
Background: Angiogenesis is a prerequisite for airway remod-
eling in bronchial asthma. Several growth factors may play
important roles in inflammation and angiogenesis through
effects on inflammatory cell infiltration or neovascularization.
Objective: We sought to compare bronchial vascularity and
expression of vascular endothelial growth factor (VEGF), basic
fibroblast growth factor (bFGF), and angiogenin in bronchial
biopsy specimens from asthmatic and healthy control subjects.
Methods: Bronchial biopsy specimens were obtained from 16
asthmatic subjects and 9 normal control subjects. The number
of vessel profiles and the vascular area per unit area on a his-
tologic section were estimated by using computerized image
analysis after staining for type IV collagen in vessel walls.
Numbers of VEGF+, bFGF+, and angiogenin+ cells were deter-
mined by means of immunoreactivity.
Results: The airways of asthmatic subjects had significantly
more vessels (P < .05) and greater vascular area (P < .001)
than that observed in control subjects. Asthmatic subjects
exhibited higher VEGF and bFGF and angiogenin immunore-
activity in the submucosa than did control subjects (P < .001,
respectively). Significant correlations were detected between
the vascular area and the numbers of angiogenic factor–posi-
tive cells (VEGF: rs = 0.93, P < .001; bFGF: rs = 0.83, P < .001;
angiogenin: rs = 0.88, P < .001) within the asthmatic airways.
Furthermore, the degree of vascularity was inversely correlat-
ed with airway caliber and airway responsiveness. Colocaliza-
tion analysis revealed that the angiogenic factor–positive cells
were CD34+ cells, eosinophils, and macrophages.
Conclusion: Our results suggest that increased vascularity of
the bronchial mucosa in asthmatic subjects is closely related to
the expression of angiogenic factors, which may then con-
tribute to the pathogenesis of asthma. (J Allergy Clin Immunol
2001;107:295-301.)
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Chronic inflammation of the airways and airway-tissue
remodeling are the most common histopathologic features

of bronchial asthma. Airway remodeling is thought to lead
to irreversible airway obstruction, which is one of the fac-
tors that makes treatment of asthmatic patients difficult.
The formation of new blood vessels (angiogenesis) may
play an important role both in the development of
bronchial asthma and in the physiologic repair process. In
addition, some of the cytokines and growth factors associ-
ated with airway inflammation may also play roles in air-
way remodeling1-4 and may be responsible for the
increased vascularity found in asthmatic airways. Recent-
ly, several angiogenic factors, such as fibroblast growth
factor,5 hepatocyte growth factor,6 platelet-derived growth
factor,7 and angiogenin, have been identified.8 Vascular
endothelial growth factor (VEGF), which is involved in
vascular permeability, is a potent multifunctional cytokine
that has several important effects on angiogenesis.9-11 Vas-
culogenesis, the differentiation of mesenchymal cells into
hemangioblasts and primitive vessels, and angiogenesis,
the formation of new blood vessels from preexisting
endothelium, are essential components of tissue growth
and remodeling. However, no reports have been published
describing possible associations between cytokines and
angiogenesis in bronchial asthma.

We hypothesized that cytokines may play an important
role in airway remodeling, particularly in angiogenesis
associated with bronchial asthma. To investigate the
development of angiogenesis in asthmatic airways, we
examined the levels of VEGF, basic fibroblast growth fac-
tor (bFGF), and angiogenin protein immunoreactivity in
endobronchial biopsy specimens obtained from patients
with asthma and age-matched control subjects. The rela-
tionships between vascularity, angiogenic factor expres-
sion, and clinicopathologic features were then analyzed.

METHODS

Study patients

The 16 atopic asthmatic patients were defined according to the cri-
teria of the American Thoracic Society. All patients had typical clini-
cal symptoms, a documented reversible airway obstruction (>20%
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improvement in FEV1), and increased airway responsiveness to
methacholine. Nine nonatopic normal subjects were recruited from a
hospital outpatient department. None of the asthmatic subjects had
received inhaled or oral corticosteroid therapy in the 3 months before
the study, and all required intermittent inhaled β2-agonist alone. All
subjects were nonsmokers, and control subjects had no evidence of
any other pulmonary disease and had not experienced any upper res-
piratory tract infections during the 2 weeks preceding the study. The
study was approved by the Ethics Committee of the Toho University
School of Medicine, and all subjects gave written informed consent.
Seven days after the initial visit, patients returned, having omitted
inhaled β2-agonist for at least 12 hours previously. Spirometry and
airway methacholine responsiveness were measured with an Asto-
graph device (TCK-6000CV; Chest MI Co, Tokyo, Japan), according
to the method of Takishima et al.12 Bronchial hyperresponsiveness
was evaluated as the minimum cumulative dose (Dmin) of metha-
choline for which the reciprocal of respiratory resistance decreased
linearly. Dmin was calculated so that 1 unit of Dmin equaled 1 minute
of inhalation of aerosol solution at 1.0 mg/mL. Seven days later,
fiberoptic bronchoscopy was performed on all patients. The clinical
and demographic characteristics of the subjects are shown in Table I.

