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Tissue regeneration using endothelial colony-forming cells:
promising cells for vascular repair

Kimihiko Banno' and Mervin C. Yoder'

Repairing and rebuilding damaged tissue in diseased human
subjects remains a daunting challenge for clinical medicine.
Proper vascular formation that serves to deliver blood-borne
nutrients and adequate levels of oxygen and to remove
wastes is critical for successful tissue regeneration. Endothelial
colony-forming cells (ECFC) represent a promising cell source
for revascularization of damaged tissue. ECFCs are identified
by displaying a hierarchy of clonal proliferative potential and
by pronounced postnatal vascularization ability in vivo. In this
review, we provide a brief overview of human ECFC isolation
and characterization, a survey of a number of animal models
of human disease in which ECFCs have been shown to have
prominent roles in tissue repair, and a summary of current
challenges that must be overcome before moving ECFC into
human subjects as a cell therapy.

M ethods to treat pediatric patients who suffer from tissue
and organ damage acquired prenatally or postnatally
remain elusive and largely experimental for pediatric
clinicians and surgeons. The causes of tissue and organ
damage are multifaceted and include congenital anomalies
that predispose to ongoing tissue injury, inadequate or
excessive vascularization, hypo-perfusion, hypo- or hyper-
oxygenation, inflammation, or trauma. In the neonatal period,
hypoxic-ischemic encephalopathy, bronchopulmonary dys-
plasia (BPD), retinopathy of prematurity, or necrotizing
enterocolitis are some representative disorders that
are well known to cause severe tissue damage as a
consequence of perinatal asphyxia or are associated with
complications of premature birth. These disorders are
currently treated conservatively in hopes of spontaneous
tissue recovery or in some instances repair is promoted
by surgically removing the most damaged and non-functional
tissue. Although overall outcomes continue to improve for
these illnesses (1-5), many infants develop chronic
illness due to consequences of the acute injuries to these
organ systems.

One system that is critical for the long-term repair of the
above illnesses is the vascular system. Tissue-regenerative
approaches using endothelial progenitor cells (EPCs) would

be an attractive approach for repairing or regenerating
vasculature in all of these illnesses (6,7), if current basic
investigation could be translated into human subjects.
Endothelial colony-forming cells (ECFCs) are the most potent
vascular reparative cell type among EPC candidates (7). In
this review, we describe the identifying features of ECFCs and
define the sources of ECFC that include tissue-resident
vascular endothelium, human umbilical cord, or peripheral
blood, and are also from human-induced pluripotent stem
cells (hiPSCs). We also provide an overview of preclinical
studies where human ECFCs have been administered into
animal models of human disease, focusing on those studies
that will be feasible for pediatric clinical application. Finally,
we provide an update on current limitations for translating
the exciting potential of human ECFC in the preclinical
studies into human clinical trials.

ECFC AS A PROMISING CELL SOURCE FOR TISSUE
REGENERATION

Blood vessels may have a direct or indirect role in the process
of tissue injury. Regardless of the pathophysiology, break-
down of the blood vessel wall with loss of endothelial barrier
properties is an acute emergency that requires prompt
platelet, inflammatory cell, and pro-coagulant protein activa-
tion and aggregation (clot formation) to stop the escape of
intravascular blood cells and bleeding into the tissue (8,9).
Restitution of blood flow to the injured site may require
angiogenic sprouting of endothelial cells from nearby intact
blood vessels to generate new blood vessels as well as
vasculogenesis by circulating ECFC to recanalize the clot to
permit new blood vessel invasion to restore tissue perfusion.
We provide an overview of this process and highlight some of
the cells that may have important roles in Figure 1.

We first consider the most current definition of human
EPCs. Putative human EPCs have been identified using many
approaches (8). Myeloid angiogenic cells (also called circulat-
ing angiogenic cells (CACs), pro-angiogenic hematopoietic
cells (PAC), pro-angiogenic circulating hematopoietic stem/
progenitor cells, or “early” EPCs; Figure 2), have all been
defined as EPCs (9-11) and they have important roles in the
process of vessel injury and repair (12). However, these MAC,
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Figure 1. Circulating myeloid angiogenic cells (MACs) are delivered into the damaged tissue where angiogenic factors and inflammatory cytokine

concentration are higher than other tissues. Paracrine factors of MACs recruit endothelial colony-forming cells (ECFCs) from either the circulation or
the local vascular wall. Next, migration and proliferation of ECFCs, which are guided by MACs, restore the endothelial integrity of the vascular wall.
Circulating ECFCs may arise form tissue-resident ECFCs and are recruited to locally damaged sites, and contribute to re-vascularization.

