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Abstract

Endothelial colony-forming cells (ECFCs) are vascular resident
and circulating endothelial cell subtypes with potent angiogenic
capacity, a hierarchy of single-cell clonogenic potentials, and
the ability to participate in de novo blood vessel formation
and endothelial repair. Existing literature regarding ECFCs in
neonatal and adult pulmonary diseases is confounded by the
study of ambiguously defined “endothelial progenitor cells,”
which are often not true ECFCs. This review contrasts adult and

fetal ECFCs, discusses the effect of prematurity on ECFCs, and
examines their different pathological roles in neonatal and adult
pulmonary diseases, such as bronchopulmonary dysplasia,
congenital diaphragmatic hernia, pulmonary artery hypertension,
pulmonary fibrosis, and chronic obstructive pulmonary disease.
Therapeutic potential is also discussed in light of available
preclinical data.
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Overview of Adult and Fetal
Endothelial Progenitor
Cell Nomenclature and
Definition of Endothelial
Colony-Forming Cells

The term “endothelial progenitor cell” (EPC)
lacks specificity and is now used only as an
umbrella term for a wide variety of cells that
have been implicated in angiogenesis and
vasculogenesis (1). This ambiguity in
nomenclature has created confusion in the
literature as to the function of these cells and
their role in health and disease. As a starting
point, it is important to understand that there
have been two approaches used to study EPCs:
1) in vitro cell culture isolationmethodologies;
and 2) flow cytometry-based assays.

Various culture methods have been
used to isolate EPCs, with each technique
resulting in the isolation of different cell
types with inconsistent characterization

(1–3). In fact, several populations originally
studied as EPCs have since been shown to be
neither endothelial nor progenitor cells.
Rather, they are myeloid cells with potent
proangiogenic functions brought about
through paracrine actions. These cells include
early outgrowth EPCs or myeloid angiogenic
cells, circulating angiogenic cells, and colony-
forming unit endothelial cells. Although
distinct, myeloid angiogenic cells may
function synergistically with true EPCs (4).

The cells widely accepted as true EPCs,
first identified by Yoder and colleagues, have
been termed endothelial colony-forming cells
(ECFCs) (5). ECFCs represent a vascular
resident endothelial cell type with potent
intrinsic angiogenic capacity and the abilities
to participate directly in endothelial repair,
instigate de novo blood vessel formation, and
excrete paracrine signals to promote and
enrich vascular repair (5, 6). Importantly,
ECFCs demonstrate a hierarchy of single-cell
clonogenic potentials (7, 8). As originally

described, ECFCs appear after 14–21 days
in culture whenmononuclear cell fractions
(MNCs) are seeded onto collagen-coated
tissue culture plates in endothelial growth
media (EGM-2), and nonadherent cells are
depleted (5). Others have isolated and
cultured these cells on gelatin, fibronectin,
vitronectin, andMatrigel, and while the
choice of extracellular matrix does not isolate
a particular type of ECFC, it may lead to
shape changes, differences in proliferation,
and changes in migration (M.C. Yoder,
personal communication, February 28, 2022).
As such, differences in ECFC isolation and
culture methodologies further complicate the
interpretation of the existing literature.

Using flow cytometry, many different
antigens have been applied to identify EPCs,
with some associated controversy and similar
inclusion of hematopoietic cells. The most
current flow cytometric characterization of
ECFCs is listed in Table 1, in contrast to
other described circulating progenitor cells.
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Specifically, ECFCs are a rare population
within the circulating progenitor cell staining
profile, but instead of CD45dim, they are
CD452, and they are contained within the
AC1332 fraction of cells (3, 18). The cells
identified as ECFCs by the flow cytometry
markers listed in Table 1 failed to form
hematopoietic colonies but did yield
clonogenic endothelial colonies with
proliferative potential, confirming their
identity in culture (15, 16). However, most
studies that employ flow cytometry have
studied populations of cells such as CD1332

CD341 CD1441 cells or CD452 CD341

cells (19, 20). Although these populations
may be enriched for ECFCs, they tend not to
correlate with cultured ECFCs and have not
been well characterized. Therefore, we limit
the discussion of flow cytometric data in this
manuscript to emphasize that while flow
cytometry is useful in immunophenotyping,
cell culture assays are the standard to define
ECFCs.

