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Abstract

Inflammation of the asthmatic airway is usually accom-
panied by increased vascular permeability and plasma 
exudation. Angiopoietin-1 (Ang1) has potential ther-
apeutic applications in preventing vascular leakage. 
Recently, we developed a soluble, stable, and potent 
Ang1 variant, COMP-Ang1. COMP-Ang1 is more potent 
than native Ang1 in phosphorylating the tyrosine kin-
ase with immunoglobulin and epidermal growth factor 
homology domain 2 receptor in lung endothelial cells. 
We have used a mouse model for allergic airway dis-
ease to determine effects of COMP-Ang1 on aller-
gen-induced bronchial inflammation and airway hy-
per-responsiveness. These mice develop the follow-
ing typical pathophysiological features of allergic air-

way disease in the lungs: increased numbers of in-
flammatory cells of the airways, airway hyper-re-
sponsiveness, increased levels of Th2 cell cytokines 
(IL-4, IL-5, and IL-13), adhesion molecules (intercellu-
lar adhesion molecule-1 and vascular cell adhesion 
molecule-1), and chemokines (eotaxin and RANTES), 
and increased vascular permeability. Intravenous ad-
ministration of COMP-Ang1 reduced bronchial in-
flammation and airway hyper-responsiveness. In addi-
tion, the increased plasma extravasation in allergic air-
way disease was significantly reduced by the admin-
istration of COMP-Ang1. These results suggest that 
COMP-Ang1 attenuates airway inflammation and hy-
per-responsiveness, prevents vascular leakage, and 
may be used as a therapeutic agent in allergic airway 
disease.

Keywords: angiopoietin-1; asthma; capillary perme-
ability; receptor, Tie-2

Introduction

Bronchial asthma is a chronic inflammatory dis-
ease of the airways that is characterized by airway 
remodeling, which is usually accompanied by 
increased vascular permeability, resulting in plas-
ma exudation (Bousquet et al., 2000). Several 
studies have revealed prominent increases in 
vessel number, vessel size, vascular surface area, 
and vascular leakage and important correlations 
between these alterations and disease severity in 
asthma (Hoshino et al., 2001; Lee and Lee, 2001; 
Lee et al., 2002, 2004). Increased vascular per-
meability causes leakage of intravascular com-
ponents, including plasma extravasation. Exuda-
tion of plasma proteins into the airways contri-
butes to the airway obstruction and hyper- re-
sponsiveness (Van de Graaf et al., 1991; Lee et 
al., 2002).
   Angiopoietin-1 (Ang1) has been identified as a 
secreted protein ligand of tyrosine kinase with Ig 
and epidermal growth factor homology domain 2 
(Tie2) (Yancopoulos et al., 2000). Tie2 is a mem-
ber of the receptor tyrosine kinase family and is 
expressed predominantly on vascular endothelial 
cells, early hematopoietic cells, and their embryo-
nic precursors (Takakura et al., 2000; Jones et al., 
2001). Ang1- and Tie2-deficient mice have similar 
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phenotypes characterized by embryonic lethality 
with severe vascular remodeling defects, insuffi-
cient vessel stabilization, and perturbed vascular 
maturation (Sato et al., 1993; Suri et al., 1996). In 
addition, Ang1 can counteract VEGF-induced side 
effects (Thurston et al., 2000; Kim et al., 2001) 
while having an additive effect on vessel formation 
(Chae et al., 2000; Thurston et al., 2000). These 
observations have suggested that Ang1 has 
potential therapeutic applications in inducing angio-
genesis, enhancing endothelial cell survival, and 
preventing vascular leakage. However, production 
of Ang1 is hindered by aggregation and insolubility 
resulting from disulfide-linked higher-order struc-
tures. Recently, we have developed a soluble, 
stable, and potent Ang1 variant, COMP-Ang1 (Cho 
et al., 2004a, b). To create this protein, the N- 
terminal portion of Ang1 was replaced with the 
short coiled-coil domain of cartilage oligomeric 
matrix protein (COMP). COMP-Ang1 is more po-
tent than native Ang1 in phosphorylating the Tie2 
receptor and Akt in primary cultured endothelial 
cells. Thus, COMP-Ang1 is an effective alternative 
to native Ang1 for therapeutic application in vivo. 
However, little is known about the role of COMP- 
Ang1 in allergic airway diseases including bron-
chial asthma.
    In the present study, we have used a mouse 
model for allergic airway disease to determine 
effects of COMP-Ang1 on allergen-induced bron-
chial inflammation and airway hyper-responsi-
veness. We have found that an Ang1 variant, 
COMP-Ang1 reduced bronchial inflammation and 
airway hyper-responsiveness and prevented vas-
cular leakage in a murine model of allergic airway 
disease. These findings suggest that COMP-Ang1 
can be used as a therapeutic agent in allergic 
airway disease. 

