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Rationale: Vascular endothelial growth factor (VEGF) and matrix
metalloproteinase-9 (MMP-9) are mediators of airway inflamma-
tion and remodeling in asthma.

Objectives: This study investigates a potential relationship between
VEGF and MMP-9, and the mechanisms by which VEGF signaling
regulates MMP-9 expression in asthma.

Methods: We evaluated whether levels of VEGF correlated with levels
of MMP-9 in the sputum of asthma patients, and the effect of
VEGF receptor inhibitors on MMP-9 expression in murine model of
asthma.

Measurements and Main Results: We have found that levels of VEGF
and MMP-9 are significantly higher in the sputum of patients with
asthmathan in healthy control subjects, and a significant correlation
is found between the levels of VEGF and MMP-9. This study with
the ovalbumin-induced model of asthma revealed the following
typical pathophysiologic features of asthma in the lungs: increased
numbers of inflammatory cells of the airways, airway hyperrespon-
siveness, increased vascular permeability, and increased levels of
MMP-9 and VEGF. Administration of VEGF receptor inhibitors re-
duced the pathophysiologic signs of asthma and decreased the
increased expression of MMP-9 after ovalbumin inhalation.
Conclusions: These results indicate that there is a close relationship
between VEGF and MMP-9 expression and that inhibition of VEGF
receptor down-regulates the expression of MMP-9. These findings
suggest that VEGF signaling regulates MMP-9 expression and plays
a critical role in initiation and maintenance of asthma.
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Bronchial asthma is a chronic inflammatory disease of the air-
ways that is characterized by exaggerated T-helper 2 (Th2) cell
inflammation and airway remodeling. Airway remodeling is due,
at least in part, to an excess of extracellular matrix deposition
in the airway wall, which leads to subepithelial collagen deposi-
tion (1). This airway remodeling has been speculated to be irre-
versible airway obstruction and one of the factors that makes it
difficult to treat patients with asthma (2). The histologic charac-
teristics of chronic inflammation include angiogenesis, increased
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connective tissue deposition, and cellular proliferation of myofi-
broblasts (3). An increase in vessel size, vessel number, and
vascular surface area, and the exaggerated expression of vascular
endothelial growth factor (VEGF), are documented in the asth-
matic airway (4-12). These vascular alterations have been sug-
gested to contribute to the airway obstruction or airway hyper-
responsiveness (13-15). VEGF is an endothelial cell-specific
mitogenic peptide and plays a key role in vasculogenesis and
angiogenesis (16). VEGF also increases vascular permeability
so that plasma proteins, including inflammatory mediators and
cells, can leak into the extravascular space to allow the migration
of inflammatory cells into the airways (14, 17, 18). VEGF is a
mediator of vascular and extravascular remodeling and inflam-
mation that enhances antigen sensitization and is crucial in adap-
tive Th2-cell-mediated inflammation; the inhibition of VEGF
receptor may be a good therapeutic strategy (7, 17, 19).

The matrix metalloproteinases (MMPs) are a large family
of zinc- and calcium-dependent endopeptidases, with distinct
substrate specificities, that can degrade most components of ex-
tracellular matrix. The MMPs play an important role in physio-
logic and pathologic processes, including extracellular matrix
turnover, tissue degradation and repair, cell migration, and in-
flammation. Of the MMP family, MMP-9 is one of the major
proteinases that are involved in airway inflammation and bron-
chial remodeling in asthma (20-22). In addition, MMP-9 induces
migration of eosinophils, lymphocytes, and neutrophils across
basement membranes (23-25). There are few data on the rela-
tionship between VEGF and MMP-9 in asthma, however, and
the mechanisms by which VEGF modulates MMP-9 expression
have not been clarified.

The present study evaluates whether levels of VEGF corre-
late with levels of MMP-9 in the sputum of patients with asthma.
An additional aim of the present study is to evaluate the effect
of VEGF receptor inhibitors on MMP-9 expression in murine
model of asthma. Some of the results of these studies have been
previously reported in the form of an abstract (26).

METHODS

Subjects

Nineteen asymptomatic patients with stable asthma and 19 patients with
acute asthma were recruited from the Chonbuk National University
Hospital (Table E1 of the online supplement). Eighteen normal healthy
subjects were also selected for this study. This study was approved by
the Ethics Committee of Chonbuk National University Medical School
and fully informed, written consent was obtained from each subject.

