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Bronchopulmonary dysplasia and emphysema are significant global
health problems at the extreme stages of life. Both are characterized
by arrested alveolar development or loss of alveoli, respectively.
Both lack effective treatment strategies. Knowledge about the ge-
netic control of branching morphogenesis in mammals derives from
investigations of the respiratory system in Drosophila, but mecha-
nisms that regulate alveolar development remain poorly under-
stood. Even less is known about regulation of the growth and devel-
opment of the pulmonary vasculature. Understanding how alveoli
and the underlying capillary network develop, and how these mech-
anisms are disrupted in disease states, are critical for developing
effective therapies for lung diseases characterized by impaired alve-
olar structure. Recent observations have challenged old notions
that the development of the blood vessels in the lung passively
follows that of the airways. Rather, increasing evidence suggests
that lung blood vessels actively promote alveolar growth during
development and contribute to the maintenance of alveolar struc-
tures throughout postnatal life. Our working hypothesis is that
disruption of angiogenesis impairs alveolarization, and that preser-
vation of vascular growth and endothelial survival promotes growth
and sustains the architecture of the distal airspace. Furthermore,
the explosion of interest in stem cell biology suggests potential roles
for endothelial progenitor cells in the pathogenesis or treatment of
lung vascular disease. In this Pulmonary Perspective, we review recent
data on the importance of the lung circulation, specifically examining
the relationship between dysmorphic vascular growth and impaired
alveolarization, and speculate on how these new insights may lead
to novel therapeutic strategies for bronchopulmonary dysplasia.
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Preterm delivery is a major health care problem, affecting more
than 12% of all births and accounting for more than 85% of all
perinatal complications and death (National Institute of Medi-
cine of the National Academies, July 2006; available from: http:/
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Survival of extremely premature newborns (especially those
born at less than 28 wk of gestation) has increased because of
improvements in perinatal care (1). These infants, however, are
at high risk for long-term medical and neurocognitive impair-
ment, including chronic lung disease or bronchopulmonary dys-
plasia (BPD) (2). Each year, 10,000-15,000 newborns develop
BPD (National Institute of Health, available from: http://www.
nhlbi.nih.gov/health/dci/Diseases/Bpd/Bpd_Whatls.html [ac-
cessed April, 2007]), a chronic lung disease that follows ventilator
and oxygen therapy for acute respiratory failure after premature
birth (3). Although surfactant therapy, antenatal steroids, and
changes in neonatal intensive care have modified its phenotype,
BPD remains a significant complication of premature birth. BPD
is characterized by persistent respiratory signs, prolonged need
for mechanical ventilation or oxygen therapy, recurrent hospital-
izations for respiratory infections and distress, exercise intoler-
ance, and other problems that reach beyond childhood (4).

Adult-onset emphysema, defined as airspace enlargement dis-
tal to terminal bronchioles, is a major component of chronic
obstructive pulmonary disease (COPD), the fourth leading cause
of death in the United States (5). Both BPD and COPD are
characterized by marked enlargement of distal airspaces; how-
ever, whereas COPD is related to the destruction of established
alveoli, BPD represents the disruption of normal lung develop-
ment. Understanding how alveoli and the underlying capillary
network develop and are maintained is critical for developing
novel strategies for the treatment of these debilitating newborn
and adult lung diseases. Recent evidence suggests that blood
vessels in the lung actively promote normal alveolar develop-
ment (6, 7) and contribute to maintenance of alveolar structures
throughout life (8) (Figure 1). Consequently, modulation of angi-
ogenic growth factors and vascular precursor cells may have
therapeutic potential for lung diseases characterized by alveolar
damage (Figure 2). Although this Pulmonary Perspective will
focus on BPD, some knowledge acquired from the developing
lung may also be relevant to adult diseases characterized by
alveolar injury, as lung remodeling and regeneration may reca-
pitulate ontogeny (9).

