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Abstract
Plasticity of the lung vasculature is intrinsically more complex than other organs due to the presence of
two blood supply systems under different arterial pressures, the pulmonary and bronchial arterial systems.
The bronchial and pulmonary circulations may both contribute to vascular remodelling in lungs after injury
or inflammation. Vascular remodelling in the airway is a long recognized component in asthma. Growing
numbers of reports suggest that a pro-angiogenic milieu is not a consequence of, but rather dictates the
chronic inflammation of asthma. The fairly recent discovery of EPCs (endothelial progenitor cells) has enabled
us to study the bone-marrow-derived cells that regulate lung vascular plasticity in asthma. This mini review
provides a concise synopsis of our present knowledge about vascular plasticity in adult lungs, summarizes
our current view of angioplasticity in asthma and highlights yet unresolved areas of potential interest.

Introduction

The human lung circulation
The human lung circulation consists of two blood supply
systems: a bronchial vasculature that is the systemic arterial
blood supply providing oxygenated blood and nutrients
to the lung tissue and a pulmonary vasculature carrying
deoxygenated blood from the right ventricle to the lungs for
oxygenation. Although more than 95% of the blood flow
through the lungs is from the pulmonary circulation, exper-
imental systems clearly show that the pulmonary circulation
and bronchial circulation are both crucial for proper lung
function. For example, remodelling of the small pulmonary
arteries results in pulmonary hypertension, while remodelling
of the bronchial vasculature is associated with chronic airway
inflammatory diseases. The pulmonary artery branches run in
parallel to bronchi and bronchioles and terminate in a diffuse
capillary network surrounding the alveoli for gas exchange, to
ultimately converge with pulmonary venules and pulmonary
veins. The bronchial circulation arises directly from the aorta
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as bronchial arteries networking into two capillary plexus,
one on each side of the airway smooth-muscle layer, the
subepithelial plexus and adventitial plexus. These capillary
networks form bronchial veins, which then also drain into the
common pulmonary veins and return to the left atrium [1].

Neovascularization, or new blood vessel
formation
Neovascularization, or new blood vessel formation, can occur
by three major processes, namely vasculogenesis, angiogen-
esis and arteriogenesis. Vasculogenesis signifies de novo blood
vessel formation during which primitive precursors migrate
to vascularization sites, differentiate into endothelial cells
and structurally become the newly formed blood vessel.
Budding of new vessels from pre-existing ones is referred
to as angiogenesis, while the increase in the luminal diameter
of an artery to form a collateral is termed arteriogenesis [2,3].

New studies are revealing multiple functions and types of
vascular stem and progenitor cells involved in neovascular-
ization. Different biological assays and cell surface markers
are used to define subsets of progenitors [4]. The EPC (en-
dothelial progenitor cell) is one of the important participants
in postnatal new blood vessel formation [5], and contributes
to physiological and pathological neovascularization. EPCs
are bone-marrow-derived cells and influence neovasculariz-
ation through paracrine effects [6]. EPCs are enumerated by
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flow cytometric analysis using a combination of haemopoietic
stem cells markers and endothelial cell antigens, such as
CD34, CD133 and VEGF (vascular endothelial growth
factor) receptor-2. Whether these bone-marrow-derived cells
differentiate into true endothelial cells is a subject of debate
[7,8]. However, culture of EPCs in vitro gives rise to CFU-
ECs (colony-forming units of endothelial-like cells) or CFU-
Hill colonies. CFU-ECs are heterogeneous colonies compris-
ing proliferating progenitors [6] in the presence of T-cells [9].
The exact cellular composition of these colonies is currently
unknown. Immunophenotypic analysis indicates low to
intermediate expression of the progenitor cell markers CD34
and CD133. Cells are also positive for endothelial cell-like
features such as uptake of acetylated low-density lipoprotein,
lectin binding and expression of CD31, von Willebrand factor
and vascular–endothelial cadherin. However, CFU-ECs also
express the pan-haemopoietic marker CD45, myeloid marker
CD33, CD11b and α-smooth-muscle actin [10,11], thus they
are not considered to be true endothelial cells. In contrast with
the debate on the endothelial nature of the CFU-ECs derived
from EPCs, a newly described endothelial progenitor, termed
the ECFC (endothelial colony-forming cell), is considered
to be a true endothelial stem cell. Little is known about
ECFCs. These cells are rare in the circulation, most probably
derived from the vascular wall, but can be expanded numerous
times when needed as the building blocks of blood vessels
(Figure 1). In this review, we provide a concise overview
of our current knowledge about vascular remodelling in
postnatal lungs, focusing on the EPCs in the process, and
then present a current overview of angioplasticity in asthma
highlighting the yet unresolved areas of potential interest.