In the fetal environment, there are a
variety of prenatal EPCs that are considered
to be circulating embryonic cells with the
potential to contribute to endothelial
development (21). So-called embryonic EPCs
derive from the proximal lateral mesoderm
and have been described as early as
embryonic day (E) 7.5 in mouse embryos.
An advantage of embryonic EPCs is that they
lackMHC-I (major histocompatibility
complex I) expression and are resistant to
killer cell-mediated cytolysis, which allows
their use in nonsyngeneic animals (22).
Although they are not recruited by adult
blood vessels under physiologic conditions,
they do home to ischemic tissues and
colonize tumor metastases in mice (21).
Multiple other early EPCs have also been
described from the yolk sac, allantois, and
fetal liver. These cells include hematovascular
progenitors, G2-GATA4 endothelial
progenitors, and erythro-myeloid endothelial

progenitors (reviewed in Reference 21). It is
unclear how these different sets of early EPCs
relate to late EPC populations, but they are
most likely completely different subsets.
ECFCs are considered to be among the late
fetal EPCs, and various groups have isolated
ECFCs or related cells from the placenta
and umbilical cord blood. In the following
review, we will attempt to clarify the
literature by focusing on cells confirmed to
be adult or fetal ECFCs with any deviations
from that explicitly stated. These data
represent a fraction of the available EPC
literature we reviewed for each disease state:
44% of bronchopulmonary dysplasia (BPD)
articles (7/16), 60% of congenital
diaphragmatic hernia (CDH) articles (3/5),
24% of pulmonary artery hypertension
(PAH) articles (13/55), 47% of pulmonary
fibrosis articles (7/15), and 21% of chronic
obstructive pulmonary disease (COPD)
articles (5/24).

Distinction between Adult
and Fetal Endothelial
Colony-Forming Cells

Direct comparisons have been made between
similarly cultured fetal and adult ECFCs.
Cord blood ECFCs displayed significantly
enhanced clonogenic and proliferative
potential in comparison to adult peripheral
blood ECFCs (8); however, the two cell types
did not differ in angiogenic tube formation
capability or induction of VCAM-1 (vascular
cell adhesion molecule-1) with inflammatory
stimuli (8). Interestingly, when cord blood
ECFCs were compared with placental
ECFCs, both had similar quantities of high
proliferative potential (HPP) clones and
comparable functional capacity (16, 23), but
in one study, placental ECFCs formed
significantly more blood vessels in an in vivo

vasculogenic assay (23). Therefore, both
umbilical cord and placental ECFC types
demonstrate enhanced proliferative and
clonogenic potential compared with adult
ECFCs isolated from peripheral blood
mononuclear cells and mature endothelial
cells (8, 21).

It is unknown if the two sets of fetal
ECFCs that have been described truly reflect
physiological differences in their origin,
phenotype, or contribution to prenatal
vascular growth. However, the integrin
expression profiles of ECFCs from cord
blood and placenta are the same, and
microarray analysis demonstrated that only
33 genes were differentially expressed out of
more than 40,000 (16). These genes were
related to cell adhesion and migration, likely
reflecting the fact that cord blood ECFCs are
a circulating population and placental ECFCs
are probably a vascular-resident population.

As the scientific community learns
more about these different cell types, it is also
becoming clear that subpopulations exist
within populations of cultured ECFCs that
appear homogenous with light microscopy
(Figure 1). For example, well-defined
hierarchies have been identified on the basis
of characteristics such as proliferative
potential and in vivo vasculogenic activity
(8, 24). Such populations include high
proliferative, low proliferative, and
nonproliferating endothelial cell clusters,
as well as mature, fully differentiated
endothelial cells. Within cord blood,
a unique population of HPP-ECFCs has
been identified that can achieve at least
100 population doublings, replate into at
least secondary and tertiary colonies, and
retain high degrees of telomerase activity (8).
Among human placental ECFCs, only
CD341 cells have the capacity to reproduce
HPP-ECFCs (capable of forming colonies
with greater than 2,000 cells) on replating
(24). They are the only ECFCs capable of

Table 1. Common Nomenclature and Markers for Flow Cytometry Identification of Endothelial Progenitor Cells

Name Markers References

Myeloid angiogenic cells CD451, CD141, CD311, CD342, CD1462, CD1332, and Tie22 (1, 9, 10)
Circulating endothelial precursors CD452 and/or CD341, AC1331, and VEGFR21 (11, 12)
Proangiogenic CPC CD45dim, CD341, CD311, and AC1331 (13, 14)
Nonangiogenic CPC CD45dim, CD341, CD311, and AC1332 (13, 14)
ECFC* CD452, CD341, CD311, VEGFR21, CD1051, CD1461, CD1051,

CD1441, CD732, HLA-DR2, HLA-ABC1, CD142, and AC1332
(1, 3, 8, 15, 16, 17)

Definition of abbreviations: CPC=circulating progenitor cell; ECFC=endothelial colony-forming cell.
*Please note that although ECFCs express these antigens, the definition of an ECFC is on the basis of cell culture methods and not
immunophenotyping.
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self-renewal and giving rise to both
CD341 and CD342 cells in stringent
single-cell cultures, and they perform
better at restoring perfusion when injected
into ischemic hind limbs. Similarly,
CD341 ECFCs derived from peripheral
blood exhibited higher tube-formation
capacity and tip-cell gene expression
than CD342 cells (25). In contrast, low
proliferative potential (LPP) CD342 ECFCs
form only small clusters that are lost
with subsequent passaging. Interestingly,
CD341HPP cells are relatively quiescent
compared with CD342 LPP cells because
of overexpression of cell cycle regulators.
This is a consequence of sustained and
increased Notch signaling, which permits
the formation of a slowly proliferative
colony (24). As colonies expand outward,
contact with high degrees of Notch ligand
from the CD341 cells lessens, leading to
reduced activity of cell cycle regulators and
subsequent proliferation. Inhibition or loss
of Notch signaling, however, also leads to
loss of ability to self-renew. No other human
endothelial cell has been identified with
similar growth characteristics or clonogenic

capacity. Improvements in single-cell genomics,
flow cytometry, and other techniques are
certain to facilitate and refine our evolving
understanding of ECFC biology in the future.