Materials and Methods 

Animals and experimental protocol

Female C57BL/6 mice, 8-10 wk of age and free of 
murine specific pathogens, were obtained from 
Orientbio Inc. (Seoungnam, Korea), were housed 
throughout the experiments in a laminar flow 
cabinet, and were maintained on standard labora-
tory ovalbumin (OVA)-free chow ad libitum. All 
experimental animals used in this study were 
under a protocol approved by the Institutional 
Animal Care and Use Committee of the Chonbuk 
National University Medical School. Mice were 
sensitized on days 1 and 14 by i.p. injection of 20 
µg OVA (Sigma-Aldrich, St. Louis, MO) emulsified 
in 1 mg of aluminum hydroxide (Pierce Chemical 

Co., Rockford, IL) in a total volume of 200 µ l, as 
previously described (Kwak et al., 2003). On days 
21, 22, and 23 after the initial sensitization, the 
mice were placed in a 30 × 10 × 15 cm plastic 
chamber with small ventilation hole and challenged 
for 30 min with an aerosol of 3% (wt/vol) OVA in 
saline (or with saline alone as a control) using an 
ultrasonic nebulizer (NE-U12; Omron, Japan). The 
particle size generated by the nebulizer was 4.4 
μm. Bronchoalveolar lavage (BAL) was performed 
at 48 h after the last challenge. At the time of 
lavage, the mice (7 mice in each group) were 
sacrificed with an overdose of sodium pentobarbi-
tone (pentobarbital sodium, 100 mg/kg of body 
weight, administered i.p.). The chest cavity was 
exposed to allow for expansion, after which the 
trachea was carefully incised and the catheter 
secured with ligatures. Filtered 300 µ l of pre-
warmed 0.9% NaCl solution was slowly infused 
three times into the lungs and withdrawn. The 
aliquots were pooled and then kept at 4oC. A part 
of each pool was then centrifuged and the su-
pernatants were kept at 70oC until use. Total cell 
numbers were counted with a hemocytometer. 
Smears of BAL cells were prepared with a cytospin 
(Thermo Electron, Waltham, MA). The smears 
were stained with Diff-Quik solution (Dade Diagno-
stics of P. R. Inc. Aguada, Puerto Rico) in order to 
examine the cell differentials. Two independent, 
blinded investigators counted the cells using a 
microscope. Approximately 400 cells were counted 
in each of four different random locations. Inter-
investigator variation was＜ 5%. The mean num-
ber from the two investigators was used to 
estimate the cell differentials.

Administration of COMP-Ang1 

We have produced COMP-Ang1 as previously 
described (Cho et al., 2004a; Hwang et al., 2005). 
COMP-Ang1 (0.1, 0.5, or 1 mg/kg) suspended in 
PBS (vehicle control) was administered i.v. two 
times to each animal, once on day 21 (1 h before 
the first airway challenge with OVA) and the 
second time on day 24 (24 h after the last airway 
challenge with OVA).

Immunohistochemical localization of administered 
COMP-Ang1

For immunohistochemical localization of admini-
stered COMP-Ang1 mice were given COMP-Ang1 
i.v. and sacrificed at the indicated times as pre-
viously described (Cho et al., 2004b). Lungs were 
harvested, cryo-sectioned, fixed with 1% parafor-
maldehyde for 5 min, embedded in paraffin, and 
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immunostained with anti-Ang1 polyclonal Ab (PA- 
hAng1FD-1). Signals were visualized with the Cell 
and Tissue Staining Kit (R&D Systems, Min-
neapolis, MN), and counter-stained with Meyer's 
hematoxylin. The PA-hAng1FD-1 Ab was produced 
by immunization of rabbit using recombinant 
human Ang1 protein as an Ag. PA-hAng1FD-1 is 
specific to the fibrinogen domain of human and 
mouse Ang1 and does not cross-react with other 
angiopoietins. It does work to detect exogenous 
COMP-Ang1 and endogenous Ang1 by immuno-
blotting, but it has very low sensitivity for detecting 
endogenous Ang1 in tissue by immunohistochemi-
stry.

Histology and immunohistochemistry 

At 48 h after the last challenge, lungs were 
removed from the mice after sacrifice. Before the 
lungs were removed, the lungs and trachea were 
filled intratracheally with a fixative (0.8% formalin, 
4% acetic acid) using a ligature around the 
trachea. Lung tissues were fixed with 10% (vol/vol) 
neutral buffered formalin. The specimens were 
dehydrated and embedded in paraffin. For histolo-
gical examination, 4-µm sections of fixed em-
bedded tissues were cut on a Leica model 2165 
rotary microtome (Leica, Nussloch, Germany), 
placed on glass slides, deparaffinized, and stained 
sequentially with hematoxylin 2 and eosin-Y 
(Richard-Allan Scientific, Kalamazoo, MI), Congo 
red, or periodic acid-Schiff (PAS) stain. Inflamma-
tion score was graded by three independent 
blinded investigators. The degree of peribronchial 
and perivascular inflammation was evaluated on a 
subjective scale of 0 to 3, as described elsewhere 
(Tournoy et al., 2000). A value of 0 was adjudged 
when no inflammation was detectable, a value of 1 
for occasional cuffing with inflammatory cells, a 
value of 2 for most bronchi or vessels surrounded 
by thin layer (one to five cells) of inflammatory 
cells, and a value of 3 when most bronchi or 
vessels were surrounded by a thick layer (more 
than five cells) of inflammatory cells. For immuno-
histochemistry of vascular cell adhesion molecule- 
1 (VCAM)-1, the deparaffinized 4-µm sections 
were incubated sequentially in accordance with the 
R. T. U. Vectastain Universal Quick kit instruction 
from Vector Laboratories (Burlingame, CA). Briefly, 
the slides were incubated in Endo/Blocker 
(Biomeda, Foster City, CA) for 5 min and then in 
pepsin solution for 4 min at 40oC. The slides were 
incubated in normal horse serum for 15 min at 
room temperature. The slides were then probed 
with an affinity-purified rabbit polyclonal VCAM-1 
IgG (Santa Cruz Biotechnology, Santa Cruz, CA) 

overnight at 4oC, and were incubated with pre-
diluted biotinylated pan-specific IgG for 10 min. 
The slides were incubated in streptavidin/peroxi-
dase complex reagent for 5 min, and then in 
3-amino-9-ethylcarbazole substrate kit for 12 min. 
For the control, sections of lung tissue from mice 
were treated without the primary Ab under the 
same conditions. After immunostaining, the slides 
were counterstained with Gill's hematoxylin in 20% 
ethylene glycol for 1 min and then mounted with 
Aqueous Mounting Medium (InnoGenex, San 
Ramon, CA) and photomicrographed (Vanox T; 
Olympus, Tokyo, Japan).