Sputum Collection and Processing

Spontaneous sputum samples were obtained. If spontaneous sputum
could not be obtained, induced sputum was obtained. Sputum induction
and processing were performed according to the method of Fahy and
colleagues (27), with slight modifications.

Measurements of VEGF and MMP-9 in Sputum

Levels of VEGF and MMP-9 were determined by enzyme immunoas-
says according to the manufacturer’s protocol (R&D Systems, Inc.,
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Minneapolis, MN). The hydrolytic activity of MMP-9 was measured by
gelatin-zymography, as previously described (28). Western blot analysis
of VEGF and MMP-9 in sputum was performed using 3 pg of sputum
protein from sputum supernatant.

Animals and Experimental Protocol

Female C57BL/6 mice, 8 to 10 wk of age and free of murine-specific
pathogens, were used. All experimental animals used in this study were
treated according to guidelines approved by the Institutional Animal
Care and Use Committee of the Chonbuk National University Medical
School. Mice were sensitized and challenged as previously described
(Figure E1) (29).

Administration of VEGF Receptor Inhibitors

Inhibitors of VEGF receptor tyrosine kinase were administered as
shown in Figure E1.

Western Blot Analysis

Western blot analysis of Th2 cell cytokine, VEGF, and MMP-9 in lungs
of mice was performed as described previously (29).

Measurement of Plasma Exudation

To assess lung permeability, Evans blue dye was used as described
previously (17).

Histology, Immunohistochemistry, and Immunocytochemistry

Histologic examination and immunohistochemistry and immunocyto-
chemistry of MMP-9 were performed as described previously (30).

Measurements of VEGF and pro-MMP-9 in Bronchoalveolar
Lavage Fluids
Levels of VEGF and pro-MMP-9 were quantified in the supernatants

of bronchoalveolar lavage (BAL) fluid by enzyme immunoassays ac-
cording to the manufacturer’s protocol (R&D Systems, Inc.).

Determination of Airway Responsiveness
Airway responsiveness was assessed as a change in airway function

after challenge with aerosolized methacholine via airways, as described
elsewhere (31).

Densitometric Analyses and Statistics

All immunoreactive and phosphorylation signals were analyzed by
densitometric scanning (Gel Doc XR; Bio-Rad Laboratories, Inc.,
Hercules, CA). Data were expressed as mean = SEM. For statistical
analysis in patients with asthma and in control subjects, the Kruskal-
Wallis analysis of variance test was used to examine significant in-
tergroup differences and, if significant, the Mann-Whitney U test was
used for between-group comparisons. Spearman rank correlation was
calculated to assess the correlation among data. Comparisons of the
time course of VEGF and MMP-9 in the sputum were made through
an analysis of variance and Scheffé test. For statistical analysis in mice,
one-way analysis of variance followed by the Scheffé test was used.
Significant differences between groups were determined using the un-
paired Student ¢ test. Statistical significance was set at p < 0.05.

RESULTS

Characteristics of Subjects and Cell Counts in Their Sputum

Mean ages of patients with stable asthma or acute asthma and
of healthy control subjects were similar (Table E1). Initial FEV,
values of patients with acute asthma (43 = 2.6% of predicted
values) were significantly lower than subjects with stable asthma
and healthy control subjects (90.2 = 1.4% and 103.8 = 1.5% of
predicted values, respectively; Table E1). Total cell count was
significantly greater in patients with acute asthma (Day 1) com-
pared with patients with stable asthma and healthy control sub-
jects (Table E2). The percentages of eosinophils were higher in
patients with stable asthma than in healthy control subjects. The
percentages of neutrophils, lymphocytes, and eosinophils were

greater in patients with acute asthma (Day 1) than in patients
with stable asthma.

VEGF Levels in Sputum

The levels of VEGF in sputum were significantly increased in
patients with stable asthma and even higher in patients with
acute asthma compared with healthy control subjects. The levels
of VEGF in patients with acute asthma were significantly higher
than in patients with stable asthma (Figures 1A and 1B). The
time course of VEGF levels in patients with acute asthma before
and during treatment is shown in Figures E2A and E2B. The
elevated VEGF levels on Day 1 had significantly decreased by
Day 3 and even further by Day 5 and Day 30. Consistent with
the results obtained from the enzyme immunoassay, Western
blot analysis revealed that the levels of VEGF were increased
in patients with stable asthma and were even higher in patients
with acute asthma compared with healthy control subjects. The
elevated VEGF levels in patients with acute asthma on Day 1
had significantly decreased by Day 5 and even further by Day
30. In healthy control subjects and in subjects with stable and
acute asthma, the levels of VEGF in sputum were significantly
correlated with the number of neutrophils and eosinophils
(Figures 2A and 2B).