LUNG ANGIOGENESIS—THE ORPHAN OF
LUNG DEVELOPMENT

The Classical Stages of Lung Development

Lung development is classically subdivided into five overlapping
stages in humans and rodents, on the basis of gross histologic
features. The first four stages, termed the embryonic, pseudo-
glandular, canalicular, and saccular stages, occur during gesta-
tion. At the end of the saccular stage, at about 36 wk, lungs
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Figure 1. Schematic of
proposed interactions
between vascular growth
factors and their recep-
tors during alveolariza-

have formed alveolar ducts and air sacs. Alveolarization, the
final stage of lung development, begins in the near-term lung
before birth, but primarily occurs postnatally, during the first
2-3yr of life, and may continue at a slower rate beyond childhood
(10, 11). The formation of alveoli occurs by the outgrowth of
secondary septae that subdivide terminal saccules into anatomic
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tion. Vascular growth
factors are secreted by
the respiratory epithe-
lium and signal to their
receptors located on the
vascular endothelium to
promote angiogenesis
and drive alveolariza-
tion. AEC2 = alveolar
epithelial type 2 cell.

alveoli. Premature infants at greatest risk for BPD in the postsur-
factant era are born at 24-28 wk, during the late canalicular or
saccular stage of lung development, just as the airways become
juxtaposed to pulmonary vessels. Although surfactant replace-
ment therapy overcomes biochemical and functional aspects of
the premature lung, it does not treat its underlying structural

Figure 2. lllustration of VEGF's fulfill-
ment of Koch’s alveolarization postu-
late. () Inhibition of VEGF signaling
impairs alveolarization; (2) conversely,
impaired alveolarization in human
and experimental BPD is associated
with decreased VEGF signaling; (3)
lung overexpression or activation of
VEGF in experimental BPD restores
normal alveolar development.

Restored alveolarization
after pro-angiogenic treatment
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immaturity. Thus, a better understanding on how sacculi, alveoli,
and the underlying capillary network develop, and how these
mechanisms are disrupted in BPD is critical to developing effi-
cient therapies for lung diseases characterized by impaired alveo-
lar structure.

Lung Angiogenesis

Recently, there has been growing interest in mechanisms that
regulate vascular growth and the role of vascular growth in lung
development. Formation of the pulmonary circulation has been
primarily described as dependent upon two basic processes: vas-
culogenesis and angiogenesis. Vasculogenesis is the de novo for-
mation of blood vessels from angioblasts or endothelial precur-
sor cells that migrate and differentiate in response to local cues
(growth factors, extracellular matrix) to form vascular tubes.
Angiogenesis is the formation of new blood vessels from preex-
isting ones. It has generally been accepted that the distal vascula-
ture arises by vasculogenesis, and the proximal vasculature by
angiogenesis, but this remains controversial (12). Vasculogenesis
results in the de novo formation of blood vessels from blood
islands present within the mesenchyme of the embryonic lung
(Embryonic Day [E] 9 in the mouse) (13). Angiogenesis starts
around E12, when arteries and veins begin to sprout from the
central pulmonary vascular trunks. Around E14, peripheral sinu-
soids and central vessel sprouts connect and establish a vascular
network. This union of peripheral and central vascular structures
is accompanied by extensive branching of the arteries, which
follow the branching pattern of the airways. Again, the relative
contributions of vasculogenesis and angiogenesis to lung vascular
growth during each stage of lung development are controversial,
and additional studies with appropriate experimental models are
required to better define these underlying mechanisms. Studies
in human fetal lung suggest that airways act as a template for
pulmonary artery development, and that endothelial tubes form
around the terminal buds of distal airspaces, suggesting an induc-
tive influence of the epithelium (14). More recently, Parera and
colleagues (12) suggested distal angiogenesis as a new mecha-
nism for lung vascular morphogenesis, based on morphologic
analysis from the onset of lung development (E9.5) until the
pseudoglandular stage (E13.5) in Tie2-LacZ~transgenic mice. In
their model, capillary networks surrounding the terminal buds
exist from the first morphologic sign of lung development and
then expand by formation of new capillaries from preexisting
vessels as the lung bud grows (12). Clearly, new tools, routinely
used in developmental biology, need to be applied to deepen our
understanding about the formation of the pulmonary circulation.