Quantification of airway mucus 

To quantitate the level of mucus expression in the 
airway, the numbers of PAS-positive and PAS- 
negative epithelial cells in individual bronchioles 
were counted as described previously (Ikeda et al., 
2003). At least 10 randomly selected medium- 
sized bronchi (defined by having approximately 
100-150 luminal airway epithelial cells) were 
counted in each slide. Results are expressed as 
the percentage of PAS-positive cells per bronchiole 
that is calculated from the number of PAS-positive 
epithelial cells per bronchiole divided by the total 
number of epithelial cells of each bronchiole.

Western blot analysis

Lung tissues were homogenized in the presence of 
protease inhibitors to obtain extracts of proteins. 
Protein concentrations were determined using the 
Bradford reagent (Bio-Rad Laboratories, Hercules, 
CA). Samples were loaded on a SDS-PAGE gel. 
After electrophoresis at 120 V for 90 min, se-
parated proteins were transferred to PDVF mem-
branes (Amersham Pharmacia Biotech, Piscata-
way, NJ) by the wet transfer method (250 mA, 90 
min). Nonspecific sites were blocked with 5% 
non-fat dry milk in Tris-buffered saline Tween 20 
(TBST; 25 mmol/L Tris, pH 7.5, 150 mmol/L NaCl, 
0.1% Tween 20) for 1 h, and the blots were then 
incubated with an anti-TNF-α  Ab (R&D Systems), 
anti-IL-1β Ab (R&D Systems), anti-IL-4 Ab (Serotec 
Ltd, Oxford, United Kingdom), anti- IL-5 Ab (Santa 
Cruz Biotechnology), anti-IL-13 Ab (R&D Systems), 
anti-intercellular adhesion molecule-1 (ICAM-1) Ab 
(Santa Cruz Biotechnology), and anti-VCAM-1 Ab 
(Santa Cruz Biotechnology), anti-eotaxin Ab (Abcam 
Ltd., Cambridge, United Kingdom), anti-RANTES 
Ab (Abcam Ltd.), anti-IFN-γ Ab (Santa Cruz Bio-
technology), and anti-VEGF Ab (Santa Cruz Bio-
technology) overnight at 4oC. Anti-rabbit or anti- 
mouse HRP-conjugated IgG was used to detect 
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Figure 1. Effect of COMP-Ang1 on total and differential cellular compo-
nents of BAL fluids. The numbers of each cellular component of BAL fluid 
from saline-inhaled mice with the administration of saline (SAL + SAL), 
OVA-inhaled mice with the administration of saline (OVA + SAL), 
OVA-inhaled mice with the administration of drug vehicle (OVA + VEH), 
OVA-inhaled mice with the administration of COMP-Ang1 1 mg/kg (OVA
+ COMP- Ang1 1 mg/kg), OVA-inhaled mice with the administration of 
COMP-Ang1 0.5 mg/kg (OVA + COMP-Ang1 0.5 mg/kg), and OVA-in-
haled mice with the administration of COMP-Ang1 0.1 mg/kg (OVA +
COMP-Ang1 0.1 mg/kg) were counted at 48 h after the last challenge. 
Bars represent mean ( SEM from 7 mice per group. #P＜ 0.05 vs. SAL
+ SAL; *P＜ 0.05 vs. OVA + SAL.

binding of Ab. The membranes were stripped and 
reblotted with anti-actin Ab (Sigma-Aldrich) to veri-
fy equal loading of protein in each lane. The 
binding of the specific Ab was visualized by 
exposing to photographic film after treating with 
enhanced chemiluminescence system reagents 
(Amersham Pharmacia Biotech).

Measurement of cytokines and VEGF 

Levels of TNF-α , IL-1β , IL-4, IL-5, IL-13, and 
VEGF were quantified in the supernatants of BAL 
fluids by enzyme immunoassays according to the 
manufacturer's protocol (TNF-α , IL-1β , IL-4, and 
IL-5; Endogen, Inc., Woburn, MA, IL-13, and 
VEGF; R&D Systems). Sensitivities for TNF-α , 
IL-1β , IL-4, IL-5, IL-13, and VEGF assays were 10, 
3, 5, 5, 1.5, and 3 pg/ml, respectively.

Measurement of plasma exudation 

To assess lung permeability, Evans blue dye (EBD) 
was dissolved in 0.9% saline at a final concen-
tration of 5 mg/ml. Animals were weighed and 
injected with 20 mg/kg EBD in the tail vein. After 30 
min, the animals were killed and their chests were 
opened. Normal saline containing 5 mM EDTA was 
perfused through the aorta until all venous fluid 
returning to the opened right atrium was clear. The 
lungs were removed and weighed wet. EBD was 
extracted in 2 ml formamide and kept in a water 
bath at 60oC for 3 h, and the absorption of light at 
620 nm was measured in a spectrophotometer 
(Eppendorf Biophotometer, Hamburg, Germany). 
The dye extracted was quantified by interpolation 
against a standard curve of dye concentration in 
the range of 0.01-10 µg/ml and is expressed as ng 
of dye/mg of wet lung.