Effect of Gestational Age (GA)
on Fetal ECFCs

Although fetal ECFCs have vastly more
proliferative potential than adult ECFCs,
there is some evidence to suggest that
proliferative capacity also differs on the basis
of GA (26). Umbilical cord blood from
infants born between 33 and 36 weeks GA
yielded roughly the same number of ECFC
colonies as that from term infants. However,
only one-third as many ECFC colonies were
enumerated from 24 to 28 weeks GA infant
cord blood. Instead, this blood was enriched
in mesenchymal stem cell populations,
suggesting that different types of stem/
progenitor cells emerge and circulate at
different times during gestation (Figure 2).
This is consistent with data from low birth
weight preterm infants ranging from 27 to
37 weeks GA that show a decreased number

of ECFC colonies; dramatically reduced
capacity for tube formation, migration, and
proliferation in vitro; and reduced angiogenic
capability in vivo (27). The increase in the
frequency of circulating ECFCs and
angiogenic function as a fetus matures may
be because of the necessary acceleration of
capillary growth that accompanies
airway surface expansion late in fetal
development (28).

However, this association has not
held true in all studies (19, 20). One study
looking at preeclampsia showed that ECFCs
cultured on fibronectin instead of collagen
were reduced in preterm infants with
preeclampsia but were higher in preterm
infants without preeclampsia compared with
control subjects (29). In that study, preterm
ECFCs from preeclamptic patients were
slower to emerge in culture but ultimately
maintained normal function and ability to
form vascular networks. These studies again
emphasize how differences in technique
and clinical stresses (which are often not
reported) potentially impact results.

Furthermore, there is evidence that
dysfunctional preterm ECFCs remain
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Figure 1. Clonogenic hierarchy of endothelial colony-forming cells (ECFCs) in culture. Despite appearing homogenous in culture, ECFCs have
well-defined hierarchies on the basis of proliferative potential. CD341 HPP ECFCs are the only cells capable of self-renewal in stringent single-
cell culture. EC=endothelial cell; ECC=endothelial cell cluster; HPP=high proliferative potential; LPP= low proliferative potential.
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impaired into adulthood andmay be
associated with risk factors for cardiovascular
disease (30). ECFCs from adults who were
born preterm at 29 or fewer weeks GA
appeared later in culture and had reduced
proliferation. In this population, reduced
ECFC proliferation was associated with
elevated systolic blood pressure, and ECFC
impairment was more pronounced in
preterm adults who had a history of BPD as
neonates. It is unclear if ECFC function
should be considered a biomarker for disease
or a target for novel therapeutics.

ECFCs in BPD

BPD is a chronic lung disease of prematurity
with an incidence that increases as GA and
birth weight decrease (31). Approximately
80% of infants born between 22 and
24 weeks GA develop BPD, whereas only
20% of infants born at 28 weeks GA develop
BPD, and 95% have a birth weight under
1,500 g. BPD is considered a developmental
arrest of lung vascular and alveolar
development resulting in a decreased area for
gas exchange (32). The extent of chronic lung
disease varies widely among preterm infants,
and it is thought that impaired vascular
development plays a central role in the
development of BPD. Human infants that
die of BPD have dysmorphic capillaries
that are often on the interior of thickened
alveolar septa, as well as decreased
expression of vascular endothelial growth
factor (VEGF) and the angiogenic receptors
Fms-like tyrosine kinase 1 ([Flt-1], a.k.a.
vascular endothelial growth factor
receptor 1) and tyrosine kinase with
immunoglobulin-like loops and epidermal
growth factor homology domains-2

(TIE-2) (33). As endothelial progenitor cells
are important in both angiogenesis and
vasculogenesis in the developing lung, it has
been hypothesized that alterations in EPCs
play a role in the pathogenesis of BPD.