The final important step of microvascular maturation over-
laps the alveolar stage of lung development (15). Capillaries,
which are organized as double capillary layers in the immature
gas-exchange region, later remodel to form a single capillary
layer. This process is completed in the rat by about the third
postnatal week. The alveolar wall thins and its cellular composi-
tion changes. In the rat, the thickness of the alveolar wall and the
air-gas barrier (the distance between alveolar gas and capillary
blood) decrease by 20-25%. Between birth and adulthood, the
alveolar and capillary surface areas expand nearly 20-fold, and
the capillary volume by 35-fold. Further expansion of the capil-
lary network subsequently occurs via two angiogenic mecha-
nisms: sprouting angiogenesis from preexisting vessels and intus-
susceptive growth (16). Little is known about intussusceptive
microvascular growth in the lung. This novel mode of blood
vessel formation and remodeling occurs by internal division of
the preexisting capillary plexus (insertion of transcapillary tissue
pillars) without sprouting, which may underlie alveolar growth
and remodeling throughout adult life, and thus be amenable to
therapeutic modulation for lung regeneration. Much more needs

to be learned about the anatomic events underlying lung vascular
development and time-specific mechanisms that regulate growth
and function at each stage. Likewise, there is a need for endothe-
lial cell-specific surface markers to identify and characterize
angioblasts, endothelial progenitor cells (EPCs), and mature
endothelial cells, as well as genetic tools allowing us to better
define endothelial cell fate and lineage relationships in the em-
bryonic and postnatal lung.

Arrested Lung Development in BPD

With premature birth, the normal sequence of lung development
is disrupted, resulting in the histologic pattern of alveolar simpli-
fication (larger but fewer alveoli with decreased septation) and
impaired or “dysmorphic” vascular growth. Various animal mod-
els of BPD and autopsy studies of humans who died from BPD
have consistently shown a reduction in the number of small
arteries and an abnormal distribution of vessels within the distal
lung (17-22). A recent postmortem study of newborns who died
after short and prolonged durations of mechanical ventilation
quantified lung microvascular growth (23). This study confirmed
the reduction in vascular branching arteries, but, interestingly,
lung platelet endothelial cell adhesion molecule-1 (PECAM-1)
protein content (a marker of endothelial cells) was decreased
in infants dying after brief ventilation, but was increased after
prolonged ventilation (23). These findings suggest a transient
decrease in endothelial proliferation, followed by a brisk prolif-
erative response, despite a reduction in vessel number. This
observation suggests that dysmorphic lung vascular growth in
BPD may not necessarily result simply from a reduction in the
number of endothelial cells, suggesting the need to better discern
distinct mechanisms regulating endothelial cell survival, prolifer-
ation, migration, vessel formation, and maturation, especially in
response to injury. These findings further emphasize the need for
more extensive studies in animal models of BPD to better define
the mechanisms that underlie early events and the time-dependent
sequence of events that precede the development of impaired
distal lung structure. There may be interesting parallels with
similar time-specific events that alter the vascular response to
hyperoxic injury to the developing retina and lead to retinopathy
of prematurity (24). In addition to dysmorphic growth, the pul-
monary vasculature in BPD undergoes hypertensive structural
remodeling, which includes medial hypertrophy and distal mus-
cularization of small peripheral arteries (25). Abnormal vasore-
activity, reduced arterial number, and structural abnormalities
of the vessel wall can contribute to pulmonary hypertension in
BPD, leading to significant morbidity and mortality (26). Inter-
estingly, recent animal studies demonstrated that hypertension
itself can inhibit vascular growth and impair alveolarization in
the developing lung, suggesting that hemodynamic stress may
be an additional mechanism for abnormal lung structure in BPD
(27).

LINK BETWEEN ANGIOGENESIS AND LUNG
DISEASE—KOCH’S POSTULATES AND THE
“VASCULAR HYPOTHESIS”

Multiple signaling pathways have been identified as contributing
to alveolarization, such as elastin, platelet-derived growth factor,
fibroblast growth factors, transforming growth factors, and oth-
ers (reviewed in Reference 28). Still, the molecular mechanisms
and signal-transduction pathways that regulate normal alveolar
development, and how these pathways are disrupted in prema-
ture infants with BPD, remain incompletely understood. Based
on experimental and clinical studies, an additional mechanism,
involving vascular growth and signaling, has been proposed as
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a contributing factor in alveolarization (29). It has been hypothe-
sized that disruption of angiogenesis during critical periods of
lung growth can impair alveolarization and contribute to lung
hypoplasia, especially in the pathogenesis of BPD (29). Evidence
supporting this hypothesis, as illustrated in Figure 2, includes:
(1) disruption of angiogenesis impairs alveolarization in various
models (7, 20, 30, 31); (2) BPD is characterized by reduced and
dysmorphic vascular growth and decreased alveolarization, and
downregulation of angiogenic growth factors (20, 23, 32-38);
and (3) enhancing angiogenesis and preserving endothelial sur-
vival promote vascular and alveolar growth and improve lung
structure in experimental BPD (20, 39-41).