Determination of airway responsiveness to 
methacholine 

Airway responsiveness was assessed as a change 
in airway function after challenge with aerosolized 
methacholine via airways, as described elsewhere 
(Lee et al., 2006). Anesthesia was achieved with 
80 mg/kg of pentobarbital sodium injected i.p.. 
The trachea was then exposed through mid-
cervical incision, tracheostomized, and an 18- 
gauge metal needle was inserted. Mice were 
connected to a computer-controlled small animal 
ventilator (flexiVent; SCIREQ, Montreal, PQ, 
Canada). The mouse was quasisinusoidally ven-
tilated with nominal tidal volume of 10 ml/kg at a 
frequency of 150 breaths/min and a positive end- 
expiratory pressure of 2 cm H2O to achieve a 

mean lung volume close to that during spon-
taneous breathing. This was achieved by con-
necting the expiratory port of the ventilator to 
water column. Methacholine aerosol was gen-
erated with an in-line nebulizer and administered 
directly through the ventilator. To determine the 
differences in airway response to methacholine, 
each mouse was challenged with methacholine 
aerosol in increasing concentrations (2.5-50 
mg/ml in saline). After each methacholine chal-
lenge, the data of airway resistance (RL) was 
continuously collected. Maximum values of RL 
were selected to express changes in airway func-
tion which was represented as a percentage 
change from baseline after saline aerosol.

Densitometric analysis and statistics 

All immunoreactive signals were analyzed by 
densitometric scanning (Gel Doc XR; Bio-Rad 
Laboratories). Data were expressed as mean ±
SEM. Statistical comparisons were performed 
using one-way ANOVA followed by the Scheffe's 
test. Pearson's correlation was calculated to 
assess the correlation between data. Significant 
differences between two groups were determined 
using the unpaired Student's t test. Statistical 
significance was set at P＜ 0.05.
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Figure 2. Effect of COMP-Ang1 on pathologic changes in lung tissues. 
(A-F) Representative hematoxylin 2 and eosin-Y stained sections (A-C) 
and Congo red-stained sections of the lungs (D-F). Sampling was per-
formed at 48 h after the last challenge in saline-inhaled mice with the ad-
ministration of saline (A and D), OVA-inhaled mice with the administration
of saline (B and E), and OVA-inhaled mice with the administration of 
COMP-Ang1 0.5 mg/kg (C and F). Eosinophils indicated by arrows (B). 
Eosinophils can be identified by the orange-red staining cytoplasm (D-F). 
Bars indicate 50 µm. (G) Peribronchial, perivascular, and total lung in-
flammation were measured at 48 h after the last challenge in sal-
ine-challenged mice (SAL + SAL), OVA-inhaled mice with the OVA-in-
haled mice with the administration of saline (OVA + SAL), and OVA-in-
haled mice with the administration of COMP-Ang1 0.5 mg/kg (OVA +
COMP-Ang1). Total lung inflammation was defined as the average of the 
peribronchial and perivascular inflammation scores. Bars represent 
mean ± SEM from 7 mice per group. #P＜ 0.05 vs. SAL + SAL; *P＜
0.05 vs. OVA + SAL.

Figure 3. Effect of COMP-Ang1 on expression of Th2 cytokines in lung 
tissues and BAL fluids of OVA-sensitized and -challenged mice. (A) 
Western blotting of IL-4, IL-5, and IL-13 in lung tissues. (B) Densitometric 
analyses are presented as the relative ratio of IL-4, IL-5, and IL-13 to 
actin. The relative ratio of the molecules 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. Sampling was performed at 48 h after the last 
challenge in saline-inhaled mice with the administration of saline (SAL +
SAL), OVA-inhaled mice with the administration of saline (OVA + SAL), 
OVA-inhaled mice with the administration of drug vehicle (OVA + VEH), 
and OVA-inhaled mice with the administration of COMP-Ang1 0.5 mg/kg 
(OVA + COMP-Ang1). Bars represent mean ± SEM from 7 mice per 
group. #P＜ 0.05 vs. SAL + SAL; *P＜ 0.05 vs.OVA + SAL.

Results

Effect of COMP-Ang1 on cellular changes in BAL 
fluids 

Numbers of total cells, eosinophils, lymphocytes, 

and neutrophils in BAL fluids were increased 
significantly at 48 h after OVA inhalation compared 
with the numbers after saline inhalation (Figure 1). 
The increased numbers of these cells were signi-
ficantly reduced by the administration of COMP- 
Ang1.
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Figure 4. Effect of COMP-Ang1 on expression of Th1 cytokine, IFN-γ in 
lung tissues of OVA-sensitized and -challenged mice. (A) Western blot-
ting of IFN-γ in lung tissues. (B) Densitometric analyses are presented as 
the relative ratio of IFN-γ to actin. The relative ratio of the molecules in 
the lung tissues of SAL + SAL is arbitrarily presented as 1. Sampling 
was performed at 48 h after the last challenge in saline-inhaled mice with 
the administration of saline (SAL + SAL), OVA-inhaled mice with the ad-
ministration of saline (OVA + SAL), OVA-inhaled mice with the admin-
istration of drug vehicle (OVA + VEH), and OVA-inhaled mice with the 
administration of COMP-Ang1 0.5 mg/kg (OVA + COMP-Ang1). Bars 
represent mean ± SEM from 7 mice per group. #P＜ 0.05 vs. SAL +
SAL; *P＜ 0.05 vs. OVA + SAL.