Fiberoptic bronchoscopy

Premedication was provided by intramuscular injection of 0.5
mg of atropine sulphate and 15 mg of pentazocine. After the throat
had been anesthetized with 4% lidocaine spray, the subjects inhaled
200 µg of salbutamol (GlaxoWellcome, Greenford, UK) to prevent
bronchoconstriction. A bronchoscope (BF type 1T-30; Olympus Co,
Tokyo, Japan) was inserted through the mouth, and the pharynx, tra-
chea, and bronchi were anesthetized with 2% lidocaine. Oxygen at
4 L/min was administered through the nasal cannulas throughout
the procedure. Biopsy forceps (FB-15C, Olympus) were used to
collect 2 to 3 biopsy specimens from the spur of a basal segment
bronchus of the right lower lobe and from the subcarina of the right
upper lobe. After the procedure, patients inhaled 200 µg of salbuta-
mol. Biopsy specimens were placed in OCT medium, snap-frozen
in liquid nitrogen–cooled isopentane, and stored at –70°C until use.

Sample processing

For immunocytochemistry, biopsy tissues were immersed in
15% PBS and cooled on ice for 20 minutes. Tissues were then
blocked with OCT medium, and 4-µm cryostat sections were cut,
air-dried for 1 hour, and then fixed by immersion in a mixture of
acetone-methanol (60:40) for 7 minutes. Slides were air-dried and
stored at –70°C until use.

Immunocytochemistry

Immunostaining was performed by using the alkaline phos-
phate–antialkaline phosphatase (APAAP) method, as previously
described.13 Vessels were identified by means of anti-collagen type IV
antibody (1:50 dilution; Monosan, Uden, The Netherlands) staining of

the basement membranes supporting the endothelium. Immunostain-
ing for VEGF was performed by using the rabbit anti-human poly-
clonal antibody A-20 (1:200 dilution; Santa Cruz Biotechnology,
Santa Cruz, Calif) that recognizes the 121, 165, and 189 isoforms of
VEGF. Slides were also incubated with a rabbit anti-human polyclon-
al antibody against bFGF at a dilution of 1:200 (Yanaihara Institutes
Inc, Shizuoka, Japan) and an mAb against angiogenin at dilution of
1:50 (Biomedical Technology Inc, Stoughton, Mass).

Double immunocytochemistry

To confirm the phenotype of VEGF+, bFGF+, and angiogenin+

cells, double sequential immunocytochemistry was performed as
previously described.14 Briefly, endogenous peroxidase activity in
biopsy specimen cryostat sections was blocked with 1% H2O2 and
0.02% sodium azide in TRIS-buffered saline for 30 minutes. A mix-
ture of primary antibodies was then applied that consisted of either
polyclonal anti-VEGF antibody, polyclonal anti-bFGF antibody, or
monoclonal anti-angiogenin antibody to detect VEGF, bFGF, and
angiogenin immunoreactivity, respectively. Appropriate mAbs to
detect eosinophils (anti-major basic protein; Harlan Sera-lab, Ltd,
Sussex, United Kingdom), mast cells (anti-AA1; Dako Ltd, High
Wycomb, United Kingdom), T cells (anti-CD3; Becton Dickinson,
Oxford, United Kingdom), macrophages (anti-CD68; Dako), and
CD34+ cells (anti-CD34; Biomeda Corp, Foster, Calif) were then
added. After incubation with the appropriate secondary antibodies, a
tertiary layer of streptavidin peroxidase and murine APAAP conju-
gate was then applied. Sections were developed sequentially in Fast
Red (APAAP substrate) and diaminobenzidine (peroxide substrate).
Appropriate negative controls were included in all immunochemical
studies, which included TRIS-buffered saline alone, omission of the
primary antibodies, and the use of an irrelevant mouse or rabbit IgG
antibody. A total of 500 cells from randomly selected areas in the
sample tissues were examined. Cell counts were expressed as the
percentage of angiogenic factor–positive cells that colocalized with
major basic protein (MBP), AA1, CD3, CD68, or CD34.