In 1959, a similar concept was proposed for adults with COPD
by Liebow (42), who observed that alveolar septa in centrilobular
emphysema were thin and nearly avascular, suggesting that a
reduction in the blood supply of the small precapillary blood
vessels might induce the disappearance of alveolar septa. Despite
this observation, pulmonary vessels were considered as passive
by-standers during destruction of alveolar septae in COPD. Simi-
larly, the lung vasculature, during normal lung development,
had received little attention, and was thought to simply follow
the branching pattern of the airways. Recent evidence in experi-
mental and human neonatal BPD and emphysema supports the
concept that coordination of distal air space and vascular growth
is essential for normal alveolarization. That is, the role of the
pulmonary vasculature goes beyond delivery of nutrients and
oxygen, and includes a crucial cross talk between epithelial and
endothelial cells (as well as the fibroblast) present in the distal
airspaces. Supporting evidence comes from other organs, such
as the pancreas and the liver. For example, in the pancreas,
endothelial cells induce pancreas development, including islet
formation adjacent to the vessels (43). Islets from vascular endo-
thelial growth factor (VEGF)-A—deficient animals have few cap-
illaries, which are not fenestrated, resulting in impaired fine
tuning of blood glucose regulation, suggesting a key role for
paracrine VEGF-A signaling in pancreatic structure and func-
tion (43).

Among several angiogenic growth factors, VEGF is abso-
lutely critical for vascular development. VEGF is a potent endo-
thelial cell-specific mitogen and survival factor that promotes
vessel growth and remodeling. The absolute requirement of
VEGTF for development of the embryonic vasculature in mice
has been demonstrated by inactivation studies of VEGF alleles
(44, 45) and knockouts of VEGF receptor (VEGFR)-1 (46) and
VEGFR-2 (47). In each of these studies, inactivation of target
genes resulted in lethal phenotypes, characterized by deficient
organization of endothelial cells. Koch’s postulates, formulated
in 1884 and designed to establish a causal relationship between
a causative microbe and a disease, provide a useful tool to dem-
onstrate the crucial role of VEGF-driven lung angiogenesis dur-
ing alveolar development and homeostasis. Koch applied the
postulates to establish the etiology of anthrax and tuberculosis,
but they have been generalized to other diseases. Koch’s postu-
lates are:

1. The organism must be found in all animals suffering from
the disease, but not in healthy animals.

2. The organism must be isolated from a diseased animal
and grown in pure culture.

3. The cultured organism should cause disease when intro-
duced into a healthy animal.

4. The organism must be reisolated from the experimentally
infected animal.
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Pierce and Shipley (48) adapted Koch’s postulate to test whether
a particular candidate factor is required for and promotes
alveolarization:

1. The candidate agent should be present in a/l models of
alveolarization.

2. The agent or its receptors should be detected specifically
at sites of secondary crest formation.

3. Blocking expression or activity of the agent should block
alveolarization.

4. Alveolarization should be enhanced when the agent is
ectopically administered.

Although multiple growth factors are involved in alveolar devel-
opment, VEGF fulfills Koch’s stringent criteria (Table 1).

Angiogenic Growth Factors Promote Alveolar
Development—Koch’s Modified Postulates 1 and 2

Disruption of vascular growth with diverse antiangiogenesis
agents, including VEGF antagonists, impairs alveolarization in
infant rats (7, 20). Beyond the embryonic period, a crucial role
for VEGF signaling during alveolar development has also been
recognized. Inducible Cre-loxP-mediated gene targeting or ad-
ministration of a soluble VEGFR chimeric protein (mFIt[1-3]-
IgG) to inactivate VEGF in early postnatal life results in in-
creased mortality, stunted body growth, and impaired organ
development (31). VEGF inhibition resulted in less significant
alterations as the animal matured, and VEGF dependence is
less beyond the fourth postnatal week (31).