MMP-9 Levels in Sputum

The levels of MMP-9 in sputum were significantly increased in
patients with stable asthma and were even higher in patients
with acute asthma compared with healthy control subjects. The
levels of MMP-9 in patients with acute asthma were significantly
higher than in patients with stable asthma (Figures 1C and 1D).
The time course of MMP-9 levels in patients with acute asthma
before and during treatment is shown in Figures E2C and E2D.
The elevated MMP-9 levels on Day 1 had significantly decreased
by Day 3 and even further by Day 5 and Day 30. Consistent
with the results obtained from the enzyme immunoassay, West-
ern blot analysis revealed that the levels of MMP-9 were in-
creased in patients with stable asthma and were even higher
in patients with acute asthma compared with healthy control
subjects. The elevated MMP-9 levels in patients with acute
asthma on Day 1 had significantly decreased by Day 5 and even
further by Day 30. In addition, zymographic analysis showed
the presence of the 92-kD pro-MMP-9 band (Figure 1E). The
activities of pro-MMP-9 were increased in patients with stable
asthma and were even higher in patients with acute asthma
compared with control subjects. In healthy control subjects and
in subjects with stable and acute asthma, the levels of MMP-9
in sputum were significantly correlated with the number of neu-
trophils and eosinophils (Figures 2C and 2D).

Correlation between VEGF and MMP-9 Levels in the Sputum
Obtained from Healthy Control Subjects and from Subjects
with Stable and Acute Asthma

In the sputum obtained from healthy control subjects and from
subjects with stable and acute asthma, the levels of MMP-9
correlated significantly with those of VEGF (Figure 3).

Correlation between the Concentrations of VEGF or MMP-9
in the Sputum and Percent-predicted FEV, in Healthy
Control Subjects and in Subjects with Stable and

Acute Asthma

The levels of VEGF or MMP-9 in sputum obtained from healthy
control subjects and from subjects with stable and acute asthma
were significantly inversely correlated with the percent-predicted
FEV, (Figures E3A and E3B).
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Figure 1. The levels of vascular endothelial growth factor (VEGF) and
matrix metalloproteinase-9 (MMP-9) in sputum obtained from healthy
control subjects and from subjects with stable and acute asthma. (A)
Enzyme immunoassay of VEGF. (B) Western blot analysis of VEGF. (C)
Enzyme immunoassay of MMP-9. (D) Western blot analysis of MMP-9.
(E) Gelatin zymography of pro-MMP-9. Bars represent the mean value.

VEGF Receptor Inhibitors Decreased VEGF Protein Expression
in BAL Fluids and Lung Tissues of Ovalbumin-sensitized

and -challenged Mice

Levels of VEGF in BAL fluids were increased significantly at

72 h after the last challenge compared with levels after saline
inhalation (Figure 4A). Administration of SU5614 or SU1498
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dramatically reduced the increased levels of VEGF in BAL
fluids (Figure 4A). Consistent with the results obtained from
the enzyme immunoassay, Western blot analysis showed that
the levels of VEGF in lung tissues were increased significantly
at 72 h after the last challenge compared with levels after saline
inhalation (Figures 4B and 4C). The increased levels of VEGF
in lung tissues were significantly reduced by the administration
of SU5614 or SU1498 (Figures 4B and 4C).

VEGF Receptor Inhibitors Reduced Plasma Extravasation in
Ovalbumin-sensitized and -challenged Mice

Evans blue dye assay revealed that plasma extravasation was
significantly increased at 72 h after the last challenge (Figure 5).
The increase in plasma extravasation at 72 h after ovalbumin
(OVA) inhalation was significantly reduced by the administra-
tion of SU5614 or SU1498.