CAC, PAC, pro-CPC, and “early” EPCs do not represent
actual endothelial progenitors in that none of these cells ever
change their lineage fate and fully integrate as bona fide
endothelial cells into the remodeled endothelium (13,14);
rather, MAC, CAC, PAC, pro-CPC, and “early” EPC
represent hematopoietic cells that support endothelial repair
and regeneration in injured vessels through largely paracrine
mechanisms (7). In contrast, ECFCs (also called outgrowth
endothelial cells or “late” EPCs; Figure 2) represent an
endothelial cell type with potent intrinsic clonal proliferative
potential and capacity to contribute to de novo blood vessel
formation in vivo (6,15). Although ECFCs and MACs are
intrinsically different lineages of cells (16), they cooperate in
the re-vascularization process (Figure 1). First, circulating
MACs are delivered into the damaged tissue and their
paracrine factors recruit ECFCs from either the circulation or
the local vascular wall (12). Next, migration and proliferation
of ECFCs, which are guided by MACs, are recruited to the
injured site to restore the endothelial integrity of the vascular
wall (17,18). Although the exact origin of circulating ECFC
remains unclear, some authors have proposed that circulating
ECFCs arise from tissue-resident ECFCs, are recruited to
locally damaged sites, and contribute to re-vascularization
(19). Taken together, based on current accumulating
evidence, ECFCs are the most rationale and promising cell
source that are able to directly incorporate into or directly
form (postnatal vasculogenesis) regenerating vessels in areas
of tissue regeneration.
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ECFC DERIVED FROM UMBILICAL CORD BLOOD OR
PERIPHERAL BLOOD

Ingram et al. identified a novel hierarchy of ECFCs based on
their clonogenic and proliferative potential, analogous to the
hematopoietic cell system (20). After they harvested mono-
nuclear cells isolated from adult peripheral and umbilical cord
blood (CB) and cultured the cells on type I rat tail collagen-
coated dishes as adherent cells, proliferating colonies of ECFC
were identified by their cobblestone appearance and lack of
hematopoietic phenotype and functions. Some but not all of
these colonies showed high proliferative potential (HPP-
ECFCs). defined as the ability to clonally expand in vitro into
more than 2,000 endothelial cells in 14 days and to be capable of
replating into secondary HPP-ECFC in which some clones
display the same capacity to form colonies of >2,000 cells in
14 days (18). These ECFCs not only possess robust proliferative
potential but also have capacity to form new blood vessels
in vitro and in vivo (17,20-24). Although human ECFCs have
not been shown to express any novel antigens that permit them
to be differentiated from non-proliferative vascular endothelial
cells, they can be identified by expression of the cell surface
proteins CD31, CD34, Kinase Insert Domain Receptor (KDR),
CD144, CD105, CD146, and von Willebrand factor, and they
do not express the proteins CD45, CD14, CD115, and AC133
that are indicative of hematopoietic cells (21) (Figure 2).

hiPSC-DERIVED ECFCs

hiPSCs have been readily established by reprogramming a
host of somatic cell types using defined transcription factors
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Figure 2. Cell surface markers that identify myeloid angiogenic cells
(MAG; left, red circle; also called circulating angiogenic cells (CACs), pro-
angiogenic hematopoietic cells (PAC), pro-angiogenic circulating
hematopoietic stem/progenitor cells (pro-CHSPCs or pro-CPCs), or “early”
endothelial progenitor cells (EPCs)) and endothelial colony-forming cell
(ECFG; right, blue circle; also called outgrowth endothelial cells (OECs),
or “late” EPCs). The common markers for both MAC and ECFC are
located in center circle. Although CD34, KDR, and AC133 are the most
useful markers for MAC, a host of other markers have also been shown
to identify hematopoietic cells that assist in vascular repair and
regeneration via the paracrine secretion of growth factors, chemokines,
matrix metalloproteinases, but do not change their lineage fate to
become endothelial cells that form new blood vessels in vitro or in vivo.
Thus, MAC are not true “endothelial progenitor cells” as originally
reported (9). Note that MAC can be isolated from the CD34" population;
however, the level of CD34 expression will change in culture (shown in
asterisk). CD31, CD34, CD144, and KDR are the most useful markers for
ECFC, whereas CD14 and CDA45 are not expressed at the protein or
mRNA level in these cells (19). A host of other markers have also been
shown to identify this endothelial cell type that clonally proliferate and
contribute to de novo blood vessel formation in vivo (see (ref. 19) for
detailed summary).

