Increased Expression of Angiopoietins and Tie2
in the Lungs of Chronic Asthmatic Mice
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Angiopoietin (Ang)1 and Ang2 are ligands for Tie2 tyrosine kinase
receptor (Tie2). Elevated levels of Ang1and Ang2in induced sputum
of patients with asthma have been reported, with a positive corre-
lation of Ang2 levels with the severity of airway occlusion. Although
studies have shown Tie2-mediated regulation of nonvascular cells in
some pathological conditions, current knowledge on Tie2 signaling
in asthmais limited to the vasculature. We examined the expression
pattern of Ang1, Ang2, vascular endothelial growth factor (VEGF),
and Tie2 and their correlation with the degree of airway remodeling
in the lung of ovalbumin (OVA)-sensitized and OVA-challenged mice
with airway hyperresponsiveness. Lung tissues were isolated from
Balb/c mice after OVA sensitization and challenge. Hematoxylin and
eosin, periodic acid-Schiff, and trichrome staining were used to show
the lung pathology. The expression of Ang1, Ang2, VEGF, and Tie2
was examined using immunofluorescence, Western blot, ELISA,
and real-time PCR. In the lung of normal mice, Tie2 expression
was detected only in the blood vessels. However, in the lung of
OVA-sensitized and OVA-challenged mice, Tie2 was abundantly
expressed in airway epithelial cells and in a subset of macrophages
in addition to constitutive expression in pulmonary vessels. The
increase in Tie2 expression correlated with the severity of airway
remodeling. Macrophages and airway epithelial cells express Ang2
and VEGF only in allergic models. Ang1 was constitutively expressed,
with a decrease in mRNA level in allergic models. In conclusion,
increased expression of Tie2 and Ang2 in allergic airway epithelium
and alveolar macrophages correlates with the severity of airway
remodeling.
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Current therapies are unsatisfactory in effectively reversing
airway remodeling (1, 2). The process of airway remodeling
involves cross-talk between cells through the release of in-
flammatory mediators such as transforming growth factor
(TGF)-B, IL-11, and IL-13 (3, 4). Features of airway remodeling
include epithelial cell shedding, goblet cell hyperplasia/meta-
plasia, subepithelial fibrosis, smooth muscle cell hyperplasia,
edema, and angiogenesis (3, 5). Edema and angiogenesis are
regulated by angiogenic growth factors, primarily angiopoietins
(Ang) and vascular endothelial growth factor (VEGF), through
Tie2 receptor (Tie2) and VEGF receptors, respectively (6, 7).

Angl, Ang2, and VEGF play complementary and coordi-
nated roles in successful angiogenesis (7, 8). An increase in the
number and permeability of blood vessels in asthmatic airways
contributes to the thickness of the airway wall and consequently
airway occlusion (8, 9). Ang2 and VEGF contribute to the
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CLINICAL RELEVANCE

In patients with bronchial asthma, there is a widespread
inflammation in the lung, which, under chronic conditions,
causes airway remodeling. In this study, increased Tie2 and
Ang?2 expression was found in nonvascular cells in the lung
tissue of ovalbumin-sensitized and ovalbumin-challenged
mice. These findings suggest a broader role for Tie2
involving the direct regulation of nonvascular cells during
the development of airway remodeling in asthma. This
information should provide an opportunity to formulate
superior therapeutic approaches in bronchial asthma.

proinflammatory nature of the blood vessels, whereas Angl
elicits a net antiinflammatory effect (8, 10). Angl, Ang2, and
VEGTF levels are increased in the induced sputum of patients
with asthma, and this increase correlated with airway obstruc-
tion (6). There is also a positive correlation between Ang2 and
VEGF levels and the vascular permeability index (6). The
increase in Ang2 level also correlates with the severity of
exercise-induced asthma (11). However, another study reported
that Angl expression and Tie2 phosphorylation are reduced in
the lung of ovalbumin (OVA)-treated mice (12). Angl and
Ang?2 bind to Tie2 with similar affinity; therefore, a net increase
in Ang2 levels would favor Ang2-dominated Tie2 binding or
vice versa (13, 14). Our current knowledge on Angl and Ang2
in asthma is limited to the microvasculature.