To date, two studies have examined
ECFCs in the cord blood of premature
infants and have found that ECFCs are fewer
in preterm infants who subsequently develop
BPD versus those who do not develop BPD
(Figure 3) (34, 35). Borghesi and colleagues

studied preterm infants with a GA of less
than 32 weeks or a birth weight of less
than 1,500 g (35) and assessed cord blood
ECFCs using established clonogenic assays.
They found that infants who went on to
develop moderate or severe BPD had
significantly lower frequencies of ECFCs
than infants who developed only mild or no
BPD. This held true for infants less than 28
weeks GA, even though ECFC frequencies
were extremely low at that early GA. ECFC
frequency was also inversely correlated with
the duration of oxygen supplementation,
nasal CPAP usage, andmechanical
ventilation (35). A second study enrolled 62
preterm infants between 24 and 36 weeks
GA, 13 of whom subsequently developed
moderate or severe BPD (34). Similar to the
first study, ECFCs were decreased among all
patients with BPD, including mild BPD,
when compared with those without BPD
(1.4; interquartile range [IQR], 0–4.8 vs. 3.9;
IQR, 1.3–7.4 ECFC colonies per 107 MNCs;
P, 0.05). In the subset of neonates born at
less than 28 weeks, all developed BPD, but
none of the patients with moderate or severe
BPD had detectable ECFCs, whereas infants
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Figure 2. Time course for appearance of ECFCs and mesenchymal stem cells (MSCs) in
umbilical cord blood. The number of ECFC colonies enumerated from 33- to 36-week
gestational age infants is comparable to that from term infants and roughly three times as
many as from 24- to 28-week infants. Rather, early gestational age cord blood has been shown
to be enriched in MSCs, which are not as numerous later in gestation.
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Figure 3. Summary of available data regarding ECFCs in neonatal lung diseases, including
bronchopulmonary dysplasia (BPD) and congenital diaphragmatic hernia (CDH). Top panels:
BPD lungs are characterized by decreased alveolarization and vascular growth; abnormal
vascular remodeling, tone, and reactivity; and emphysema, fibrosis, and increased arteriolar
medial thickness. ECFC number has been shown to be reduced in more severe cases of BPD,
but functional studies have not been performed with ECFCs from infants with BPD. Bottom
panels: Lungs in patients with CDH are characterized by bilateral pulmonary hypoplasia
(worst on the side ipsilateral to the diaphragmatic hernia), decreased airway branching and
alveolarization, and vascular bed hypoplasia with decreased arborization, altered vasoreactivity,
and adventitial thickening. Two human studies that looked at ECFC numbers in infants with CDH
came to opposite conclusions. A fetal lamb study supports a reduction in ECFC number in CDH
and is in accordance with the human study that shows reduced angiogenic functions of these
cells. NOS=nitric oxide synthase; VEGF=vascular endothelial growth factor.
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with mild BPD had 4.9 (IQR, 2.4–9.0)
ECFC colonies per 107 MNCs (P, 0.01).
A univariate comparison of ECFC number
and birth weight showed that the correlation
between these variables was small, but the
absence of ECFCs was associated with a
relative risk of 8.1 (95% confidence interval,
2.5–26.2) of developing moderate to severe
BPD. These data bolster the idea that the link
between ECFC numbers and pulmonary
outcomes is not simply because of the degree
of prematurity, but there are no data
regarding the function of these ECFCs.

It may be that the normal appearance of
ECFCs between 24 and 30 weeks (or more
commonly after 28 wk) is key to the
maturation of lung vasculature during
normal development. However, there is
reason to believe ECFCs are disrupted after
extremely premature birth, in contrast to the
physiologic increase of ECFCs seen at later
GAs for fetuses that remain in utero (27).
Although ECFCs have not been studied over
time after delivery, in vitro data suggests that
oxygen exposure after premature birth
reduces the growth of ECFCs (Figure 3) (19).
This second hit could further impair ECFCs
and vascular development in this population
of premature infants at risk for BPD.

Decreased cell proliferation has also
been demonstrated in vitro for ECFCs
isolated from hyperoxia-induced BPD lungs
from newborn rats (36). These cells formed
fewer cordlike endothelial networks in
comparison to control subjects. Moreover,
in single-cell clonogenic assays, 23.66 2.5%
of ECFCs from the control group versus only
9.36 3.2% of ECFCs from the hyperoxia
group were capable of forming HPP colonies
with greater than 500 cells each (P, 0.05).
Together, these results mirror in vitro results
with human ECFCs and suggest that
hyperoxia induces a functional deficiency
in ECFCs that may be an appropriate
therapeutic target.

ECFCs in CDH

CDH is a severe developmental anomaly that
affects one out of every 2,500 newborns and
is characterized by severe pulmonary
hypoplasia and pulmonary hypertension.
Lungs of infants with CDH have decreased
vascular branching and total vascular
volume, and it is thought that decreased lung
vascular growth during development
contributes to the etiology of CDH-
associated pulmonary disease (37).

One study of six ECFC cultures from
patients with CDH showed that ECFCs were
increased in the cord blood of infants with
CDH and that they proliferated significantly
more rapidly when compared with control
subjects (Figure 3) (38). Cord blood from
infants with CDHwas shown to yield 1.5
times more ECFC colonies compared with
control cultures, and when low passage cells
were cultured, the median fold increase of
CDH ECFCs was 2.23 that of control
ECFCs. However, one limitation of this study
was that the angiogenic function of CDH
ECFCs was not studied.