Plasticity of the lung vasculature
Early studies (reviewed in [1,12]) indicate that the lung
vasculature has considerable adaptation capacity. Leonardo
da Vinci is generally recognized as the first one to report
neovascularization in lung pathology [1]. Pulmonary artery
obstruction in patients with chronic thromboembolic disease
results in rapid (within 2–3 days) substantial expansion of
the bronchial circulation [13]. Studies in adult dogs reveal
that unilateral ligation of the pulmonary artery is associated
with pre-capillary anastomoses between the pulmonary and
bronchial circulation in order to supply the ischaemic lung
regions [14]. It is the bronchial arteries that proliferate to
anastomose with the pulmonary vasculature after obstruction
of the pulmonary artery, and result in ∼10-fold increase in
the systemic blood flow through the lungs [15]. Whether this
bronchial-to-pulmonary blood flow improves gas exchange
has been suggested but is unlikely given the fact that the
bronchial blood is already oxygenated [1]. On the other
hand, angiogenesis induced either by hypoxia in rats [16] or
pneumonectomy in adult animal models and in humans [17]
results in alveolar proliferation, which indicates the concept
of vascularization-directed alveolar growth. In support of
this paradigm, inhibition of endothelial cell migration in
neonatal rats causes impaired postnatal lung development, i.e.

decreased alveolarization [18]. Targeted induction of apop-
tosis of lung endothelial cells in mice leads to a loss of
alveoli numbers and leads to an emphysema-like pheno-
type [19]. There is intriguing support for vascularization-
dependent alveolarization in humans. In women, angio-
genesis that occurs in the uterus over the menstrual cycle is
closely associated with increases in pulmonary gas transfer,
which occurs due to cyclic expansion and contraction of the
pulmonary vascular capillary bed [20].

Pro-angiogenic microenvironment and
vascular remodelling in asthma
Asthma is a chronic inflammatory disease pathologically
defined by airway wall remodelling. Vascular remodelling
of the airways including angiogenesis, vasodilation and
microvascular leakage is one of most prominent and uniform
findings in asthma. Angiogenesis is present in the early phases
of adult asthma [21]. Compared with control subjects, the
total number of vessels and vascular area in the airways are
increased in adult asthmatics [22–24]. Analysis of the distribu-
tion of blood vessel sizes indicates an increase in the numbers
of smaller vessels (<25 μm) [25]. The increased numbers and
sizes of vessels and vascular leakage contribute to thickening
of the airway wall resulting in narrowing of the lumen [26].

Under homoeostatic circumstances, vascular quiescence
is maintained by an equilibrium between endogenous
angiogenic activators and inhibitors. In pathological angio-
genesis, overproduction of angiogenic factors and/or down-
regulation of inhibitors disturb this balance favouring pro-
angiogenic factors and resulting in increased vascularization.
Several pro-angiogenic mediators are expressed or up-
regulated in asthmatic lungs (reviewed in [27]), but VEGF
(VEGF165) has been the most studied. Asthmatics have
increased VEGF concentration in bronchoalveolar lavage
fluid, and the levels correlate to blood vessel numbers in
the asthmatic airway mucosa [10,28]. VEGF levels are also
associated with other features of asthma such as basement
membrane thickening [28], increased vascular leakage con-
tributing to tissue oedema and airway hyperresponsiveness
[29]. Compared with healthy controls, patients with asthma
have increased amounts of VEGF and decreased amounts of
the anti-angiogenic factor endostatin in sputum [28, 30, 31].
VEGF levels in sputum are inversely associated with airflow
parameters in children [32]. Furthermore, the sputum of
children during an acute asthmatic attack contains elevated
levels of VEGF, which are correlated to asthma severity
[32]. Pro-angiogenic activity of bronchoalveolar lavage
fluid from asthmatics is confirmed by quantitative in vitro
angiogenic assays [33]. Animal models of allergen-induced
airway hyperresponsiveness also have increased VEGF in
bronchoalveolar lavage [29,34] and vascular remodelling
[34]. In industrial chemical-induced asthma in mice, admin-
istration of the VEGF receptor tyrosine kinase inhibitors
(SU5614 and SU1498) reduces the development of airway
hyperresponsiveness and inflammation [29]. Definitive
evidence of a causal role for VEGF165 and angiogenesis in
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Figure 1 Neovascularization in asthma