VEGF Receptor Inhibitors Decreased MMP-9 Expression
in BAL Fluids and Lung Tissues of OVA-sensitized
and -challenged Mice

Levels of MMP-9 in BAL fluids were increased significantly at
72 h after the last challenge compared with levels after saline
inhalation (Figure 6A). Administration of SU5614 or SU1498
dramatically reduced the increased levels of MMP-9 in BAL
fluids (Figure 6A). Consistent with the results obtained from
the enzyme immunoassay, Western blot analysis showed that
the levels of MMP-9 in lung tissues were increased significantly
at 72 h after the last challenge compared with levels after saline
inhalation (Figures 6B and 6C). The increased levels of MMP-9
in lung tissues were significantly reduced by the administration
of SU5614 or SU1498 (Figures 6B and 6C). In addition, zymo-
graphic analysis showed that administration of SU5614 or
SU1498 decreased the increased levels of pro-MMP-9 in BAL
fluids at 72 h after OVA inhalation (Figure 6D).

Immunohistochemical analysis showed localization of immuno-
reactive MMP-9 in inflammatory cells and epithelial layers around
the bronchioles, and on inflammatory cells and debris in the airway
lumen of mice with OVA-induced asthma (Figure 7B), whereas
in the control mice, MMP-9 was hardly detected in inflammatory
cells around the bronchioles, and on inflammatory cells and debris
in the airway lumen (Figure 7A). OV A-sensitized and -challenged
mice treated with SU5614 or SU1498 resulted in a decrease of
immunoreactive MMP-9 localized in inflammatory cells around
the bronchioles, and on inflammatory cells and debris in the
airway lumen (Figures 7C and 7D).

Immunocytologic analysis of BAL fluids showed localization
of immunoreactive MMP-9 in the precipitated cells from OVA-
sensitized and -challenged mice (Figure 7F). Immunoreactive
MMP-9 was markedly reduced, however, in BAL cells from
control mice and from OV A-sensitized and -challenged mice
treated with SU5614 or SU1498 (Figures 7E, 7G, and 7H).

Effect of VEGF Receptor Inhibitors on Interleukin-4, -5,
and -13 Expression

Western blot analysis revealed that interleukin (IL)-4, -5, and
-13 protein levels in lung tissues were increased significantly at
72 h after OV A inhalation compared with the levels after saline
inhalation (Figures 8A and 8B). The increased IL-4, IL-5, and
IL-13 levels were significantly reduced by the administration of
SUS5614 or SU1498. Consistent with the results obtained from
the Western blot analysis, enzyme immunoassays showed the
significant increase in levels of IL-4, IL-5, and IL-13 in BAL
fluids at 72 h after OV A inhalation as compared with the levels
after saline inhalation. The increased IL-4, IL-5, and IL-13 levels
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were significantly reduced by the administration of SU5614 or
SU1498 (Figure 8C).

Effect of VEGF Receptor Inhibitors on Cellular Changes in
BAL Fluids

Numbers of total cells, eosinophils, lymphocytes, and neutrophils
were increased significantly at 72 h after OV A inhalation com-
pared with levels after saline inhalation (Figure 9). The increased
numbers of total cells, eosinophils, lymphocytes, and neutrophils
in BAL fluids were markedly reduced by the administration of
the VEGF receptor inhibitors SU5614 or SU1498.

Effect of VEGF Receptor Inhibitors on Pathologic Changes of
OVA-induced Asthma

Histologic analyses revealed typical pathologic features of
asthma in the OVA-exposed mice. Numerous inflammatory
cells, including eosinophils, infiltrated around the bronchioles,
the airway epithelium was thickened, and mucus and debris
had accumulated in the lumen of bronchioles (Figure 10B) as
compared with the control (Figure 10A). Mice treated with
SUS5614 (Figure 10C) or SU1498 (Figure 10D) showed marked
reductions in the thickening of airway epithelium, in the infiltra-
tion of inflammatory cells in the peribronchiolar region, in the
number of inflammatory cells, and in the amount of debris in
the airway lumen. Scores of peribronchial, perivascular, and total
lung inflammation were increased significantly at 72 h after OVA
inhalation compared with scores after saline inhalation (Figure
10E). The increased peribronchial, perivascular, and total lung
inflammation were substantially reduced by the administration
of SU5614 or SU1498. These results suggest that VEGF receptor
inhibitors inhibit antigen-induced inflammation in the lungs, in-
cluding the influx of eosinophils.