Another study examining a similar
number of patients demonstrated that
ECFCs were reduced in the cord blood of
patients with CDH and had reduced
potential for self-renewal, clonogenicity,
proliferation, and migration (Figure 3) (39).
The authors showed that the ECFC
population in cord blood was reduced by
80% compared with control subjects when
assessed by flow cytometry for CD452

CD341AC1332 CD311 cells, and colony
counts per 107 MNCs were 72% lower.
Similarly, in single-cell colony formation
assays, the percentages of high proliferative
potential ECFCs were reduced by 92%, and
EC populations were increased by 320% in
patients with CDH. The percentage of cells
that migrated in a modified Boyden chamber
assay was 89% fewer for CDH ECFCs.
Although there were no observed differences
in in vitro tube formation assays, in vivo
vasculogenesis assays did demonstrate an
85% reduction in the number of chimeric
vessels perfused with mouse erythrocytes in
the transplanted CDH graft. The discordance
between in vitro and in vivo testing of
angiogenic capacity may relate to different
time courses for the two studies (6–12 h
in vitro vs. 14 days in vivo), or the in vitro
assay may have been less comprehensive in
approximating in vivo angiogenesis. It would
be reasonable to conclude that given
impaired ECFC counts, migration,
proliferation, and reduced capacity in vivo
for de novo angiogenesis that fewer and
dysfunctional ECFCs are involved in vascular
development in CDH, thereby contributing
to the characteristic hypoplastic vasculature.
Moreover, the cellular capacity for nitric
oxide (NO) production was increased, but
the response to VEGF was blunted,
indicating disruptions in normal circulating
ECFC functions (39).

The results of these two studies looking
at ECFCs were essentially opposite of

each other, and that may be explained by
differences in GA or severity of CDH,
which was not accounted for in either study,
small sample size, other population-level
differences, or variations in cell isolation and
processing. It may be expected that the study
of patients with severe CDHwould reveal
more significant ECFC dysfunction.

The only other study to examine HPP-
ECFCs in CDH used a fetal lambmodel and
demonstrated that cell number, growth, and
tube formation were decreased compared
with control subjects (40). In contrast to the
human studies, which isolated circulating
ECFCs from cord blood, the cells in this
model were isolated from fetal lamb
pulmonary artery endothelial cells (PAECs).
In this model, single-cell clonogenic assays
demonstrated that the proportion of HPP-
ECFCs with growth of more than 1,000 cells
was markedly reduced from 29% for control
subjects to 1% in CDH (P, 0.0001).
Likewise, CDH ECFC growth and tube
formation were reduced by 31% and 54%,
respectively. The study also identified
decreased intracellular NO production,
decreased endothelial NO synthase (eNOS)
protein concentrations, and increased VEGF
and vascular endothelial growth factor
receptor 2 (VEGF-R2) protein
concentrations. These changes were
hypothesized to represent either defects in
VEGF-eNOS signaling, as cells remained
responsive to VEGF despite having increased
concentrations of VEGF and VEGF-R2
proteins, or oxidative stress and uncoupling
of eNOS, preferentially shunting NO
precursors toward superoxide production
instead of NO. Importantly, the authors
were unable to isolate microvascular ECFCs
from CDH fetal lambs, suggesting that distal
lung ECFCs may be markedly reduced.
Clearly, additional studies are required,
including investigations into therapeutics
targeting ECFC function or cell-based
interventions.

ECFCs in PAH

Adult PAH is distinct from neonatal
pulmonary hypertension, which occurs in
response to underdeveloped lungs. Diverse
causes of this disease in older individuals
may be idiopathic, heritable, drug- or
toxin-induced, a consequence of left heart
disease or chronic pulmonary arterial
obstruction, related to a systemic illness,
or because of acquired lung disease and/or
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hypoxemia (41). The major pathophysiology
in adult disease relates to extensive vascular
remodeling with angioproliferation,
inflammation, and vasoconstriction of the
small arteries of the lungs, which together
increase pulmonary vascular resistance.
As such, it is unsurprising that the role of
ECFCs also differs in adults.

ECFCs have been identified in adult
pulmonary vasculature and have been shown
to be hyperproliferative in patients with PAH
(Figure 4) (42). Among pulmonary artery
endothelial cells, ECFCs are common,
representing between 5% and 30% of sorted
ECs in both healthy and PAH samples from
explanted human lungs. Although the
absolute number of ECFCs did not differ
between these two groups, the cells had a
wide range of proliferative capacities, and
ECFCs from PAH lungs gave rise to larger
colonies and hadmore HPP-ECFCs. These
data are consistent with observations that
idiopathic PAH PAECs were more
proliferative in response to growth factors
in vitro (43) and that circulating ECFCs from
patients with PAHwith BMPRII mutations
were both more numerous andmore
proliferative (44). Similarly, a calf model of

hypoxia-induced PAH demonstrated a
significantly higher percentage of HPP-
ECFCs in the vasa vasorum and a twofold
increase in endoglin (CD105), which is a
proliferation-associated and hypoxia-
inducible protein in angiogenically active
endothelial cells (45). Given that the
plexiform lesions that are the hallmark of
irreversible vessel disease in primary PAH
are comprised of monoclonal endothelial cell
proliferations (46), it is also possible that
ECFCs underly these vascular anomalies.
Together, these data suggest that ECFCs
contribute to a proliferative angiopathic
process in PAH andmay give rise to lesions
seen in end-stage disease.