The pathophysiology of asthma is related to allergy, and/or infections with respiratory viruses. Inhalational exposures with

allergens, or virus infections, trigger asthma exacerbations. In the case of an allergen, antigen-presenting cells capture the

allergen and trigger immune responses skewed towards Th2 cells. Th2 cells induce allergen-specific IgE production by B-cells,

which bind to the surface of mast cells. Mast cells degranulate upon their subsequent encounter with allergen(s). Mast cell

and T-cell derived products induce a cascade reaction involving structural vascular cells and airway epithelial cells that result

in the recruitment of eosinophils, typical effector cells in asthma. Damage to structural lung cells (epithelial cells, endothelial

cells and smooth-muscle cells) is caused by eosinophil-derived products, which leads to airway hyperresponsiveness and

airway remodelling. VEGF (and other yet unknown angiogenic triggers) may be released by activation of epithelial and mast

cells and initiates the mobilization of EPCs from the bone marrow into the peripheral circulation. Homing signals recruit EPCs

into the lungs. EPCs switch the local environment from vascular quiescence to a pro-angiogenic state. Mediators released

by EPCs either directly or indirectly via interactions with vascular cells in the newly formed blood vessels facilitate the

recruitment and activation of pro-inflammatory cells such as eosinophils. Reprinted with permission, Cleveland Clinic Center

for Medical Art & Photography c©2009. All Rights Reserved.

asthma comes from elegant studies by Elias and co-workers
[35,36] in which VEGF is overexpressed in airway epithelium
of mice. These transgenic animals spontaneously develop
airway inflammation, angiogenesis and an asthma-like
phenotype [35]. Subsequent mechanistic studies in these
mice show that nitric oxide synthesis is essential for the
VEGF-mediated angiogenesis [36]. Altogether, the studies
support a role for VEGF and angiogenesis in asthma.

Immunohistochemical analyses show that many cell
types intrinsic to the asthmatic lung are capable of producing
VEGF, including mast cells, eosinophils, macrophages and
CD34+ cells in airway biopsies [28,37,38]. In addition, airway
epithelium produces VEGF during rhinovirus-associated
asthma exacerbations [39], or during dust mite allergen

exposure [34]. Other structural cells such as fibroblasts [40]
and airway smooth-muscle cells can probably also contribute
to the high levels of VEGF in asthma [33].

Inflammation promotes angiogenesis
Angiogenesis and chronic inflammation are mutually sup-
porting [41]. Inflammatory cells in asthma have the capacity
to produce pro-angiogenic factors and induce angiogenesis.
Eosinophils produce and release VEGF and other pro-
angiogenic factors, including bFGF (basic fibroblast growth
factor), IL-8 (interleukin-8), nerve growth factor, GM-
CSF (granulocyte/macrophage colony-stimulating factor)
and eotaxin [38,42]. Eosinophils directly induce endothelial
cell proliferation in vitro, and neovascularization in rat
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aortic ring assays or in the chick embryo chorioallantoic
membrane assay [43]. Mast cells produce high levels of VEGF
and numerous other pro-angiogenic factors, such as FGF-
2 (fibroblast growth factor 2), TGFβ (transforming growth
factor-β), TNFα (tumour necrosis factor α) and IL-8, and are
the critical cells that promote angiogenesis in tumours [42,44].
Pro-inflammatory mediators such as TNFα [45] and nitric
oxide [36] that are found at high levels in asthmatic lungs
also promote angiogenesis, in part by induction of VEGF
expression. Altogether, the inflammatory cells and mediators
in asthma almost certainly combine to accelerate the
angiogenic remodelling events in asthma. On the other hand,
human and murine studies indicate an early onset of vascular
remodelling in asthma, prior to inflammation onset [10].