The spatial relationship between receptor and ligand suggests
that VEGF plays a role in the development of the alveolar
capillary bed (49). Furthermore, various VEGF isoforms (VEGF,,
VEGF,, and VEGF i) are present in alveolar type II cells in
the developing mouse lung, and their expression peaks during
the canalicular stage, when most of the vessel growth occurs in
the lung, then decreases until Postnatal Day 10, when it increases
to levels that are maintained through adulthood (50). Findings
that pharmacologic and genetic inhibition of VEGF expression/
function impairs alveolar architecture in newborn and adult ani-
mals (features encountered in clinical BPD and emphysema)
suggest that VEGF is required for the formation, but also for
the maintenance, of the pulmonary vasculature and alveolar
structures throughout adulthood. As noted in neonatal rats (6),
treatment of adult rats with SU5416, a VEGFR blocker, causes
enlargement of the air spaces, indicative of emphysema (8).
These findings suggest that VEGF is required for the mainte-
nance not only of the pulmonary vasculature, but also of the
alveolar structures throughout adulthood. However, newborns
are more susceptible to disruption of VEGF signaling than
adults. Whereas even brief treatment with VEGF inhibitors im-
pairs alveolar growth and induces pulmonary hypertension in
the fetus and newborns (7), adult rats require repetitive and
prolonged treatment (8) or a second injury (such as hypoxia)
(51) to induce more subtle impairment of lung architecture.
Work by MacDonald and collaborators may explain differences
between mechanisms of “developmental” versus “late-onset”
emphysema, which may have important therapeutic implica-
tions. The adult microvasculature is capable of rapid regrowth
after VEGF inhibition-induced regression due to persistence of
vascular basement membranes after endothelial cells degener-
ated, providing a ghost-like record of pretreatment vessel num-
ber and location, and a potential scaffold for vessel regrowth
(52). Whether such scaffolding is present in the developing lung
is unknown.

Recent studies suggest that VEGF-induced lung angiogenesis
is in part mediated by nitric oxide (NO). Neonatal treatment
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TABLE 1. VASCULAR ENDOTHELIAL GROWTH FACTOR IS CRUCIAL FOR ALVEOLAR DEVELOPMENT AND

FULFILLS KOCH’S POSTULATE

Modified Koch'’s Postulate

Evidence References

1. VEGF is present in all models of alveolarization

2. VEGF is detected specifically at sites of
secondary crest formation

VEGF is identified in the lungs of various species, including mice, rats, rabbits,
sheep, nonhuman primates, and humans.

VEGF mRNA and protein are localized to distal airway epithelial cells and the
basement membrane subjacent to the airway epithelial cells, suggesting that

20, 23, 36, 37, 50, 51

translocation of VEGF protein occurs after its synthesis in the epithelium.
VEGFR-1 and VEGFR-2 mRNA expression increases during normal mouse lung
development and is localized to the pulmonary endothelial cells closely

apposed to the developing epithelium.
Pharmacologic (SU5416, VEGF trap, mFlt(1-3)-Ig) and genetic (targeted VEGF 4,

3. VEGF inhibition blocks alveolarization

49, 50

and VEGF exon deletion) inhibition of VEGF results in fewer and larger

distal airspaces and capillary rarefaction.

VEGF treatment (via intratracheal adenovirus-mediated gene therapy or
intramuscular injection of recombinant VEGF) promotes lung angiogenesis
and alveolarization in experimental, oxygen-induced BPD in newborn rats.

4. Alveolarization is enhanced when VEGF is
ectopically administered

7, 20, 30, 31

20, 40, 41

Definition of abbreviations: BPD = bronchopulmonary dysplasia; VEGF = vascular endothelial growth factor; VEGFR = VEGF receptor.

with the VEGF inhibitor, SU5416, downregulates endothelial
NO synthase protein and NO production, and treatment with
inhaled NO improves vascular and alveolar growth in this model
of BPD (53). Lungs of late fetal and neonatal endothelial NO
synthase—deficient mice can have a paucity of distal arteries and
reduced alveolarization (54), and are more susceptible for failed
vascular and alveolar growth after exposure to mild hypoxia and
hyperoxia (55). Administration of an anti-PECAM-1 antibody
that inhibits endothelial cell migration, but not proliferation or
survival in vitro, also impairs septation in neonatal rats, without
reducing endothelial cell content (56). Overall, these data sug-
gest that the loss of PECAM-1 function compromises postnatal
lung development and provides evidence that inhibition of endo-
thelial cell function, in contrast to loss of viable endothelial cells,
inhibits alveolarization.