There is additional evidence that
angiogenic capacity may be altered in PAH
ECFCs, but existing data are inconsistent.
Circulating ECFCs in patients with PAH
with BMPRII mutations had impaired ability
to form vascular networks (44). Similarly,
adult peripheral blood ECFCs responded to
hypoxia in vitrowith reduced tube formation
andmigration (47). However, tube
formation was increased in HPP-ECFCs
isolated from the hypoxic calf model (45),
and it was unchanged in circulating ECFCs

from patients with PAH (41). Further study
is needed to determine the relative
importance and contribution of PAH ECFC
angiogenic capability and proliferative
capacity to disease pathogenesis.

It is possible that ECFC proliferation
has different effects on the lungs and hearts
of patients with PAH. In the lungs, abnormal
ECFCs are a key component of occlusive
angioproliferative vascular remodeling, but
in a stressed heart, ECFCs may induce
neovascularization and facilitate adaptive
hypertrophic cardiac remodeling and
myocardial revascularization. In one study,
ECFC outgrowth from peripheral blood in
patients with PAHwas associated with a
lower right ventricular ejection fraction,
lower central venous saturation, and a
shorter time to clinical worsening (5.4 vs.
36.5 months, P=0.032) (48). Although
ECFCs were more proliferative in patients
with PAH in this study, the proliferative rate
had no relationship to pulmonary vascular
resistance; rather, it was inversely correlated
with right ventricular dilation. The exact
mechanisms behind these associations
remain uncertain.

ECFCs in Pulmonary Fibrosis

Pulmonary fibrosis is a lung disease
characterized by progressive scarring of the
lungs and an imbalance between pro and
antiangiogenic growth factors (49). The
fibrotic areas of the lung have a decreased
vascular density, but adjacent nonfibrotic
areas are highly vascularized (Figure 5).
Among patients with idiopathic pulmonary
fibrosis (IPF), ECFCs were increased in those
with significantly impaired gas exchange
(DLCO, 40%), and proliferation of ECFCs
was increased in those with exacerbation
compared with stable disease (49). It
remains unclear, however, if this increased
mobilization of ECFCs in severe IPF is an
adaptive response to vascular ablation in
fibrotic areas or a factor contributing to
pathological vascular remodeling. Pulmonary
hypertension, for example, is common
among patients with IPF even if they do not
have significant functional impairment,
and these vascular derangements may be
contributory. These processes may be
further regulated by interactions between
ECFCs and fibrocytes (Figure 5), which are
a distinct population of cells that express
both hematopoietic and fibroblast markers
and contribute to organ fibrosis (50).

Adult Pulmonary
Hypertension

Thickened adventitia

ECFC hyperproliferation
and   number of

HPP-ECFCs

number of
HPP-ECFCs
in vasa vasorum

Smooth muscle
hypertrophy

Plexiform lesion
with monoclonal
EC proliferation

Figure 4. Pathogenic contribution of ECFCs to adult pulmonary artery hypertension (PAH).
ECFCs in the pulmonary vasculature of patients with PAH are hyperproliferative and comprised
of more HPP-ECFCs than healthy individuals. In total, ECFCs represent between 5% and 30%
of endothelial cells in PAH. It is thought that ECFCs could be responsible for the development
of plexiform lesions, given the fact that these lesions are monoclonal endothelial cell
proliferations. HPP-ECFC numbers are also increased in the vasa vasorum. This may contribute
to the hypoxia-induced angiogenic expansion of the vasa vasorum, which is an important
contributor to pulmonary vascular remodeling.
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Fibrocyte culture medium from patients
with IPF has been shown to increase ECFC
proliferation and differentiation in vitro,
and fibrocytes from patients with IPF that
have been coimplanted with human ECFCs
formed functional microvascular beds
in immunodeficient mice. These effects
are achieved through the stromal-cell
derived factor-1/C-X-C chemokine receptor
type 4 (SDF-1/CXCR4) pathway and

suggest a role for fibrocytes during disease
exacerbations.