Airway angiogenesis in the genesis of
airway inflammation
Analysis of bronchial biopsies indicates an increased number
of blood vessels and eosinophils in children with asthma, but
also in atopic children without asthma when compared with
healthy non-atopic individuals [46]. An increased vascular
network is detected in the early phases of chronic adult
asthma [21]; however, temporal analysis of the onset of an-
giogenesis and asthma is not possible in observational studies
of humans. At the time of diagnosis, the airway inflammation
and vascular remodelling are both well established. The
ovalbumin mouse model of asthma has been used to study the
sequential occurrence of these events [10]. In this model, mice
are sensitized with intraperitoneal ovalbumin in adjuvant,
followed weeks later by daily ovalbumin inhalation challenge
over 8 days. A switch to a pro-angiogenic milieu takes
place within the first 48 h after the first allergen inhalation
challenge, well in advance of an influx of eosinophils, which
reaches a peak on days 4–6 of allergen challenge. Rather, EPC
mobilization from bone marrow and recruitment into the
lung occurs within a few short hours after the first allergen
challenge, which is followed quickly by vascular remodelling
and neovascularization. Similar to previous studies in vascular
injury and remodelling, EPCs apparently initiate the switch
to a pro-angiogenic environment [10]. These findings raise
the possibility that the angiogenic process is one of the
driving forces that initiate and/or perpetuate asthmatic
airway inflammation. Based upon the current paradigm of
angiogenesis, EPCs release paracrine signals upon arrival
at vascular sites, which alter the local microenvironment
and promote neovascularization. Endothelial cells of newly
formed blood vessels accelerate and amplify inflammation
by facilitating the adhesion of circulating inflammatory cells
and migration into the tissues. In the case of asthmatic
inflammation, the EPC-mediated angiogenic switch is
dependent on Th1/Th2 lymphocytes as indicated by allergen-
specific adoptive transfer of Th1- and Th2-cells [10]. Transfer
of either Th1 or Th2 cells into naı̈ve mice induces EPC
mobilization and recruitment into the lungs, but new vessels
do not form. Neovascularization occurs only when both Th1
and Th2 cells are transferred together. Thus memory T-cells
and their specific immunogenic products are required for

the onset of angiogenic remodelling in asthma. In support
of similar events in the genesis of human asthma, patients
with asthma have greater than normal numbers of circulating
EPCs, which exhibit increased proliferation potential and
angiogenic activity [10].

Future perspectives and conclusions
Bronchial vascular remodelling is a universal finding in
asthma. The mouse model of asthma identifies that the
onset of neovascularization is before the recruitment of
inflammatory cells into the lungs. In fact, several lines of
evidence suggest that angiogenesis is an active component
in the pathogenesis of inflammation in asthma. This raises
several questions. Does bronchial angiogenesis promote
airway inflammation? Does airway inflammation trigger
angiogenesis? Or are inflammation and angiogenesis co-
dependent? There is support for all three possibilities in
the current literature (Figure 1). Do both vascular systems
supplying the lung participate in the angiogenic remodelling?
Or is the bronchial circulation primarily involved? Study
of small rodents such as the mouse may be a limitation
in answering this question as the murine lung vasculature
and blood supply varies from the human. Only one report
provides some evidence for the existence of both a pulmonary
and bronchial circulation in mice [47]. Vascular corrosion
casting of mouse lungs via the descending aorta followed by
scanning electron microscopy analysis reveals the presence of
a bronchial circulation in mice. However, interconnections
between the two systems occur at the distal bronchial arteries
and alveolar capillaries, and airway inflammation leads to
an increase in bronchial perfusion of alveolar capillaries
[47]. Nevertheless, observations of murine lungs provide
useful information on the general plasticity of the pulmonary
vascular bed.

The angiogenic switch has been shown to be an early event
in asthma, but what are the triggers that disrupt the angiogenic
equilibrium? VEGF alone is necessary but not sufficient to
induce neovascularization [3]. What are the other (perhaps
lung-specific) angiogenic factors involved? The functional
role of EPCs in the angiogenic switch, their interactions
with other cell types and how this may affect recruitment
of inflammatory cells remain to be resolved. The angiogenic
switch is dependent on both Th1 and Th2 cells in the murine
asthma model, but it is yet unclear how T-cells contribute
to the pro-angiogenic microenvironment. Insight into the
immune mechanisms regulating lung vascular homoeostasis
will be important for the design of more effective asthma
therapies that may be based on anti-angiogenesis strategies
to inhibit neovascularization and inflammation in the airway.
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