Figure 5. Effect of COMP-Ang1 on plasma exudation of OVA-sensitized 
and -challenged mice. EBD assay of plasma extravasation. The sam-
pling was performed at 48 h after the last challenge in saline-inhaled 
mice with the administration of saline-inhaled mice with the admin-
istration of saline (SAL + SAL), OVA-inhaled mice with the administration 
of saline (OVA + SAL), and OVA-inhaled mice with the administration of 
COMP-Ang1 0.5 mg/kg (OVA + COMP-Ang1). Bars represent mean ±
SEM from 7 mice per group. #P＜ 0.05 vs. SAL + SAL; *P＜ 0.05 vs. 
OVA + SAL.

Effect of COMP-Ang1 on pathological changes of 
OVA-sensitized and -challenged mice

Histologic analyses revealed typical pathologic 
features of allergic airway disease in the OVA- 
challenged mice. Numerous inflammatory cells, 
especially eosinophils, infiltrated around the bron-
chioles (Figure 2B and E) as compared to the 
control (Figure 2A and D). COMP-Ang1-treated 
mice (Figure 2C and F) showed marked reductions 
in the infiltration of inflammatory cells in the peri-
bronchiolar region and in the number of inflamma-
tory cells, especially eosinophils. The scores of 
peribronchial, perivascular, and total lung inflam-
mation were increased significantly at 48 h after 
OVA inhalation compared with the scores after 
saline inhalation (Figure 2G). The increased 
inflammation scores were significantly reduced by 
the administration of COMP-Ang1.

Effect of COMP-Ang1 on IL-4, IL-5, and IL-13 levels 

Western blot analysis revealed that IL-4, IL-5, and 
IL-13 protein levels in lung tissues were increased 
significantly at 48 h after OVA inhalation compared 
with the levels after saline inhalation. The in-
creased IL-4, IL-5, and IL-13 levels after OVA 
inhalation were significantly reduced by the 
administration of COMP-Ang1 (Figure 3A and B). 
Consistent with these results, enzyme immuno-
assays showed that levels of IL-4, IL-5, and IL-13 
in BAL fluids were also increased significantly at 48 
h after OVA inhalation compared with the levels 
after saline inhalation (Figure 3C). The increased 
IL-4, IL-5, and IL-13 levels were significantly 
reduced by the administration of COMP-Ang1.

Effect of COMP-Ang1 on INF-γ levels

Western blot analysis showed the levels of IFN-γ in 
OVA-inhaled mice administered COMP-Ang1 (Fig-
ure 4). We have found that there were no signi-
ficant differences in IFN-γ protein levels in any of 
the groups tested.

COMP-Ang1 reduced plasma extravasation in 
OVA-sensitized and -challenged mice

EBD assay revealed that plasma extravasation 
was significantly increased at 48 h after the last 
challenge with OVA (Figure 5). The increase in 
plasma extravasation was significantly reduced by 
the administration of the COMP-Ang1.
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Figure 6. Effect of COMP-Ang1 on airway responsiveness in OVA-sensi-
tized and -challenged mice. Airway responsiveness was measured at 48 
h after the last challenge in saline-inhaled mice with the administration of 
saline (SAL + SAL), OVA-inhaled mice with the administration of saline 
(OVA + SAL), OVA-inhaled mice with the administration of drug vehicle 
(OVA + VEH), OVA-inhaled mice with the administration of COMP- Ang1 
1 mg/kg (OVA + COMP-Ang1 1 mg/kg), OVA-inhaled mice with the ad-
ministration of COMP-Ang1 0.5 mg/kg (OVA + COMP-Ang1 0.5 mg/kg), 
and OVA-inhaled mice with the administration of COMP-Ang1 0.1 mg/kg 
(OVA + COMP-Ang1 0.1 mg/kg). RL values were obtained in response to 
increasing doses (2.5 to 50 mg/ml) of methacholine as described in 
Materials and Methods. Bars represent mean ± SEM from 7 mice per 
group. #P＜ 0.05 vs. SAL + SAL; *P＜ 0.05 vs. OVA + SAL.

Figure 7. Effect of COMP-Ang1 on airway mucus expression in lung 
tissues. (A-C) Representative PAS-stained sections of the lungs. 
Sampling was performed at 48 h after the last challenge in saline-inhaled
mice with the administration of saline (SAL + SAL, A), OVA-inhaled mice 
with the administration of saline (OVA + SAL, B), and OVA-inhaled mice 
with the administration of COMP-Ang1 0.5 mg/kg (OVA + COMP-Ang1,
C). (D) Quantitation of airway mucus expression. Bars represent mean ±
SEM from 7 mice per group. #P＜ 0.05 vs. SAL + SAL; *P＜ 0.05 vs. 
OVA + SAL.

Figure 8. Effect of COMP-Ang1 on TNF-α  and IL-1β protein expression 
in lung tissues and BAL fluids of OVA-sensitized and -challenged mice. 
(A) Western blotting of TNF-α  and IL-1β. The protein expression of these 
cytokines was measured at 48 h after the last challenge in saline-inhaled 
mice with the administration of saline (SAL + SAL), OVA-inhaled mice 
with the administration of saline (OVA + SAL), OVA-inhaled mice with 
the administration of drug vehicle (OVA + VEH), OVA-inhaled mice with 
the administration of COMP-Ang1 0.5 mg/kg (OVA + COMP-Ang1). (B) 
Densitometric analyses are presented as the relative ratio of each mole-
cule to actin. The relative ratio of each molecule in the lung tissues of 
SAL + SAL is arbitrarily presented as 1. (C) Enzyme immunoassay of 
TNF-α and IL-1β in the BAL fluids. Bars represent mean ± SEM from 7 
mice per group. #P＜ 0.05 vs. SAL + SAL; *P＜ 0.05 vs. OVA + SAL.