Angiogenic growth factors, including angiopoietins, contrib-
ute to the pathogenesis of various diseases by directly regulating
the behavior of nonvascular cells (7, 8). A subset of monocytes
expressing Tie2 has been found at the tumor sites (15). Ang2
has a chemotactic effect on Tie2-positive monocytes and may be
responsible for recruiting this subset of monocytes to tumor
sites (15). Ang2 activation of Tie2 on these cells inhibits the
release of antiangiogenic cytokines, including IL-12 (15). Tie2-
mediated signaling promotes neural outgrowth from dorsal root
ganglion cells (16). Angl induces a chemotactic effect on
fibroblastic synoviocytes in rheumatoid arthritis and fibroblast
stably transfected with Tie2 (17). Thus, although Ang-induced,
Tie2-mediated signaling plays a major role in the vasculature,
studies done in pathological conditions suggest that their role
outside the vasculature may be equally as important and
therefore warrants further investigation.

We, for the first time, report here that there is increased
expression of angiogenic growth factors and Tie2 receptors in
the respiratory epithelium in allergic asthma and that their
expression correlates with the severity of airway remodeling.

MATERIALS AND METHODS

Animals

We purchased BALB/c mice (aged 4-5 wk) from Harlan Laborato-
ries (Indianapolis, IN). Mice were maintained in a pathogen-free
environment at Creighton University. Food and water were provided
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ad libitum. The research protocol of this study was approved by the
Institutional Animal Care and Use Committee of Creighton University.

Induction of Allergic Airway Disease

We sensitized mice with 20-pg intraperitoneal injections of OVA
(Sigma-Aldrich, St. Louis, MO) emulsified in 2.25 mg of Imject alum
(Pierce Biotechnology, Rockford, IL) on Days 0 and 14 (Figure 1A).
Animals were challenged with 1% OVA for three consecutive days
from Days 28 to 30 and with 5% OVA on Day 32. On Day 33, specific
airway resistance was measured in randomly selected tracheostomized
mice in response to aerosolized acetyl B-methylcholine (Figure 1B),
and enhanced pause in response to aerosolized acetyl B-methylcholine
(Sigma-Aldrich) was measured in the remaining animals using whole-
body plethysmography (Buxco Electronics, Troy, NY). The remaining
mice with established airway hyperresponsiveness (AHR) were chal-
lenged with 5% OV A by aerosol on Day 44. On Day 45, specific airway
resistance was measured in randomly selected tracheostomized mice in
response to aerosolized acetyl B-methylcholine (Figure 1B). Animals
were challenged with 1% OVA weekly from Days 52 through 77 and
with 5% OVA on Day 79. On Day 80, specific airway resistance was
measured in the remaining mice in response to aerosolized acetyl
B-methylcholine (Figure 1B).

Bronchoalveolar Lavage Fluid and Cytokine Measurement

After mice were killed, lungs were gently lavaged with 1 ml of warm
saline (37°C) via a tracheal cannula. Total cell counts were performed
with a Coulter counter (Beckman and Coulter, Fullerton, CA). All
samples were centrifuged at 400 X g for 10 minutes, and the
supernatants were stored in at —80°C until ELISAs were performed.
Mouse VEGF-A level was measured using an ELISA detection kit
(cat# BMS 619/2; eBioscience, San Diego, CA) according to the
manufacturer’s protocol. Angl and Ang?2 levels were measured accord-
ing to the following protocol. Wells were coated with 100 pl of capture
antibody (Angl [c-19] and Ang2 [c-19]; Santa Cruz Biotechnology,
Santa Cruz, CA) and coating buffer (cat# 00-0044-59; eBioscience) and
incubated overnight at 4°C. Wells were washed five times with 250 p.l of
PBS/0.05% Tween20 wash assay and blocked with 250 pl of assay
diluent (cat# 00-4202-AD2; eBioscience) overnight. Wells were wash
five times and incubated with 100 pl of samples in each well for 2 hours
at room temperature (RT) and were washed again five times and
incubated for 1 hour at RT with 100 pl of detection antibody (Angl
[AB3120] and Ang2 [AB3121]; Millipore, Billerica, MA) and assay
diluents in each well. Wells were incubated with HRP-conjugated
secondary antibody (goat anti-rabbit; Novus, Littleton, CO) for
30 minutes at RT and washed seven times and incubated with 100 .l
of substrate solution (cat# 00-4201-52; eBioscience) for 15 minutes.
Stop solution (50 pl per well) was added, and absorbance was read at
450 nm.
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Preparation and Staining of Lung Tissue