Quantitation

For immunocytochemical analysis, sections were coded and
counted in a blind fashion by using an Olympus microscope with eye-
piece graticule at 200× magnification. A computerized colorometric
image analyzer (Win ROOF; Mitani Corp, Fukui, Japan) was used to
quantify collagen type IV immunoreactivity in tissue. The entire sub-
mucosa beneath the epithelial basement membrane was outlined on
the color monitor by means of an electronic mouse cursor. The num-
ber of vessel profiles per unit area was then divided by the submu-
cosal area to determine the number of vessels per square millimeter
of submucosa. All structures internal to the vessel endothelial base-
ment membrane were evaluated as vascular area. The mean size of
vessels was estimated by dividing the total vascular area by the total
number of vessels for each subject. Because vessels are 3-dimension-
al structures, it is difficult to accurately count the number of vessels
on a single histologic section. However, the percentage of vascular
area determined by dividing the vascular area by the submucosal area
is a more important measure of angiogenic change than the number
of vessel profiles. Therefore angiogenic factor expression was com-
pared with vascular area. Numbers of positively stained cells were
counted for the entire submucosal area, excluding mucosal glands
and smooth muscle. Results were expressed as the number of positive
cells per square millimeter of submucosa.

Statistical analysis

Between-group comparisons were performed by using the Mann-
Whitney U test with the Bonferroni correction. The same observer
performed at least 3 replicate measurements, and intraobserver repro-
ducibility was assessed by using the coefficient of variation for repeat

TABLE I. Clinical characteristics of asthmatic and normal
control subjects

Asthmatic subjects Control subjects

(n = 16) (n = 9)

Age (y) 32 (18-52) 36 (23-49)
Sex (M:F) 8:8 5:4
FEV1 (% predicted) 72.3 (50.6-89.2) 95.6 (89.2-102.0)
Dmin (U) 1.12 (0.19-3.38) >50
IgE (IU/mL) 498.0 (48.5-2306.7) 20 (3.0-45)

Values are expressed as mean (range). A Dmin unit is equal to 1 minute of
1.0 mg/mL aerosol inhalation of methacholine.
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measurements. The intraobserver coefficient of variation ranged from
4% to 12% for the number of vessel profiles per unit area and per-
centage vascularity and from 1% to 5% for cell positivity. Correlation
coefficients were obtained by using the Spearman rank-order method.
A P value of less than .05 was considered statistically significant.

RESULTS

Vascularity

The number of vessel profiles per unit area in asth-
matic patients was increased compared with that of the

control subjects (mean ± SD, 307 ± 125/mm2 vs 210 ±
78/mm2; P < .05). The percentage vessel area was greater
in asthmatic subjects than in control subjects (12.4% ±
4.4% vs 3.4% ± 1.3%, P < .001). However, there was no
significant difference in mean vessel size for asthmatic
subjects compared with control subjects (279.8 ± 95.5
mm2 vs 239.1 ± 78.4 mm2). There was an inverse corre-
lation between FEV1 percent predicted and the percent-
age of vessel area (rs = –0.88, P < .001), and we also
observed an inverse correlation between airway respon-

FIG 1. Bronchial biopsy specimens stained with anti-collagen IV from an asthmatic patient (A) and a control
subject (B). Arrowheads indicate vessels (bar = 25 µm).

A B

FIG 2. Number of VEGF+ (A), bFGF+ (B), and angiogenin+ (C) cells within the submucosa of bronchial biop-
sy specimens obtained from asthmatic and control subjects. Horizontal bars represent mean values.
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siveness and the percentage of vessel area (rs = –0.92, P
< .001). An example of anti-collagen IV–positive stain-
ing of biopsy specimens taken from asthmatic and con-
trol subjects is shown in Fig 1, A and B.

