methacholine. Airway pressure was also measured in a
separate experiment to confirm the data obtained through the
body plethysmography. WT/SAL (n=3) and KO/SAL (n=6)
mice received inhalation of saline, and WT/OVA (n=6) and
KO/OVA (n=7) mice received inhalation of 20 mg/mL
methacholine for 3 min before being connected under
profound anesthesia to a respirator by tracheal cannulation.
Airway pressure was measured using a physiological transdu-
cer and amplifier system (AP 600G, Nihon Kohden, Japan)
connected to the respirator (Model SN-480-7, Shinano, Tokyo,
Japan).

Immunohistochemistry

Immunohistochemical staining of TN-C was performed using
rabbit polyclonal anti-mouse TN-C and peroxidase-conjugated
anti-mouse IgG (1:500 M BL, Nagoya, Japan) following
methods previously described [33].

Electrophoretic mobility shift assay (EMSA)

Nuclear extracts from lung tissues were prepared as previously
described [30]. The double-strand DNA oligonucleotide probes
of NF-kB (Santa Cruz Biotechnology, Santa Cruz, CA) were
labeled and purified using commercial kits (Takara Megalabel,
Osaka, Japan) following the manufacturer's instructions. The
DNA binding reaction was performed in a 25-ul volume with
0.5 ng v*?P end-labeled oligonucleotide probe, 5 pg nuclear
protein extract, 20 mM Hepes-KOH (pH 7.9), 50 mM KCl,
0.5 mM EDTA, 0.5 mM dithiothreitol, 10% v/v glycerol,
0.5 mM phenylmethylsulfonyl fluoride and 1 mg/mL poly
dl/dC for 60 min. Protein-DNA complexes were run on 5%
native polyacrylamide gels electrophoresed at room tempera-
ture as described [30]. Competitive bindings assays were
carried out using unlabeled oligonucleotides. Dried gels were
then exposed to Kodak film.

Statistical analysis

All data are expressed as the mean + standard error (SE).
Statistical analyses were carried out using the StatView 4.5
package for Macintosh (Abacus Concepts, Berkeley, CA). The
statistical difference between variables was calculated by
analysis of variance with post hoc analysis using Fisher's
predicted least significant difference test. A p<0.05 was
considered as statistically significant.
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