Decreased VEGF Signaling in Experimental and Clinical
BPD—Koch’s Modified Postulate 3

Lung VEGF expression is reduced in several animal models of
BPD, including hyperoxic exposure of newborn rabbits and rats
(20, 36, 57), antenatal endotoxin exposure (58), and prolonged
mechanical ventilation of preterm baboons (37, 39). Preterm
infants with more severe respiratory distress syndrome and who
subsequently develop BPD have lower VEGF tracheal aspirate
levels than those who recover (34, 35). In lung tissue from human
infants who died from BPD, the typical patterns of alveolar
simplification with “dysmorphic” microvasculature is associated
with reduced lung VEGF and VEGFR-1 mRNA and protein
expression, as well as decreased expression of the endothelial
marker PECAM-1 and the angiopoietin receptor, Tie-2 (32).

Angiogenic Growth Factor Therapy for Restoring Lung
Structure—Koch’s Modified Postulate 4

The data described previously here form the rationale to test the
therapeutic potential for angiogenic growth factor modulation in
experimental lung diseases characterized by alveolar damage.
Recombinant human VEGF treatment of newborn rats during
or after exposure to hyperoxia enhances vessel growth and im-
proves alveolarization (40, 41). Likewise, postnatal intratracheal
adenovirus-mediated VEGF gene therapy improves survival,
promotes lung capillary formation, preserves alveolar develop-
ment, and regenerates new alveoli in this same model of irrevers-
ible lung injury (20). In both animal studies, VEGF induced
immature and leaky capillaries and lung edema. Indeed, despite
its central role in vascular formation, VEGF works in concert

with other factors—notably, angiopoietins. Angiopoietin-1 is
required to stabilize the vessel wall by maximizing interactions
between endothelial cells and their surrounding support cells and
matrix (59). Accordingly, combined lung VEGF and angiopoietin-1
gene transfer preserves alveolarization and enhances angiogen-
esis with more mature capillaries that are less permeable, reduc-
ing the vascular leakage seen in VEGF-induced capillaries (20).
Given that VEGF-induced angiogenesis is in part mediated by
NO, some of these findings may explain the beneficial effects
of early and prolonged, low-dose, inhaled NO seen in three
recent, randomized, controlled trials to prevent BPD (60-62).
Accordingly, sildenafil, which acts downstream to enhance NO-
induced cGMP levels, prevents hyperoxia-induced alterations of
lung structure in neonatal rats (63).

These experiments provide proof of concept for the crucial
role of the lung vasculature in what is traditionally thought of
as an airspace disease, and open new therapeutic avenues to
protect or regenerate new alveoli. These observations also high-
light the tightly orchestrated process of angiogenesis and points
toward the need to closely recapitulate this process to warrant
efficient and safe angiogenesis. Hypoxia-inducible factor (HIF)
is a master transcription factor modulating O,-sensitive gene
expression (including VEGF and angiopoietin-1) and vessel
growth (64). HIF is activated in hypoxia and inhibited by in-
creased O, levels (65, 66). However, because HIF deficiency is
embryonically or immediately postnatally lethal, the role of HIF
during alveolarization remains unknown. Nonetheless, HIF
activation via inhibition of prolyl hydroxylase domain—
containing proteins prevents lung injury in the premature ba-
boon model of BPD, and further supports a potential role for
angiogenic growth factor in promoting alveolar development

(67).

EPC and Lung Diseases—the Cohnheim Hypothesis

If angiogenic growth factors and the lung vasculature contribute
to integrity of the lung, then vascular progenitor cells are appeal-
ing candidate cells, likely to be involved in the same mechanisms.
The current promise of stem cells to repair injured organs, and
the availability of new technology to explore resident and circu-
lating stem cells, have very recently sparked the interest in EPCs.
EPCs are a specific subtype of hematopoietic stem cell that has
been isolated from the peripheral blood of humans (68). Purified
CD34* hematopoietic progenitor cells could differentiate ex vivo
to an endothelial phenotype, express several endothelial mark-
ers, and incorporate into neovessels at sites of ischemia. EPCs
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can migrate from the bone marrow to the peripheral circulation,
where they contribute to the repair of injured endothelium and
to the formation of new blood vessels (69). Levels of circulating
EPCs may be a prognostic biological marker for vascular func-
tion and cumulative cardiovascular risk in male subjects without
a history of cardiovascular disease (70). These observations cor-
roborate Cohnheim’s hypothesis, which suggested that all of
the cells come from the bloodstream and, therefore, in light of
subsequent observations, from the bone marrow (71).