Sputum MMP-9 (ng/ml)

Effect of VEGF Receptor Inhibitors on Airway
Hyperresponsiveness of OVA-induced Asthma

Airway responsiveness was assessed as a percentage increase
of airway resistance (RL) in response to increasing doses of
methacholine. In OV A-sensitized and -challenged mice, the
dose-response curve of RL shifted to the left compared with
that of control mice (Figure 11). In addition, the RL produced
by methacholine administration increased significantly in the
OV A-sensitized and -challenged mice compared with the control

animals. OV A-sensitized and -challenged mice treated with
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Figure 3. Correlation between the concentrations of VEGF and MMP-9
in the sputum obtained from healthy control subjects and in subjects
with stable and acute asthma.
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Figure 4. Effect of SU5614 or SU1498 on VEGF protein expression in
bronchoalveolar lavage (BAL) fluids and lung tissues. (A) Enzyme immu-
noassay of VEGF in BAL fluids. Sampling was performed at 72 h after
the last challenge in saline aerosol-exposed mice administered saline
(SAL+SAL); ovalbumin (OVA) aerosol-exposed mice administered saline
(OVA+SAL); OVA aerosol-exposed mice administered drug vehicle (0.05%
dimethyl sulfoxide; OVA+VEH); OVA aerosol-exposed mice administered
SU5614 (OVA+SU5614); and OVA aerosol-exposed mice administered
SUT498 (OVA+SU1498). (B) Western blotting of VEGF in lung tissues.
(C) Densitometric analyses are presented as the relative ratio of VEGF
to actin. The relative ratio of VEGF in the lung tissues of SAL+SAL is
arbitrarily presented as 1. Data represent the mean + SEM from six
mice per group. *p < 0.05 versus SAL+SAL; *p < 0.05 versus OVA+SAL.

SU5614 or SU1498 showed a dose-response curve of RL that
shifted to the right compared with that of untreated mice. These
results indicate that VEGF receptor inhibitor treatment reduces
OVA-induced airway hyperresponsiveness.

DISCUSSION

VEGTF is a potent stimulator of inflammation, airway remodel-
ing, and physiologic dysregulation that augments antigen sensiti-
zation and Th2-cell inflammation (19). MMP-9 plays a role in
chronic airway inflammation and remodeling in asthma (20-25).
Few data are available, however, on a potential relationship
between VEGF and MMP-9 in the pathogenesis of asthma. This
study demonstrates that levels of VEGF and MMP-9 are signifi-

165
@ 50
=]
2 #
Pl #
E Z 7
g 30
2
T 20 . *
-]
3
2 10
i
©
>
0
W Sq, Ok Oy Oy O
. * * *
a4 Yy 8056‘74 8074.90

Figure 5. Effect of SU5614 or SU1498 on plasma exudation in OVA-
sensitized and -challenged mice. Mice were treated as described in
Figure E1. Sampling was performed at 72 h after the last challenge in saline
aerosol-exposed mice administered saline (SAL+SAL); OVA aerosol-
exposed mice administered saline (OVA+SAL); OVA aerosol-exposed mice
administered drug vehicle (OVA+VEH); OVA aerosol-exposed mice admin-
istered SU5614 (OVA+SU5614); and OVA aerosol-exposed mice ad-
ministered SU1498 (OVA+SU1498). Data represent the mean = SEM
from six mice per group. *p < 0.05 versus SAL+SAL; *p < 0.05 versus
OVA+SAL.

cantly higher in the sputum of patients with asthma than in
healthy control subjects, and a significant correlation is found
between VEGF and MMP-9 levels. These findings with human
subjects have further evaluated using a murine model of asthma
induced by OVA. The results have revealed that the asthma
model exhibits typical pathophysiologic features of asthma in
the lungs but also the increase in the levels of VEGF and MMP-9.
Moreover, administration of VEGF receptor inhibitors reduces
the pathophysiologic signs of asthma and the increased expres-
sion of MMP-9. Taken together, these observations have sug-
gested that VEGEF signaling regulates MMP-9 expression and
plays an important role in initiation and upholding of asthmatic
signs.