Immunoreactivity of VEGF, bFGF, and

angiogenin

Immunocytochemical staining revealed increased
numbers of VEGF-immunoreactive cells in the bronchial
mucosa of asthmatic subjects compared with control sub-

jects (54.8 ± 31.4/mm2 vs 14.8 ± 8.3/mm2, P < .001; Fig
2, A). Cells expressing bFGF immunoreactivity were also
significantly increased in the bronchial mucosa of asth-
matic subjects compared with control subjects (53.7 ±
33.3/mm2 vs 13.7 ± 5.1/mm2, P < .001; Fig 2, B). The
numbers of angiogenin-immunostaining cells were sig-
nificantly elevated in asthmatic subjects compared with
control subjects (60.7 ± 30.5/mm2 vs 13.7 ± 9.4/mm2, P
< .001; Fig 2, C). Examples of staining for each of the
angiogenic factors are shown in Fig 3, A-F.

FIG 3. Photomicrographs showing staining of bronchial mucosal biopsy specimens with antibodies to
angiogenic factors: VEGF (A, asthma; B, control), bFGF (C, asthma; D, control), angiogenin (E, asthma; F,

control). Arrows indicate some of the cells that react with each angiogenic antibody. Colocalization of VEGF
immunoreactivity (red) and anti-CD34+ cells (brown; G), bFGF immunoreactivity (red) and anti-MBP+ cells
(eosinophils, brown; H), angiogenin immunoreactivity (red) and anti-CD68+ (macrophages, brown; I) in
asthmatic bronchial mucosa (bar = 25 µm).

A B

C D

E F
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Relationship between vascularity and

angiogenic factors

Statistically significant correlations were detected
between the percentage of vessel area vascularity in each
subject and positive cellular immunostaining for VEGF
(rs = 0.93, P < .001), bFGF (rs = 0.83, P < .001), and
angiogenin (rs = 0.88, P < .001; Fig 4).

Cell sources of VEGF, bFGF, and angiogenin

Colocalization studies were performed to phenotype
cells producing the angiogenic factors in the asthmatic air-
way (Fig 3, G-I). Results demonstrated that CD34+ cells,
MBP+ eosinophils, and CD68+ macrophages colocalized
with angiogenic factor expression (n = 9, Table II).

DISCUSSION

The present study showed that (1) angiogenic factor
levels were significantly increased in the airways of asth-
matic subjects compared with control subjects; (2) there
were significant correlations between vessel area and
amounts of angiogenic factors in the asthmatic airways;
and (3) the angiogenic factor–positive cells in the submu-
cosa were CD34+ cells, eosinophils, and macrophages.
Also, the submucosal vessel area was closely correlated
with both airway caliber and airway responsiveness in
asthmatic subjects. Taken together, these results provide
the first evidence that VEGF, bFGF, and angiogenin may
play important roles in asthmatic airway angiogenesis.

The contribution of the increased vessel number and the
percentage of vessel area to airway remodeling has not
been fully elucidated. Previously, Dunnill15 reported that
dilatation of capillary blood vessels was a striking feature
of bronchial mucosa in fatal asthma. Morphometric stud-
ies16 have confirmed these early observations and have
shown that enlarged, congested, mucosal blood vessels
contribute to increased airway wall thickness in asthma.
The inflammatory process also involves increased vascu-
larity, which may again be enhanced by such structural
changes. This study confirms previous findings17 of
increased bronchial vascularity in subjects with mild-to-
moderate asthma, both in terms of the number of vessels
and the area of submucosa occupied by vessels. It has been
suggested that structural changes within the airways of

TABLE II. Percentages of each cell type coexpressing
angiogenic factor for VEGF, bFGF, and angiogenin within
the submucosa of bronchial biopsy specimens from
asthmatic subjects (n = 9)

VEGF+ bFGF+ Angiogenin+

Cell markers cells (%) cells (%) (%)

MBP+ eosinophils 22.8 ± 5.4 21.2 ± 5.8 23.1 ± 5.3
AA1+ mast cells 9.9 ± 5.0 10.1 ± 2.9 11.1 ± 4.3
CD3+ T cells 15.9 ± 2.9 19.1 ± 4.0 14.6 ± 4.1
CD68+ macrophages 22.7 ± 5.2 20.7 ± 3.0 23.0 ± 4.9
CD34+ cells 26.7 ± 2.5 26.8 ± 2.8 28.2 ± 5.6

Results are expressed as means ± SD.

G H

I

FIG 3. Continued
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asthmatic subjects contribute to the development of persis-
tent airway hyperresponsiveness1 and chronic alterations
in airflow obstruction.18 It has been reported that collagen
III, collagen V, and tenascin deposition are involved in
reticular layer thickening.19,20 It is also thought that
increased vascularity, with consequent thickening of the
airway wall, may lead to the narrowing of the bronchial
lumen, increased airway resistance, and decreased forced
expiratory flow rates.21 In our study the percentage of ves-
sel area was significantly correlated with airway caliber
and airway responsiveness in asthmatic subjects. These
results agree with previous findings22 and confirm that
increased bronchial vascularity caused by airway remodel-
ing is a specific characteristic of asthma.