Another study suggested that control
and IPF ECFCs do not differ in the ability for
adhesion, migration, or differentiation, but
more IPF ECFCs are senescent or apoptotic
(Figure 5) (51). These changes were
associated with increased IL-8 secretion,
which may contribute to lung neutrophil
invasion in IPF. Furthermore, endothelial

microparticles released from IPF ECFCs
stimulate fibroblast migration and are more
numerous in ECFCs from patients with IPF
with DLCO, 40% (52). These seemingly
divergent data may reflect the fact that in
human IPF, the pulmonary endothelium is
remodeled with highly proliferative cells in
juxtaposition with apoptotic ones (53);
however, further investigation is warranted.
ECFCs from patients with IPF have also been
shown to be more thrombogenic than those
from cord or peripheral blood (54). As such,
ECFCs may have several pathogenic roles in
pulmonary fibrosis.

ECFCs in COPD

COPD is a progressive lung disease that
results in airflow limitation from irreversible
lung damage, most commonly caused by
tobacco smoking. Cardiovascular disease is a
common comorbidity, and there are clusters
of patients that actually exhibit a “pulmonary
vascular COPD phenotype,” characterized by
less severe airflow limitation, hypoxemia,
reduced DLCO, hypocapnia, and exercise
limitation due to cardiovascular dysfunction
(55, 56). Patients with COPD and smokers
are, therefore, at high risk for endothelial
dysfunction.

ECFCs isolated from smokers and
patients with moderate COPD demonstrated
increased DNA double-strand breaks and
senescence compared with nonsmokers
(Figure 6) (57). These epigenetic changes
resulted from the activation of ataxia
telangiectasia mutated (ATM) kinase, which
reduces sirtuin-1 (SIRT1), a protein
deacetylase that protects against DNA
damage. miR-126–3p, an endothelial
microRNA critical to angiogenesis and
vascular homeostasis, modulates this DNA
damage response through repression of
ATM kinase, but it is reduced in COPD
ECFCs, thereby enhancing ATM kinase and
increasing DNA damage responses (58).
These senescent ECFCs also display
decreased in vivo angiogenic activity and
increased apoptosis (57). In patients with
COPDwith pulmonary hypertension,
peripheral blood ECFCs have also been
shown to have reduced proliferation,
adhesion, and migration capacities (59),
which are enhanced after treatment with the
Rho-kinase inhibitor Fasudil (60). These
identified pathways may prove to be useful
targets for therapeutic intervention, but
further studies are needed.

Idiopathic Pulmonary
Fibrosis

Fibroblast migration stimulated
by endothelial microparticles

Fibrotic
vessel

Neutrophil recruitment
stimulated by IL-8

SDF-1/
CXCR4
Pathway

Fibrosis between
alveoli

Fibrocyte

Highly vascularized
tissue

Apoptotic and
senescent ECFCs ECFC proliferation

Figure 5. Pathogenic contribution of ECFCs to idiopathic pulmonary fibrosis (IPF). Pulmonary
fibrosis is a heterogeneous lung disease in which fibrotic areas have decreased vascular
density and adjacent, nonfibrotic areas are highly vascularized. In humans with IPF, ECFCs
were increased in those with worse gas exchange, and they were more proliferative in patients
undergoing disease exacerbations. It remains unclear whether this is an adaptive response or
a contributor to the pathogenesis. Two different models of ECFC function in IPF have been
experimentally demonstrated. First, fibrocytes increase ECFC proliferation and differentiation
in vitro through the SDF-1/CXCR4 functional pathway, perhaps implying a role for fibrocytes
during disease exacerbations. In the second, ECFCs are senescent or apoptotic, leading to
increased IL-8 secretion, which may contribute to lung neutrophil invasion. In addition,
endothelial microparticles released from IPF ECFCs stimulate fibroblast migration and are more
numerous in patients with more significantly impaired gas exchange. It is unclear if ECFCs
have different roles in IPF lungs depending on their location within the remodeled lung, the
severity of the disease, or the presence of a disease exacerbation. CXCR4=C-X-C chemokine
receptor type 4; IL-8= interleuken-8; SDF-1=stromal-cell derived factor-1.
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Figure 6. Pathogenic contribution of ECFCs to chronic obstructive pulmonary disease (COPD).
ECFCs from smokers and patients with moderate COPD display increased DNA double-strand
breaks and senescence, leading to decreased in vivo angiogenic activity and increased
apoptosis. ATM=ataxia telangiectasia-mutated; ds=double strand; SIRT1=sirtuin-1.
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Therapeutic Potential of
ECFCs for Lung Disease

ECFCs represent a promising source for
cell-based therapeutic neovascularization,
which has been applied to numerous and
varied diseases that are beyond the scope
of this review (61, 62). They have been
suggested to exert therapeutic effects
through 1) direct incorporation into
neovessels in target tissues; 2) a paracrine
fashion; or 3) supporting the reparative
ability of other stem/progenitor cells (62).
ECFCs have most often been applied
systemically, although evidence suggests
that targeted application helps circumvent
issues with low engraftment and loss of
cells that are systemically distributed and/or
entrapped in nontarget tissues, and it
provides a greater measure of control over
the cell numbers needed to achieve a
therapeutic effect. Importantly, several
strategies have been studied to improve
the therapeutic efficacy of ECFCs,
including 1) pretreatment of ECFCs
with bioactive compounds or factors;
2) epigenetic activation; 3) gene
manipulation; 4) coculture with other cell
types, including mesenchymal stem cells;
and 5) embedding in either natural or
synthetic biocompatible scaffolds (62).
Unfortunately, there is a paucity of data
exploring the use of ECFCs in treating
pulmonary disease (63).