Bronchial asthma is characterized by inflammation of the
airways, which is usually accompanied by increased vascular
permeability, resulting in plasma exudation (32). Exudation of
plasma proteins into the airways plays a pivotal role in airway
inflammation, hyperresponsiveness, and asthmatic tissue edema
(13, 14, 33). A number of studies have indicated that expression
of VEGF is increased in asthma and overproduction of VEGF
can increase vascular permeability so that plasma proteins, in-
cluding inflammatory mediators, and inflammatory cells can leak
into the extravascular space to allow the migration of inflamma-
tory cells into the airways (7, 9, 14, 17-19, 34, 35). The present
study with human subjects has revealed that the levels of VEGF
are significantly increased in patients with stable asthma and
even higher in patients with acute asthma compared with healthy
control subjects. The levels of VEGF in the sputum of patients
with asthma during exacerbation were significantly higher com-
pared with remission days, and those levels decreased after
asthma therapy. In addition, the levels of VEGF in sputum were
closely correlated with the number of neutrophils and eosino-
phils. Consistent with these observations, we have found that
VEGF expression is up-regulated in OVA-induced asthma.
Moreover, administration of VEGF receptor inhibitors SU5614
or SU1498 decreases bronchial hyperresponsiveness, airway in-
flammation, the increased plasma exudation, and the overexpres-
sion of VEGF. The chemical inhibitors may inhibit other path-
ways nonspecifically. SU5614 is a potent inhibitor of VEGF and
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Figure 6. Effect of SU5614 or SU1498 on MMP-9 protein expression
in BAL fluids and lung tissues. (A) Enzyme immunoassay of MMP-9 in
BAL fluids. Sampling was performed at 72 h after the last challenge in
saline aerosol-exposed mice administered saline (SAL+SAL); OVA aerosol-
exposed mice administered saline (OVA+SAL); OVA aerosol-exposed mice
administered drug vehicle (OVA+VEH); OVA aerosol-exposed mice admin-
istered SU5614 (OVA+SU5614); and OVA aerosol-exposed mice adminis-
tered SUT498 (OVA+SU1498). (B) Western blotting of MMP-9 in lung
tissues. (C) Densitometric analyses are presented as the relative ratio
of MMP-9 to actin. The relative ratio of MMP-9 in the lung tissues
of SAL+SAL is arbitrarily presented as 1. (D) Gelatin zymography of
pro-MMP-9. Data represent the mean = SEM from six mice per group.
fp < 0.05 versus SAL+SAL; *p < 0.05 versus OVA+SAL.

platelet-derived growth factor receptor tyrosine kinases. It does
not have any effect on the epidermal growth factor and insulin-
like growth factor receptor tyrosine kinases. Previous studies
have demonstrated that SU5614 also has inhibitory activity on
other receptors, such as c-kit and FIt-3 (36-38). In addition,
SU1498 is a potent and selective inhibitor of Flk-1 kinase, a
VEGTF receptor kinase. It has only a weak inhibitory effect on
platelet-derived growth factor receptor, epidermal growth factor
receptor, and HER-2 kinase. The use of these two VEGF recep-
tor inhibitors may rule out the inhibitory effects of these chemi-
cals on other receptors except for VEGF receptor tyrosine ki-
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Figure 7. Localization of immunoreactive MMP-9 in lung tissues and
BAL fluids of OVA-sensitized and -challenged mice. Sampling was per-
formed at 72 h after the last challenge in saline aerosol-exposed mice
administered saline (A and E); OVA aerosol-exposed mice administered
saline (B and F); OVA aerosol-exposed mice administered SU5614 (C
and G); and OVA aerosol-exposed mice administered SU1498 (D and
H). (A-D) Representative light microscopy of MMP-9—positive cells in
the bronchioles; the brown color indicates MMP-9—positive cells. (E-H)
Representative light microscopy of MMP-9—positive cells in the BAL
fluids; the dark brown color indicates MMP-9—positive cells. Bars indicate
scale of 50 pm.