Effect of COMP-Ang1 on airway 
hyper-responsiveness 

Airway responsiveness was assessed as a percent 
increase of RL in response to increasing doses of 
methacholine. In OVA-sensitized and -challenged 
mice, the dose-response curve of percent RL 
shifted to the left compared with that of control 
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Figure 9. Effect of COMP-Ang1 on ICAM-1 and VCAM-1 protein expression in lung tissues of OVA-sensitized and -challenged mice. (A) 
Western blotting of ICAM-1 and VCAM-1. Sampling was performed at 48 h after the last challenge in saline-inhaled mice with the admin-
istration of saline (SAL + SAL), OVA-inhaled mice with the administration of saline (OVA + SAL), OVA-inhaled mice with the admin-
istration of drug vehicle (OVA + VEH), OVA-inhaled mice with the administration of COMP-Ang1 0.5 mg/kg (OVA + COMP-Ang1). (B) 
Densitometric analyses are presented as the relative ratio of each molecule to actin. The relative ratio of each molecule in the lung tis-
sues of SAL + SAL is arbitrarily presented as 1. (C) Localization of immunoreactive VCAM-1 in lung tissues. The brown color indicates 
VCAM-1-positive cells. Bars indicate 50 µm. Bars represent mean ± SEM from 7 mice per group. #P＜ 0.05 vs. SAL + SAL; *P＜ 0.05 
vs. OVA + SAL. 

mice (Figure 6). In addition, the percent RL pro-
duced by administration of methacholine of 50 
mg/ml increased significantly in the OVA-sensitized 
and -challenged mice compared with the controls. 
OVA-sensitized and -challenged mice treated with 
COMP-Ang1 showed a substantial reduction of the 
percent RL at dose of 50 mg/ml of methacholine 
compared with that of OVA-sensitized and -chal-
lenged mice treated with saline or drug vehicle. 
These results indicate that COMP-Ang1 treatment 
reduces OVA-induced airway hyperresponsive-
ness.

Effect of COMP-Ang1 on airway mucus expression of 
OVA-sensitized and -challenged mice

To quantitate the level of mucus expression in the 
airway, the number of PAS-positive and PAS- 
negative epithelial cells in individual bronchioles 
was counted. The percentage of airway epithelium 
which stained positively with PAS in mice after 

OVA inhalation was significantly increased com-
pared with the level in control mice. The increased 
percentage of PAS-positive airway epithelium was 
decreased dramatically by the treatment of COMP- 
Ang1 compared with the level of OVA-sensitized 
and -challenged mice treated with saline (Figure 
7).

Effect of COMP-Ang1 on TNF-α  and IL-1β  levels 

Western blot analysis revealed that TNF-α  and 
IL-1β  protein levels in lung tissues were increased 
significantly at 48 h after OVA inhalation compared 
with the levels after saline inhalation. The in-
creased TNF-α  and IL-1β  levels were significantly 
reduced by the administration of COMP-Ang1 
(Figure 8A and B). Consistent with these results, 
enzyme immunoassays revealed that levels of 
TNF-α  and IL-1β  in BAL fluids were also increased 
significantly at 48 h after OVA inhalation compared 
with the levels after saline inhalation (Figure 8C). 
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Figure 11. Effect of COMP-Ang1 on VEGF protein levels in lung tissues 
and in BAL fluids and plasma exudation of OVA-sensitized and 
-challenged mice. (A) Western blotting of VEGF. (B) Densitometric analy-
ses 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. 
(C) Enzyme immunoassay of VEGF. The sampling was performed at 48 
h after the last challenge in saline-inhaled mice with the administration of 
saline-inhaled mice with the administration of saline (SAL + SAL), 
OVA-inhaled mice with the administration of saline (OVA + SAL), and 
OVA-inhaled mice with the administration of COMP-Ang1 0.5 mg/kg 
(OVA + COMP-Ang1). Bars represent mean ± SEM from 7 mice per 
group. #P＜ 0.05 vs. SAL + SAL; *P＜ 0.05 vs. OVA + SAL.

Figure 10. Effect of COMP-Ang1 on eotaxin and RANTES protein ex-
pression in lung tissues of OVA-sensitized and -challenged mice. (A) 
Western blotting of eotaxin and RANTES. Sampling was performed at 48 
h after the last challenge in saline-inhaled mice with the administration of 
saline (SAL + SAL), OVA-inhaled mice with the administration of saline 
(OVA + SAL), OVA-inhaled mice with the administration of drug vehicle 
(OVA + VEH), OVA-inhaled mice with the administration of COMP-Ang1 
0.5 mg/kg (OVA + COMP-Ang1). (B) Densitometric analyses are pre-
sented 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. Bars represent mean ± SEM from 7 mice per group. #P＜ 0.05 vs. 
SAL + SAL; *P＜ 0.05 vs. OVA + SAL.

The increased TNF-α  and IL-1β  levels were signi-
ficantly reduced by the administration of COMP- 
Ang1.