Lung lobes were fixed in 4% formalin and paraffin embedded. These
lung sections were stained with hematoxylin and eosin following the
manufacturer’s standard protocol (Newcomer Supply, Middleton, WT).
Mucus secretion was identified by periodic acid-Schiff (PAS) reaction
using the standard protocol recommended by the manufacturer
(Sigma-Aldrich). Trichrome staining was used to identify collagen
following the standard protocol recommended by the manufacturer
(IMEB Inc., San Marcos, CA).

Isolation of Airway Epithelial Cells

Mouse lung tissues were chopped and digested with collagenase D
(1 mg/ml) in RPMI-1640 containing DNase (50 pg/ml) at 37°C for
1 hour. Single cell suspension was filtered through a 40-pm filter and
centrifuged at 350 X g for 10 minutes. The supernatant was discarded,
and the pellet was resuspended in ammonium Tris chloride solution
and placed on ice for 7 minutes. We neutralized the ammonium Tris
chloride solution with 10% FBS (1 ml FBS + 9 ml RPMI-1640) and
centrifuged the solution at 350 X g for 10 minutes. The supernatant was
discarded, and the pellet was resuspended in 10 ml MACS buffer and
centrifuged at 350 X g for 10 minutes. The cells were counted with
a Coulter counter. PE-conjugated EpCAM (eBioscience) microbeads
(100 pl per 108 cells) were added, and cells were incubated on ice for
30 minutes and washed. Cells were incubated with MACS anti-PE
microbeads, washed, and centrifuged at 1,500 X g for 10 minutes. The
supernatant was discarded, and the pellet was resuspended in 1 ml
of MACS buffer. The samples were run on AutoMACS (Miltenyi-
Biotech, Bergisch Gladbach, Germany) under a double-sensitive
(POSSELDS) separation program. The epithelial phenotype of the
isolated cells was confirmed by EpCAM and cytokeratin staining. The
purity of the cell isolate was 65 to 70%.

Immunofluorescence

We performed deparaffinization, rehydration, and antigen retrieval
before immunostaining. The slides were incubated for 2 hours in block/
permeabilizing solution containing 5% (vol/vol) of appropriate serum
with 0.25% Triton X-100 and 0.1% BSA when goat serum was used.
The slides were incubated with primary antibody and normal host IgG,
including chromePure rat IgG, chromePure rabbit IgG, chromePure
goat IgG (Jackson Immunoresearch, West Grove, PA), rat anti-
EpCAM (eBioscience), rat anti-F4/80, rabbit anti-pan-cytokeratin
(H-240), rabbit anti-Tie2 (C-20) and (H-176), rat anti-F4/80 (sc-
59171), goat anti-integrin aX (CD11c, M-50), goat anti-Angl (N-18)
and (C-19), and goat anti-Ang2 (C-19) and (F-18) (Santa Cruz Bio-
technology). The sections were washed and incubated with Cyanine 3
or Cyanine 2 goat anti-rabbit IgG, goat anti-rat IgG, and donkey anti-
goat IgG (Jackson Immunoresearch). Slides were incubated with goat
serum after the first secondary antibody incubation, when Cyanine 3
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donkey anti-goat was used as the first secondary and Cyanine 2 goat
anti-rabbit was used as second secondary antibody for double staining.
Nuclei were counterstained with 4’,6-diamidino-2-phenylindole. Fluo-
rescent analysis was performed with a confocal microscope.