Until recently, little information was available on the role of
circulating EPCs during lung injury and repair. LPS-induced
murine lung injury causes a rapid release of EPCs into the circu-
lation, and contributes, together with other bone marrow-
derived progenitor cells, to lung repair (72). In elastase-induced
emphysema, cells derived from the bone marrow develop charac-
teristics of endothelial cells and contribute to repair the alveolar
capillary wall (73, 74). Patients with acute lung injury have two-
fold higher numbers of circulating EPCs than healthy control
subjects (75), suggesting some biological role for the mobilization
of these cells in lung disease. More interestingly, improved sur-
vival has been correlated with increased circulating EPCs, even
after correcting for differences in age, sex, and severity of illness
(75). Likewise, the number of circulating EPCs is significantly
increased in patients with pneumonia, and patients with low
EPC counts tend to have persistent fibrotic changes in their
lungs even after their recovery from pneumonia (76). Finally,
EPCs are also decreased in patients with restrictive and chronic
lung disease (77). In this study by Fadini and colleagues, circulat-
ing EPCs were only defined by the surface expression of CD34,
CD133, and VEGFR-2. In both diseases, there was a correlation
between EPC count and disease-severity (77). Recent findings
suggest that circulating, lung, and bone marrow EPC levels are
reduced in an experimental model of BPD in hyperoxic neonatal
mice (78). These observations suggest that EPCs migrate from
the bone marrow to the peripheral circulation and the lung,
where they contribute to the repair of injured endothelium and
help restore lung integrity. These observations are consistent
with the beneficial effect of angiogenic growth factors in experi-
mental BPD, and underscore the therapeutic potential of pro-
moting lung angiogenesis to repair the lung.

CONCLUSIONS

In summary, lung angiogenesis, via the secretion of angiogenic
growth factors, such as VEGF and NO, contribute to normal
alveolar development. Impaired alveolar development in BPD
is associated with arrested and dysmorphic vascular growth and
decreased lung angiogenic growth factor expression. Exogenous
VEGF, NO, or activation of HIF preserve alveolar development,
suggesting new therapeutic avenues for preserving or enhancing
alveolar structure. However, aside from the mechanism of action,
major gaps in our knowledge remain before the safe translation
of angiogenic growth factor modulation into the clinical setting.
It will be crucial to determine the appropriate dosing and timing
of angiogenesis stimulation to avoid the formation of angiomas,
abnormal vascular proliferation, pulmonary hemorrhage or
edema, and other problems. Cell therapy using EPCs or trans-
fected EPCs for gene therapy that modify their microenviron-
ment and are, themselves, instructed by the microenvironment
to restore organ integrity may be an appealing alternative. How-
ever, stem/progenitor cell therapy is still in its infancy, and many
questions remain to be answered: a crucial one is how to define
an EPC? Overall, there is consensus that EPC can derive from
the bone marrow, and that CD133/VEGFR-2 cells represent
a population with endothelial progenitor capacity. However,
increasing evidence suggests that there are additional bone mar-
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row and non-bone marrow—derived cell populations (e.g., my-
eloid cells) within the blood, which also can give rise to endothe-
lial cells. Are these circulating EPCs retained within the lungs,
and what is their fate? Do they participate in the repair of the
lungs and, if so, by which mechanism (i.e., replacement of dying
cells and/or paracrine effect)? What are the homing signals pro-
duced by the lung to attract and retain these cells?

Much like irrigation enhancing crop growth in agriculture,
enhancing angiogenesis promotes alveolar development, mainte-
nance, and regeneration. If current limitations and knowledge
gaps can be overcome, enhancing angiogenesis holds promise
for new therapeutic options for diseases that were traditionally
thought of as airway diseases.
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