Effect of COMP-Ang1 on ICAM-1 and VCAM-1 
expression 

Western blot analysis revealed that ICAM-1 and 
VCAM-1 protein levels in lung tissues were in-
creased at 48 h after OVA inhalation compared 
with the levels after saline inhalation. The in-
creased ICAM-1 and VCAM-1 levels were reduced 
by the administration of COMP-Ang1 (Figure 9A 
and B). 
    Immunohistochemical analyses showed the 
localization of immunoreactive VCAM-1 in endo-
thelium of pulmonary vessels, epithelial layers, and 
inflammatory cells around the bronchioles in OVA- 
induced asthmatic lungs (Figure 9C). However, 
immunoreactive VCAM-1 was markedly reduced in 

lung tissues from saline-inhaled mice treated with 
saline and OVA-inhaled mice treated with COMP- 
Ang1.

Effect of COMP-Ang1 on levels of eotaxin and 
RANTES 

Western blot analysis revealed that levels of 
eotaxin and RANTES in lung tissues were 
increased at 48 h after OVA inhalation compared 
with the levels in the control mice (Figure 10). The 
increased eotaxin and RANTES levels were 
decreased by the administration of COMP-Ang1.
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Figure 12. Correlations of levels of VEGF (A) and TNF-α  (B) in BAL flu-
ids with levels of plasma exudation in OVA-inhaled mice. Sampling was 
performed at 48 h after the last challenge in saline-sensitized and 
-challenged mice and OVA-sensitized and -challenged mice.

Figure 13. COMP-Ang1 injected i.v. localizes in vascular endothelial 
cells of lung. Mice were given COMP-Ang1 i.v. and sacrificed after follow-
ing times (A, 0 min; B, 10 min; C, 30 min; D, 60 min; E, 6 h; F, 24 h). The 
specimens were immunostained with anti-COMP polyclonal antibody and 
counter-stained with Meyer's hematoxylin. (A-G) Representative photo-
micrographs showing localization of immunoreactive COMP-Ang1 (G, 
higher magnification image). The arrow indicates a vessel; Reddish- 
brown colors are immuno-positive signals. Bars indicate 100 µm.

Effect of COMP-Ang1 on VEGF protein levels 

Western blot analysis showed that levels of VEGF 
in lung tissues were increased at 48 h after OVA 
inhalation compared with the levels in the control 
mice (Figure 11A and B). The increased VEGF 
levels were decreased by the administration of 
COMP-Ang1. Consistent with these results, en-
zyme immunoassay revealed that COMP-Ang1 
reduced the increased levels of VEGF in the BAL 
fluids after OVA inhalation (Figure 11C).

Correlations between levels of VEGF or TNF-α  and 
vascular permeability in lungs of OVA-inhaled mice

The levels of VEGF or TNF-α  in BAL fluids 
showed significantly positive correlations with the 
levels of plasma exudation in OVA-inhaled mice 
(VEGF; r = 0.727, P＜ 0.01 and TNF-α ; r = 0.880, 
P＜ 0.01) (Figure 12).

Distribution and localization of COMP-Ang1 

To determine the distribution and localization of 
COMP-Ang1 in lung tissues, we performed im-
munohistochemical localization after i.v. admini-
stration of COMP-Ang1. At 10 min after administra-

tion of COMP-Ang1, an abundant amount of 
COMP-Ang1 was located in vascular endothelial 
cells and alveolar septae of the lungs (Figure 13B 
and G). Similar findings were observed up to 24 h, 
although the amount of protein had decreased in 
the lung (Figure 13C and F). 

Discussion 

Bronchial asthma is characterized by inflammation 
of the airways which is usually accompanied by 
increased vascular permeability, resulting in 
plasma exudation. Exudation of plasma proteins 
into the airways plays a role in airway inflammation 
and hyper-responsiveness. Ang1 protein has 
potential therapeutic application in prevention of 
vascular leakage (Thurston et al., 2000). Our 
present study with the OVA-induced murine model 
of allergic airway disease revealed that COMP- 
Ang1, which is more potent than native Ang1 in 
phosphorylating the Tie2 receptor in lung endo-
thelial cells, reduces antigen-induced airway 
infiltration of inflammatory cells, increased secre-
tion of Th2 cytokines in lungs, airway hyper-res-
ponsiveness to methacholine, and increased vas-
cular permeability. These findings suggest that 
COMP-Ang1 attenuates antigen-induced airway 
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inflammation and hyper-responsiveness and pre-
vents vascular leakage in mice.
    Recently, we have reported that increased 
vascular permeability is associated with bronchial 
inflammation and airway hyper-responsiveness in 
a murine model of asthma (Lee et al., 2002, 2004). 
Consistent with these observations, in this study 
we have found that amounts of plasma 
extravasation were greatly enhanced after the OVA 
inhalation in a murine model of allergic airway 
disease. Interestingly, administration of COMP- 
Ang1 reduced the bronchial inflammation, airway 
hyper-responsiveness, and vascular leakage. 
These results suggest that treatment of COMP- 
Ang1 may decrease the airway inflammation and 
hyper-responsiveness by inhibiting vascular per-
meability increased. Increased vascular perme-
ability causes leakage of intravascular compo-
nents, including plasma extravasation. Although 
the pathogenesis of asthma induced by plasma 
extravasation is not clearly defined, plasma protein 
leakage has been implicated to play a role in the 
induction of a thickened, engorged, and edema-
tous airway wall, resulting in the airway luminal 
narrowing. Exudation of plasma proteins into the 
airways correlates with bronchial hyper-reactivity 
(Van de Graaf et al., 1991). It is also possible that 
the plasma exudates may readily pass the 
inflamed mucosa and reach the airway lumen 
through leaky epithelium, thus compromising epi-
thelial integrity and reducing ciliary function and 
mucus clearance (Foster et al., 1982; Persson, 
1996).
    Although some investigators have described a 
role for Ang1 in promoting chemotaxis and 
migration of leukocytes in vitro (Feistritzer et al., 
2004; Lemieux et al., 2005), Ang1 has also been 
shown to reduce leukocyte trafficking in inflamma-
tion through the modulation of various inflamma-
tory mediators (Kim et al., 2001; Pizurki et al., 
2003; Witzenbichler et al., 2005). Th2 cytokines, 
adhesion molecules, chemokines, and VEGF play 
a crucial role in the chemotactic responses for 
leukocytes, including eosinophils (Wegner et al., 
1990; Montefort and Holgate, 1991; Moser et al., 
1992; Seder et al., 1992; Foster et al., 1996; 
Pawankar et al., 1997; Dabbagh et al., 1999). In 
the present study, the increased levels of Th2 
cytokines (IL-4, IL-5, and IL-13), adhesion mol-
ecules (ICAM-1 and VCAM-1), chemokines (eo-
taxin and RANTES), and VEGF in lungs after OVA 
inhalation were significantly decreased by treat-
ment of COMP-Ang1 in a murine model of allergic 
airway disease. Therefore, these observations sug-
gest that COMP-Ang1 can decrease the migration 
of inflammatory cells by reducing chemotactic 