nase. In the present study, the plasma leakage and the migration
of inflammatory cells, which are the sources of VEGF produc-
tion, were blocked by administration of SU5614 or SU1498,
thereby inhibiting VEGF production. In addition, recent studies
have demonstrated that there is a positive feedback loop, with
VEGF enhancing Th2 sensitization, inflammation, and cytokine
elaboration, and IL-13 subsequently enhancing VEGF produc-
tion (19, 39). The data have also shown that inhibition of VEGF
activity by administration of VEGF receptor inhibitors decreases
Th2 inflammation and cytokine elaboration in OV A-sensitized
and -challenged mice, leading to inhibition of VEGF production.
Vega-Diaz and coworkers (40) have reported that the autocrine
action of VEGF seems to be mediated by the KDR receptor and
anti-KDR antibody blocks the VEGF message. Taken together,
these findings suggest that VEGF receptor inhibitors decrease
VEGF production through inhibition of migration and inflam-
matory responses of VEGF-producing cells or blocking of auto-
inductive VEGF pathway, and VEGF may play a crucial role
in the pathogenesis of patients with asthma.
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Figure 8. Effect of SU5614 or SU1498 on interleukin (IL)-4, IL-5, and
IL-13 in lung tissues and in BAL fluids of OVA-sensitized and -challenged
mice. Sampling was performed at 72 h after the last challenge in saline
aerosol-exposed mice administered saline (SAL+SAL); OVA aerosol-
exposed mice administered saline (OVA+SAL); OVA aerosol-exposed
mice administered drug vehicle (OVA+VEH); OVA aerosol-exposed mice
administered SU5614 (OVA+SU5614); and OVA aerosol-exposed mice
administered SU1498 (OVA+SU1498). (A) Western blotting of IL-4,
IL-5, and IL-13 in lung tissues. (B) Densitometric analyses are presented
as the relative ratio of each molecule to actin. The relative ratio of each
molecule in the lung tissues of SAL+SAL is arbitrarily presented as 1.
(C) Enzyme immunoassay of IL-4, IL-5, and IL-13 in BAL fluids. Bars
represent the mean = SEM from six mice per group. p < 0.05 versus
SAL+SAL; *p < 0.05 versus OVA+SAL.

A balance between expression of proteases and antiproteases,
particularly MMPs and their inhibitors, maintains homeostasis
between synthesis and degradation of extracellular matrix
components under normal conditions. The expression of these
proteases and antiproteases is critical in tissue repair and remod-
eling in some pulmonary inflammatory diseases (41-44). Previ-
ous studies have demonstrated that MMP-9 may play a role in
chronic airway inflammation, including induction of migration
of eosinophils, lymphocytes, and neutrophils across basement
membranes, and remodeling in asthma (20-25). Recently, we
have demonstrated that MMP-9 plays a crucial role in the infil-
tration of airway inflammatory cells and the induction of airway
hyperresponsiveness in toluene diisocyanate-induced asthma.
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Figure 9. Effect of SU5614 or SU1498 on total cells and differential
cellular components in BAL fluids of OVA-sensitized and -challenged
mice. The numbers of total cells and differential cellular components
of BAL from saline aerosol-exposed mice administered saline (SAL+SAL),
OVA aerosol-exposed mice administered saline (OVA+SAL), OVA aerosol-
exposed mice administered drug vehicle (OVA+VEH), OVA aerosol-exposed
mice administered SU5614 (OVA+SU5614), and OVA aerosol-exposed
mice administered SUT498 (OVA+SU1498) were counted at 72 h after
the last challenge. Bars represent the mean * SEM from six mice per
group. *p < 0.05 versus SAL+SAL; *p < 0.05 versus OVA+SAL.

The inhibition of MMP-9 may be a good therapeutic strategy
(45-47). The role of MMP-9 in asthmatic airways, however, is
still controversial. A recent study using MMP-9—-deficient mice
in an allergen-challenged model has demonstrated heightened
inflammation and airway responsiveness and suggested the role
of MMP-9 in the resolution of lung injury after antigen challenge
(48). In this study, the authors found that the levels of MMP-9
are significantly increased in patients with stable asthma and
even higher in patients with acute asthmatic patients compared
with healthy control subjects. The levels of MMP-9 in the sputum
of patients with asthma during exacerbation were significantly
higher compared with remission days, and those levels decreased
after asthma therapy. Moreover, the levels of MMP-9 in sputum
were significantly correlated with the number of neutrophils and
eosinophils. These findings indicate that MMP-9 may have an
important role in inducing and maintaining asthma.