Protein Extraction and Immunoblotting

Protein lysates were extracted with protein extraction RIPA buffer
with 1% protease inhibitor (P8340; Sigma). The protein was quantified,
and 50 pg of each protein sample was resolved by electrophoresis using
10 to 20% polyacryamide gels (Biorad, Hercules, CA) after mixing
with Laemmli loading buffer with 10% mercaptoethanol. Separated
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proteins were transferred to Hybond-electrogenerated chemilumines-
cence nitrocellulose membrane (Biorad). The membrane was incu-
bated in for 1 hour in blocking buffer (5% wt/vol nonfat dry milk,
0.05% Tween 20 in PBS) to minimize nonspecific binding. The
membrane was incubated in rabbit anti-mouse Tie2 (C-20; Santa Cruz
Biotechnology), mouse anti-Tie2 (clone Ab33, 05-584) (Millipore),
anti-B actin (ACTBD11B7, sc-81178), goat anti-Angl (N-18), and goat
anti-Ang2 (C-19) and (F-18) (Santa Cruz Biotechnology) diluted in
blocking buffer (1:500-1:,1000) and incubated with the membrane at
room temperature for 1 hour with gentle rocking. After three or four
washes (10 min each) with washing buffer (0.05% Tween 20 in PBS),
HRP-conjugated secondary antibodies (1:2,000) (NOVUS) were in-

OVA Day 80

Figure 2. (A) Hematoxylin
and eosin (H&E), periodic
acid-Schiff (PAS), and Tri-
chrome staining in the air-
way (AW) and blood vessel
(BV) of PBS-treated and of
OVA-sensitized and chal-
lenged mice on Days 33,
45, and 80. (B and C) The
severity of mucus and col-
lagen staining was graded
for quantification based on
the following scale: 0, nor-
mal; 1, mild; 2, moderate;
3, strong; and 5, severe
alterations. Mid to lower
airway generations were
typically used for analysis.
(D and E) Zeiss imaging
software was used to mea-
sure epithelial cell height
and lumen area. Data are
shown as mean = SEM of
values of 10 measurements
per mouse. Eight mice
were analyzed per group.
*P < 0.05; **P < 0.001.
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cubated with the membrane for 1 hour under the same conditions. The for the identification of Angl, Ang2, and Tie2 mRNA transcripts. The

membrane was washed three times with washing buffer, and the total RNA was isolated using the Trizol reagent (Sigma) method. The
immunoreactive bands were visualized using electrogenerated chem- yield of RNA was quantified using Nanodrop (Thermo Scientific,
iluminescence detection reagents (Amersham Pharmacia Biotech, Rockford, IL). First-strand cDNA synthesis was performed using 1 pg
Piscataway, NJ). The emission was detected in EpiChemi darkroom, total RNA with oligo dT (1 pg), 5X reaction buffer, MgCl,, ANTP mix,
and the image was captured with BioChemi CCD camera (UVP, Inc., and Improm II reverse transcriptase as per the Improm II reverse
Upland, CA). transcription kit (Promega, Madison, WI). After the first strand

synthesis, real-time PCR was performed using 8 wl cDNA, 10 pl
. . SYBR green PCR master mix (Biorad), and forward and reverse
RNA Isolation and Real-time PCR primers (10 pmol/pl) (Integrated DNA Technologies, San Diego, CA)
Total RNA was isolated from EpCAM+ cells for analysis of angio- using a real-time PCR system (CFX96; Biorad). The primers include
poietin and Tie2 expression. Real-time PCR analysis was performed the following: Tie2 forward, GAT TTT GGA TTG TCC CGA GGT
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CAA G; Tie2 reverse, CAC CAA TAT CTG GGC AAA TGA TGG;
Angl forward, TGC AGC AAC CAG CGC CGA AA; Angl reverse,
CAG GGC AGT TCC CGT CGT GT; Ang2 forward, GCT TCG
GGA GCC CTC TGG GA; Ang2 reverse, CAG CGA ATG CGC
CTC GTT GC. The specificity of the primers was analyzed by running
a melting curve. The PCR cycling conditions used were 5 minutes at
95°C for initial denaturation, 40 cycles of 30 seconds at 95°C, 30
seconds at 52 to 58°C (depending upon the primer annealing temper-
atures), and 30 seconds at 72°C. Each real-time PCR was performed
using four individual samples in duplicates, and the threshold cycle
values were averaged. Calculations of relative gene expression were
based on the differences in the threshold cycles. The fold change in
expression between samples were calculated by fold change = 2 — AACt.
The results were normalized against the housekeeping gene 18S.