Relatively few studies have tested the
therapeutic potential of ECFCs in preclinical
models of neonatal lung disease. One study
achieved increased cell growth and
angiogenesis in vitro using late-term fetal
sheep PAECs and alveolar type 2 cells treated
with human cord blood ECFC-conditioned
media (ECFC-CM) from term and preterm
neonates (64). Notably, ECFC-CM from
preterm infants that were exposed to
hyperoxia was not effective. The authors also
tested ECFCs and ECFC-CM in vivowith a
bleomycin rat model of BPD. ECFCs, ECFC-
CM, and HUVEC-CM all improved
pulmonary hypertension as evidenced by
reduced right ventricular hypertrophy, but
none of the treatments had any effect on lung
structure, such as alveolar septation, or vessel
density. Because human umbilical vein
endothelial cell conditioned media
(HUVEC-CM) did not have any

proangiogenic effects in vitro, it may be that
all these treatments provided some
vasodilatory effect or a direct effect on the
right heart that was unmeasured by the
study. A second study using a murine
bleomycin model showed that neither
ECFCs from cord blood nor patients with
IPF were able to prevent or treat pulmonary
fibrosis (65). Unfortunately, these studies
were limited by cross-species testing,
uncertainty as to howmany cells or what
concentration of CM ended up in the lungs,
the fact that daily bleomycin injections did
not permit any postinsult period of recovery,
which may have made the lungs more
receptive to the treatments, and/or single-
dose treatments with ECFCs. It should also
be noted that these were postnatal
treatments, whereas some neonatal lung
diseases, like that associated with CDH, may
be amenable to prenatal, fetal treatment.

Conversely, a third study demonstrated
a positive therapeutic effect using human
cord blood-derived ECFCs and the
hyperoxia model of BPD (36). ECFCs
administered through the jugular vein on
postnatal day (P) 14 after a period of
hyperoxia restored normal alveolar
architecture and lung vascular growth and
significantly reduced right ventricular
hypertrophy by P28. These effects were
persistent out to 10 months of life without
adverse effects on lung structure or tumor
formation, and treated mice demonstrated
improved exercise capacity over the
untreated hyperoxia cohort.

Subsequent experiments demonstrated
that these benefits were from a clear
paracrine effect (36). However, ECFCs
isolated from treated mice formedmore HPP
colonies and formed more extensive
endothelial networks than those from
nontreated, hyperoxia-exposed mice.
ECFC-CM preserved ECFC network
formation in vitro during hyperoxia
exposure, and ECFC-CM intraperitoneal
injections from P4–P21 in hyperoxia-
exposed rats similarly preserved alveolar
growth and lung vascular growth and
attenuated pulmonary hypertension. Thus,
this study underscores the therapeutic benefit
of promoting lung angiogenesis to repair the
lung.

To our knowledge, no studies have
examined the therapeutic benefit of either
treating with or targeting ECFCs in models

of adult pulmonary hypertension or COPD.
However, in children aged approximately
2–8 years old with pulmonary hypertension,
treprostinil has been shown to enhance
peripheral blood ECFC numbers and cause a
hyperproliferative ECFC phenotype with
enhanced angiogenic potential that has been
hypothesized to partly mediate the clinical
benefit of prostanoids in pulmonary
hypertension (66). Furthermore, others have
shown that human ECFC function may be
enhanced through either HIF-1a inhibition
(47) or pharmacological opening of KATP

channels (67) in an in vitro hypoxia model,
suggesting targets for potential future
therapeutics. Finally, inhaled corticosteroids
have been shown to decrease senescence and
reduce markers of DNA damage responses
in patients with COPD. However, the
protective effects of corticosteroids on the
endothelium have not been directly
connected to the clinical benefit of steroids.

Conclusions

The study of ECFCs in neonatal and adult
lung disease has been confounded by various
isolation and culture methodologies and
confusing nomenclature. However, a
preponderance of evidence suggests that
neonatal ECFCs demonstrate more robust
angiogenic function compared with adult
ECFCs. Furthermore, data suggest that
ECFC number and function may be reduced
in neonatal lung diseases such as BPD and
CDH, contrasting the angioproliferative
phenotype of ECFCs in adult PAH and IPF.
Different strategies to apply cell-based
therapies for neonatal disease have been
tested in preclinical models with some
success, and potential ways to target or
improve ECFC function have been
preliminarily identified in adult lung
diseases. ECFCs demonstrate promise in
lung disease for both prognostication and
treatment and provide a rich avenue for
further investigation.�
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