effects on leukocytes as well as by inhibiting the 
increased vascular permeability.
    IL-4 regulates allergic inflammation by promoting 
Th2 cell differentiation, IgE synthesis and its recep-
tor up-regulation, VCAM-1 expression, and airway 
hyper-secretion (Moser et al., 1992; Seder et al., 
1992; Pawankar et al., 1997; Dabbagh et al., 
1999). IL-5 promotes eosinophilic inflammation and 
infiltration into airways (Foster et al., 1996). IL-13 is 
a cytokine produced primarily by activated Th2 
cells, promotes B-cell differentiation, and is 
capable of inducing isotype-switching in B cells to 
produce IgG4 and IgE (Cocks et al., 1993). We 
have found that the increased levels of these Th2 
cytokines in the OVA-induced lungs were signifi-
cantly reduced by i.v. administration of COMP- 
Ang1. Our data also suggest that blockade of 
vascular leakage by the administration of COMP- 
Ang1 reduces secretion of Th2 cytokines in lungs.
    Cytokine-inducible leukocyte-endothelial adhesion 
molecules are important in the recruitment and 
migration of leukocytes to the sites of inflammation 
(Wegner et al., 1990; Montefort and Holgate, 
1991). Expression of ICAM-1 or VCAM-1 is modul-
ated by cytokines such as TNF-α , IL-1β , and IL-4 
(Dustin et al., 1986; Osborn et al., 1989; Hirata et 
al., 1998). Our data have demonstrated that 
COMP-Ang1 reduced the increased numbers of 
inflammatory cells in the airways which are the 
source of TNF-α , IL-1β , and IL-4. Consistent with 
these observations, the levels of TNF-α , IL-1β , 
and IL-4 in BAL fluids of OVA-sensitized and 
-challenged mice were decreased by the admi-
nistration of this agent. Decrease in the expression 
of ICAM-1 and VCAM-1 proteins may be due to the 
reduced TNF-α , IL-1β , and IL-4 levels in the lungs. 
Hence, these results strongly indicate that COMP- 
Ang1 modulates inflammatory cell migration by 
reducing ICAM-1 and VCAM-1 expression and 
possibly also by suppressing TNF-α , IL-1β , and 
IL-4 expression.
    The Ang1 structure consists of a carboxy-ter-
minal fibrinogen-like domain that is responsible for 
Tie2 receptor binding, a central coiled-coil domain 
that oligomerizes these fibrinogen-like domains, 
and a short amino-terminal domain that super-
clusters these oligomers into variably-sized multi-
mers. To achieve Tie2 receptor oligomerization and 
activation, Ang1 uses a modular and multimeric 
structure unlike that of any other known growth 
factor. COMP-Ang1 consists of a coiled-coil do-
main of COMP and a carboxy-terminal fibrino-
gen-like domain of Ang1. Therefore, COMP-Ang1 
acts like Ang1 in binding and activation of Tie2. 
However, recent reports suggest that an amino- 
terminal domain of Ang1 may have different func-
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tions (Carlson et al., 2001; Dallabrida et al., 2005). 
In this regard, the action of Ang1 could be different 
from action of COMP-Ang1. In the present study, 
we have shown that COMP-Ang1 reduced 
bronchial inflammation, Th2 cytokines, adhesion 
molecules, chemokines, and airway hyper-respon-
siveness in a murine model of allergic airway 
disease. These findings suggest that the vascular- 
targeting agent, COMP-Ang1, can be used as an 
anti-inflammatory agent to treat allergic airway 
disease.
    We conclude that administration of COMP-Ang1 
reduces increased vascular permeability, Th2 
cytokine levels in the lungs, inflammatory cell 
activation and its migration into airways, and con-
sequent airway hyper-responsiveness to metha-
choline in OVA-inhaled mice. Accordingly, an Ang1 
variant, COMP-Ang1 could be used as a thera-
peutic agent in allergic airway diseases including 
asthma.
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