Statistical Analysis

In all the studies, each group was represented by eight animals as
determined by power of analysis. Data are presented as means = SEM
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and were analyzed using GraphPad Prism. One-way ANOV A was used
when one parameter was tested. In conditions that required the
evaluation of two parameters simultaneously, two-way ANOVA was
used. Multiple group comparisons were performed by Bonferroni’s
multiple comparison test. A value of P < 0.05 was considered
significant.

RESULTS

Establishment of AHR to Methacholine
and Airway Inflammation

OV A-sensitized and OV A-challenged mice (Figure 1A) dem-
onstrated AHR to methacholine, with a marked increase in
specific lung resistance on Days 33, 45, and 80 (Figure 1B).
There was significant increase in total number of cells, eosino-
phils, and lymphocytes in the bronchoalveolar lavage fluid

Figure 4. (A) Tie2 ex-
pression (arrowhead) in
macrophage in  the
alveolar sac (Am®). (B)
MFI of Tie2 immuno-
staining in Am®, mea-
sured in AU (using NIH
Image ] software). (C)
F4/80 and Tie2 double
staining of  macro-
phages in the peribron-
chial area (Pm®) and
alveolar sac. (D) CD11c¢
and Tie2 double staining
in Am®. (E) Immuno-
fluorescent (IF) staining
for normal goat IgG
(control for Angl and
Ang2 antibody). (F) Rat
19G (control for EpCAM
and F4/80 antibody).
(G) Rabbit IgG (control
for Tie2, Pan-cytokeratin,
and CD11c antibody).
This is a representative
immunostaining image
for each group. Data are
shown as mean = SEM
of values of 10 measure-
ments in each group.
*P < 0.05; **P < 0.001.

Tie2 (Cy 2

(G) RabbitIgG (Cyc3)/DAPI
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(BALF) of OV A-sensitized and challenged mice compared with
the PBS-treated group (Figure 1C). Long-term exposure to
OVA resulted in a significant increase in the number of
neutrophils on Day 80 (Figure 1C). There were no lymphocytes
in the BALF of the PBS-treated control group (Figure 1C).

Different Degrees of Airway Remodeling after OVA
Sensitization and Challenge

Airways of the control mice exhibited normal parenchyma, with
no mucus staining and little collagen staining around the
respiratory epithelium and vascular basement membrane (Fig-
ure 2A). On Day 33, the lungs of OV A-sensitized and OVA-
challenged mice exhibited the signs of mild airway remodeling,
showing airway epithelial cell hypertrophy, mild mucus staining,
and sparse collagen deposition (Figure 2A). However, on Days
45 and 80, features of severe airway remodeling were present
after additional antigen challenge (Figure 2A). The airway had
marked epithelial cell hypertrophy indicated by an increase in
epithelial cell height, airway occlusion measured by ratio of
lumen to airway, mucus plugging, and collagen deposition
(Figures 2B-2E).

Expression of Tie2 in Respiratory Epithelium
and Macrophages

Tie2 expression was not detectable in the respiratory epithelium
of PBS-treated control mice (Figure 3A). Tie2 expression was
moderately increased in some of the airway epithelial cells of
OV A-sensitized and OV A-challenged mice on Day 33. How-
ever, Tie2 expression was significantly increased in the airway
epithelial cells of OV A-sensitized and OV A-challenged mice
on Day 45. Tie2 expression in airway epithelial cells remained
elevated in OV A-sensitized and OV A-challenged mice on Day
80 (Figures 3A and 3B). Pulmonary blood vessels of PBS-
treated control and OVA-sensitized and OVA-challenged
groups constitutively expressed Tie2 (Figure 3C). Pan-cytokeraton
expression was detectable in airway epithelial cells and alveolar
epithelial cells but not in alveolar macrophages (Figure 3D).
EpCAM expression was detectable only in airway epithelial
cells lining the airway wall (Figure 3E). Although some studies
have reported the expression of EpCAM on some lymphocytes
and alveolar epithelial cells (18), EpCAM expression was
undetectable in these cell types under our described experi-
mental conditions in this study (Figure 3E). Double staining
with EpCAM and Tie2 further confirmed that Tie2 is expressed
by airway epithelial cells (EpCAM+) after OVA sensitization
and challenge.