A number of growth factors with proven or potential
roles in vascular development and remodeling have been
identified, including those associated with various dis-
ease conditions.23 In the present study we focused on the
expression of VEGF, bFGF, and angiogenin among a
variety of angiogenic factors because asthmatic airway
mucosa includes abundant vessels and fibrotic compo-

nents. VEGF is a highly specific mitogen for endothelial
cells in vitro and has angiogenic properties in
vivo.9,10,24,25 Moreover, VEGF has been reported to have
a narrow target cell range and is specific for endothelial
cells because VEGF binds to the high-affinity cell sur-
face receptors KDR/Flk and Flt, which are predominant-
ly expressed by endothelial cells.26,27 VEGF is also the
most potent inducer of vascular hyperpermeability and
angiogenesis, phenomena that are consistently found in
inflammatory28,29 and neoplastic disorders. bFGF
belongs to a group of heparin-binding growth factors that
stimulate endothelial cell proliferation and migration in
vitro and angiogenesis in vivo.11 bFGF plays a signifi-
cant role in inflammatory conditions, including wound
healing30 and pulmonary fibrosis.31 The tissue distribu-
tion of bFGF, combined with in vitro evidence that bFGF
can be selectively released by proteases32 or by cellular
injury,33 suggests a role for bFGF in angiogenesis.
Angiogenin, a polypeptide first isolated from condi-
tioned media of a human adenocarcinoma cell line, is a
potent stimulator of angiogenesis.34 Although both
heparin-binding growth factors and angiogenin are
potent stimulators of angiogenesis, the molecules are
unrelated. A statistically significant correlation was
found between the number of angiogenic factor–positive
cells and the percentage vessel area in asthmatic airways.
This suggests that angiogenic factors may activate the
corresponding cognate receptors on endothelial cells,
thus establishing a paracrine mechanism that could ulti-
mately lead to blood vessel neoformation. Our findings
are consistent with previous reports that vascular density
correlated with VEGF immunostaining in neoplastic dis-
ease35 and bFGF immunostaining in disc herniation.36,37

Recently, Haley and Drazen38 have questioned the
implied relationship between the presence of inflamma-
tory cells in the airways and airway responsiveness.
Inflammatory cells in asthmatic airways release not only
short-lived mediators, such as histamine, leukotrienes,
and platelet-activating factor, but also cytokines and
chemokines, which may lead to more chronic effects. It
is possible that these latter factors may contribute to air-
way hyperresponsiveness by inducing chronic airway
remodeling. Thus we hypothesize that angiogenic factors
may be one of the most important mediators of irre-
versible airway function in asthma.

Using double immunocytochemistry, we phenotyped
the cells expressing VEGF, bFGF, and angiogenin and
found that CD34+ cells, eosinophils, and macrophages
within the bronchial mucosa were the most significant
cellular sources of these angiogenic factors in asthmatic
individuals. CD34 is a surface marker expressed on
hemopoietic progenitor cells, normal vascular endotheli-
um, and fibroblasts. CD34 is expressed most strongly on
immature hemopoietic precursor cells and is progressive-
ly lost as cells differentiate.39,40 Vascular endothelial
cells do not express VEGF but are known to be target
cells for VEGF.41 Thus mechanisms regulating angio-
genesis in the airways are complex, involving antigen-
presenting cells and T cells that process antigen and

FIG 4. Correlations between the percentage of vessel area and
VEGF+ cells (A), bFGF+ cells (B), and angiogenin+ cells (C) in
bronchial mucosa. Open circles represent data from control sub-
jects, and closed circles represent data from asthmatic patients.
Correlations were significant only on asthmatic patients.

A

B

C
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orchestrate the immune response, with eosinophils as
effector cells and endothelial cells as target cells.

In conclusion, we have demonstrated that VEGF,
bFGF, and angiogenin immunoreactivity is upregulated
in bronchial asthma compared with healthy control sub-
jects and is associated with the degree of airway vascu-
larity. Our results suggest that these angiogenic factors
play a role in the angiogenic alterations associated with
asthma. Therefore novel therapeutic agents that prevent
angiogenic factor production may be of use in restoring
normal lung function in asthmatic subjects.
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