In our study, a significant correlation has been found between
VEGF and MMP-9 levels in the sputum of healthy control sub-
jects, patients with stable asthma, and patients with acute asthma.
Reports showing a potential role of MMP-9 in pathogenesis of
the diseases have accumulated over the years, and it is now well
established that VEGF plays a critical role in asthma (7, 19).
Recently, Valable and coworkers (49) have shown that VEGF-
induced permeability is associated with the increase of an
MMP-9 activity in in vivo and in vitro models. Based on these
observations, we administered the VEGF receptor inhibitors
SUS5614 or SU1498 to examine their potential therapeutic effects
and to evaluate the effect of VEGF receptor inhibitors on
MMP-9 expression. The VEGF receptor inhibitors were effec-
tive at reversing all pathophysiologic signs examined and re-
duced the increased expression of MMP-9. One likely mecha-
nism for the effectiveness of SU5614 or SU1498 is that VEGF
can increase vascular permeability so that plasma proteins and
inflammatory cells, which are the sources of MMP-9, can leak
into the extravascular space to allow the migration of inflamma-
tory cells, including eosinophils, into the airways. The inhibition
of the plasma leakage and the migration of inflammatory cells
by administration of SU5614 or SU1498 resulted in reduction
of MMP-9 production. In addition, the MMP family has several
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Figure 10. Effect of SU5614 or
SU1498 on pathologic changes
in lung tissues of OVA-sensitized
and -challenged mice. (A-D)
Representative  hematoxylin-
and-eosin—stained sections of
the lungs. Sampling was per-
formed at 72 h after the last
challenge in saline aerosol-
exposed mice administered sa-
line (A); OVA aerosol-exposed
mice administered saline (B);
OVA aerosol-exposed mice
administered SU5614 (C); and
OVA aerosol-exposed mice ad-

[ peribronchial ministered SU1498 (D). Bars in-
# 4 4 # # perivascular dicate scale of 50 wm. (E) Peri-
—F- # — L total bronchial and perivascular lung
inflammation were measured at
o 72 h after the last challenge in
§ 24 saline aerosol-exposed mice ad-
o ministered saline (SAL+SAL);
'E OVA aerosol-exposed mice ad-
® . % . ministered saline (OVA+SAL);
E ud 3 T % OVA aerosol-exposed mice ad-
& 11 ministered drug vehicle (OVA
= +VEH); OVA aerosol-exposed
mice administered SU5614
(OVA+SU5614); and OVA
aerosol-exposed mice adminis-
= ]ﬁ- tered SU1498 (OVA+SU1498).
0 Total lung inflammation was
84(“ 01’4“ 0;,4“ olf.q“ okq’ defined as the average of the
84( Sa¢ b, Sus, Uy, peribronchial and perivascular
g iga H .

inflammation scores. Bars rep-
resent the mean * SEM from
six mice per group. “p < 0.05
versus SAL+SAL;, *p < 0.05

versus OVA+SAL.
500 points of interaction with the cytokine network. Inflammatory
'_a_' g?rli:ssili cytokines and growth factors, such as IL-13, tumor necrosis fac-
—O- OVA+VEH F: tor a, IL-1B, and IL-8, can regulate MMP-9 expression (50-53).
5 4001 :E_'gﬁi:gﬂfi;: # We have found that the increased IL-13 levels after OVA chal-
£ lenge were significantly reduced by the administration of SU5614
] 300 | or SU1498. These results suggest that VEGF receptor inhibition
@ reduces the specific cellular expression of MMP-9 by leukocytes
T through reducing inflammatory cytokines. These observations
2 200 strongly indicate that the inhibition of VEGF signaling is a poten-
:E tially powerful therapeutic strategy for asthma, partly mediated
- through regulation of MMP-9. These findings provide an impor-
e 1001 tant mechanism for the use of VEGF receptor inhibitors to prevent

or treat asthma and other airway inflammatory disorders.
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Figure 11. Effect of SU5614 or SUT498 on airway responsiveness of
OVA-sensitized and -challenged mice. Airway responsiveness was mea-
sured at 72 h after the last challenge in saline aerosol-exposed mice
administered saline (SAL+SAL); OVA aerosol-exposed mice adminis-
tered saline (OVA+SAL); OVA aerosol-exposed mice administered drug
vehicle (OVA+VEH); OVA aerosol-exposed mice administered SU5614
(OVA+ SU5614); and OVA aerosol-exposed mice administered SUT1498
(OVA+ SU1498). RL values were obtained in response to increasing
doses (2.5-50 mg/ml) of methacholine as described in MeTHoDs. Bars
represent the mean = SEM from six mice per group. “p < 0.05 versus
SAL+SAL; *p < 0.05 versus OVA+SAL.
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