Airway epithelial cells were isolated on the basis of their
expression of EpCAM, previously shown to be expressed by this
cell type (Figure 3E). Western blot protein analysis of these
isolated airway epithelial cells further confirmed increased
expression of Tie2 receptors in airway epithelial cells of
OV A-sensitized and OV A-challenged mice on Day 45 (Figures
3F and 3G). There was a barely detectable level of Tie2 by
Western blot in PBS-treated control airway epithelial cells.
Western blot analysis of HUVEC whole-cell lysate confirmed
Tie2 expression at the known 145 kD molecular weight, thereby
validating the specificity of the antibodies chosen. Analysis of
the Tie2 mRNA transcript by real-time PCR revealed a de-
crease in mRNA level in airway epithelial cells after OVA
sensitization and challenge (Figures 3H and 3I).

Although there was no detectable expression of Tie2 in
macrophages of PBS-treated control mice, Tie2 expression was
gradually increased in macrophages located in the alveolar sac
in OV A-sensitized and OV A-challenged mice on Days 33, 45,
and 80 (Figures 4A and 4B). F4/80 expression was heteroge-
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neous in lung tissue macrophages, with particularly high ex-
pression in macrophages located in the perivascular and
peribronchial areas but not in the alveolar sacs (Figure 4C).
CD11c was highly expressed in macrophages located in the
alveolar sacs (Figure 4D). Therefore, our subsequent identifi-
cation of macrophages in the alveolar sac was based on CD11c
expression. Our negative controls using IgG from primary
antibody hosts chosen for the study revealed minimal non-
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Figure 5. (A) Angl (arrowhead) expression in the AW and BV of PBS-
treated and OVA-treated mice. (B) MFI of Angl immunostaining, mea-
sured in AU (using NIH Image ] software). Data are shown as mean = SEM
of values of 10 measurements per group. (C) Western blot analysis Ang1
expression in whole lung tissue protein lysate. (D) Densitometric analysis.
(E) Ang1 level in BALF using ELISA. (F) Angl mRNA level in isolated
epithelial cells by real-time PCR. (G) Agarose gel showing amplified DNA
after real-time PCR. Data are shown as mean * SEM of values of three
measurements in each group. *P < 0.05; **P < 0.001.
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specific binding of nonimmunized antibody host IgG (Figures
4E and 4G).

Expression of Ang1, Ang2, and VEGF in the Airways of
PBS-Treated Mice and after OVA Sensitization and Challenge

Angl was expressed in the lungs of PBS-treated control mice
and increased in OV A-sensitized and OV A-challenged mice.
Angl expression was localized to the pulmonary vascular
smooth muscle cells and mesenchymal cells surrounding the
airway epithelial layer (Figures SA and 5B). This result was
further confirmed by Western blot analysis of Angl in protein
lysate of whole lung tissue (Figures SC and 5D). Analysis of the
BALF using ELISA revealed an increase in Angl after OVA
sensitization and challenge (Figure SE). Conversely, analysis of
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Angl mRNA transcript by real-time PCR revealed a decrease
in mRNA level in airway epithelial cells after OVA sensitiza-
tion and challenge (Figures 5F and 5G).

Ang2 expression was significantly increased in airway epi-
thelial cells and macrophages in OV A-sensitized and OVA-
challenged mice (Figures 6A and 6C). Ang2 expression in
BALF cells was localized to the inflammatory macrophages in
OVA-sensitized and OV A-challenged mice but was undetect-
able in residential macrophages from PBS-treated mice (Figures
6B and 6D). Analysis of the BALF using ELISA revealed an
increase in Ang2 after OV A sensitization and challenge (Figure
6E). The increased level of Ang2 in the lung tissue was further
confirmed by Western blot analysis of protein lysate of whole
lung tissue (Figures 6F and 6G). Ang2 expression was undetect-

Figure 6. (A) Ang2 (arrowhead) expres-
sion in the AW and BV of PBS and OVA-
treated mice. (B) Ang2 expression and
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able by Western blot in isolated airway epithelial cells from
PBS-treated mice but increased in OV A-treated mice (Figures
6H and 6I). Analysis of Ang2 mRNA transcript by real-time
PCR also revealed an increase in Ang2 mRNA level in isolated
airway epithelial cells after OVA sensitization and challenge
(Figures 6J and 6K).

VEGF expression was significantly increased in airway
epithelial cells and macrophages in the perivascular and peri-
bronchial area in OV A-sensitized and OV A-challenged mice
(Figures 7A and 7B). Analysis of the BALF using ELISA
revealed an increase in VEGF level after OVA sensitization
and challenge (Figure 7E). An increased level of VEGF in the
lung tissue was further confirmed by Western blot analysis of
whole lung tissue protein lysate (Figures 7C and 7D). VEGF
expression was undetectable by Western blot in isolated airway
epithelial cells from PBS-treated mice but was increased in
OVA-treated mice (Figures 7F and 7G).

DISCUSSION

In this study, we found that Tie2 expression is increased in the
respiratory epithelium and in a subset of macrophages in OVA-
sensitized and OV A-challenged mice with airway remodeling
and elevated AHR. This increase in Tie2 expression correlates
positively with the severity of airway remodeling. There is
constitutive expression of Tie2 in the pulmonary blood vessels.
A decrease in mRNA expression of Tie2 suggests an imbalance
between the rates of transcription and translation. This is
consistent with reports from another study showing that,
although Tie2 mRNA is down-regulated under hypoxic condi-
tions, Tie2 translation is maintained (27). Understanding the
regulatory mechanism involved in Tie2 expression would shed
more light on this process. The Angl protein level is increased
in the BALF of OVA-sensitized and OV A-challenged mice,
consistent with the report from a previous human study (6).
However, a decrease in Angl mRNA suggests that the Angl
protein level could decrease, as reported in another allergic
mice study (12). Ang2 and VEGF expression are increased in
structural and inflammatory macrophages in OV A-sensitized
and OVA-challenged mice. Constitutive expression of Angl
and Tie2 in pulmonary blood vessels implies a physiological role
for Tie2 signaling in maintaining the quiescent state of the
microvasculature in the lungs, consistent with previous findings
(8, 10). Increased expression of Tie2 in alveolar macrophages
and airway epithelial cells of mice with mild and severe airway
remodeling suggest that Tie2 activity in these cell types may be
involved in the onset and exacerbation of the airway remodeling
process.

Angl and Ang?2 are expressed in the lungs and can bind to
Tie2 with similar affinity. Therefore, they compete equally for
binding to Tie2 receptors, and their bioavailability determines
the dominant signaling pathway (13, 14). The findings in this
study, including increased expression of Ang2 in the airway
epithelial cells and alveolar macrophages of asthmatic mice,
suggest that Ang2-induced, Tie2-mediated signaling would be
the predominant signaling pathway. However, Angl and Ang2
could also have a complementary effect in regulating various
cellular activities. Angl-induced, Tie2-mediated signaling plays
an important role in postnatal vascularization and maintenance
of mature quiescent vasculature (14). Overexpression of Angl
in the skin of a murine model results in leakage-resistant and
enlarged vessels (19). Ang2 antagonistic action leads to vessel
destabilization, a crucial process in the initiation of angiogenesis
(13). A net gain of Ang2 over Angl would destabilize the blood
vessels, making them more susceptible to other angiogenic
growth factors such as VEGF, resulting in the initiation of the
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Figure 7. (A) Vascular endothelial growth factor (VEGF) (arrowhead)
expression in the AW and BV of PBS- and OVA-treated mice. (B) MFI of
VEGF immunostaining, measured in AU (using NIH Image | software) in
AW. Data are shown as mean = SEM of values of 10 measurements in
each group. (C) Western blot analysis and (D) densitometric analysis of
VEGF expression in whole lung tissue protein lysate. (E) VEGF level in
BALF using ELISA. (F) Western blot analysis and (G) densitometric
analysis of VEGF expression in isolated airway epithelial cell protein
lysate. Data are shown as mean + SEM of values of three measure-
ments in each group. *P < 0.05; **P < 0.001.

angiogenic process (13). Transgenic overexpression of Ang2
leads to vascular defect similar to Angl or Tie2 deficiency (13).
Although several studies have reported that Ang2 does not
activate Tie2 in endothelial cells, Ang2 can activate Tie2 in
nonendothelial cells (8). Ang2 has a chemotactic effect on Tie2-
positive monocytes and blocks the secretion of IL-12 from these
cells at tumor sites (15). Because we have found an increased
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expression of Tie2 in alveolar macrophages in the lungs of
asthmatic mice with mild and severe airway remodeling, it is
possible that Ang2-induced activation of Tie2 may also block
the release of pro-T helper (Ty)1 immune response cytokines,
such as IL-12, thereby contributing to a cytokine milieu that
favors a T2 response. Angl-induced signaling promotes neural
outgrowth from dorsal root ganglion cells. Tie2-mediated signal
transduction can also elicit neuron-protective and mitogenic
effect in vitro (16, 20). Thus, there is enough evidence to suggest
that both beneficial and deleterious effects can be elicited
through the activation of Tie2 in vascular and nonvascular cells.
Any proposed effect of Tie2 signaling would be mere specula-
tion at this point. It would be interesting to study the effect of
Angl and Ang2 on epithelial-mesenchymal transition and
airway epithelial cell apoptosis.

After secretion, Angl is incorporated into the extracellular
matrix (21-23). Ang2, on the other hand, is not associated with
the extracellular matrix but is stored in Weibel-palade bodies
predominantly in the cytoplasm of endothelial cell and quickly
secreted when needed. Ang?2 is mainly expressed by endothelial
cells and is located at the sites of vascular remodeling (21-23).
In this study, we found that inflammatory macrophages also
produce Ang2 in allergic asthmatic mice. Angl and Ang2
expressions are regulated by inflammatory mediators such as
IL-1B, TNF-a, TGF-B, and hypoxia (8). However, the synthesis
and release of Angl and Ang2 is a dynamic process and may
depend on the microenvironment and pathological conditions.

Inflammatory mediators, such as IL-11, VEGF, and hypoxia,
can induce and up-regulate Tie2 receptor expression (13, 14).
Various transcriptional factors, including Ets-related factor-2,
E74-like factor-1 (Elf-1), and endothelial PAS domain protein
1, can bind to the Tie2 promoter to induce transcription of Tie2
gene. Angiopoietins under hypoxic conditions can activate Ets-
related factor 2 to increase Tie2 gene expression (13, 14, 24-26).
In this study, we observed a significant increase in the Tie2
protein expression in the airway epithelial cells of allergic
asthmatic mice with severe airway remodeling. In our pre-
liminary studies, we observed an increased expression of Elf-1
transcription factor in the airway epithelial cells and macro-
phages of mice with severe airway remodeling (unpublished
observations). Mediators such as VEGF and Ang2 can activate
Elf-1, resulting in the up-regulation of Tie2 gene expression (8).
However, the role of other transcription factors cannot be ruled
out. Further studies are warranted to better understand the
regulation of Tie2 expression in the lung of allergic asthmatic
mice and their causative relationship with airway remodeling.

In summary, we have shown that Tie2 expression is in-
creased in nonvascular cells in the lung tissue of OV A-sensi-
tized and OV A-challenged mice. Increased expression of Ang2
suggests that the dominant pathway in the lung would be Ang2
induced but does not rule out a complementary relationship
between Angl- and Ang2-induced signaling. Our findings
suggest a broader role for Tie2 involving the direct regulation
of nonvascular cells during the development of airway remod-
eling in asthma, in addition to its role in the remodeling of
microvasculature.
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