or small molecules (25). The hiPSCs that emerge following
cell reprogramming possess unlimited self-renewal capacity
and display the ability to differentiate into any cell population.
Although many successful attempts have been conducted to
generate endothelial cells from PSCs, the derived cells
typically display low proliferative potential and often undergo
an endothelial-to-mesenchymal transition within five to eight
passages (26-29). Prasain et al. successfully differentiated
hiPSCs into cells that display clonal proliferative potential,
in vivo vessel-forming ability, and gene expression that is
similar to CB-ECFCs (30). This protocol focused on isolating
CD31"Neuropilin-1* cells ~12 days into the hiPSC differ-
entiation process to identify the cells that give rise to a
homogenous population of ECFC. The proliferation and
expansion of the hiPSC-derived ECFC depends upon
sustained activation of KDR signaling (augmented by
Neuropilin-1) through addition of vascular endothelial
growth factor A (VEGF4s5). The derived ECFCs not only
showed a stable endothelial phenotype with high clonal
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proliferative potential and the capacity to form functional
human blood vessels in immunodeficient mice (for up to
6 months post implantation), but also formed new blood
vessels in the damaged retina and ischemic hindlimb of
experimental mouse models of human disease (28). These
results suggest that hiPSC-ECFC may serve as a robust source
of ECFC for human clinical trials.

PRECLINICAL STUDIES USING ECFCs WITH RELEVANCE TO

PEDIATRIC DISEASES

Although unilateral hind limb ischemia or myocardial
infarction animal models of adult human cardiovascular
disease are frequently used to examine human ECFC
treatments (31,32), we have decided to focus in this review
on the preclinical studies in which ECFCs were used as a
therapeutic method that will have relevance for pediatric
diseases.

BRAIN

Traumatic brain injury is a significant cause of morbidity and
mortality in children (33). Zhang et al. first performed
transplantation of human CB-ECFCs intravenously to a
mouse model of traumatic brain injury and revealed that
donor ECFCs were detected in injured brain and increased the
microvessel density resulting in significantly less neurologic
disability (34). The same group administered CB-ECFCs into
the ventricles of the injured brain and the infused ECFC-
restored blood-brain barrier integrity and promoted angio-
genesis (35). In an ischemic stroke mouse model, green
fluorescent protein-labeled CB-ECFCs administered via intra-
arterial injection were found surrounding the infarct border
zone in brain sections and contributed to functional
restoration, improved angiogenesis, neurogenesis, and overall
decreased apoptosis (36). Intravenously transplanted CB-
ECFC in a rat model of transient middle cerebral artery
occlusion also homed to the ischemic hemisphere and
improved functional recovery (37). Recently, erythropoietin
pretreatment of transplanted ECFCs enhanced recovery in the
rat middle cerebral artery occlusion model. Cerebral blood
flow was significantly restored with ECFC treatment, but
erythropoietin-priming further enhanced functional recovery
through an increased homing of ECFCs to the ischemic
hemisphere (38). Taken together, therapeutic usage of ECFCs
is a promising strategy to enhance brain tissue viability and
function in cerebral traumatic or ischemic injury in several
animal models of human disease. Further investigation of the
effects of infused ECFC in other animal models more
reflective of human neonatal hypoxia and ischemia are
needed.

LUNG

Before attempting therapeutic usage of ECFCs in infant lung
injury, the investigators first focused on intrinsic character-
istics of circulating ECFCs in several disease conditions.
Changes in the number and/or dysfunction of CB-ECFCs
were examined and reported in infants or children that later
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developed specific lung disorders, such as BPD. Preterm CB
yielded significantly more ECFC colonies than term CB, and
preterm ECFCs demonstrated increased growth but enhanced
apoptotic susceptibility to hyperoxia (39). This detrimental
effect may be related to disruption of VEGF-nitric oxide
signaling (40). Interestingly, the number of CB-ECFCs in
preterm babies who subsequently developed moderate and
severe BPD were significantly decreased (41,42), and lung
ECFC number and function were impaired in experimental
hyperoxia-induced BPD in newborn rats (43). Because
impaired vascular growth has a central role in the pathogen-
esis of BPD, decreased ECFCs may contribute to abnormal
vascular repair and regeneration in ventilated and oxygen-
exposed preterm infants resulting in BPD. To address this
question, Alphonse ef al. administered CB-ECFCs into a
postnatal rat pup model of BPD and a single intravenous dose
of ECFCs reversed the alveolar growth arrest, preserved lung
vascularity, and attenuated pulmonary hypertension, both in
short-term (1 month) and long-term (10 months) assessments
(43). Recently, the isolation and culture of pulmonary
microvascular ECFCs from human and rat lung tissue has
become feasible within 4 weeks (44). This method will provide
more accurate information about ECFCs in human lung
disease and further contribute to the development of
preclinical research in this field. Of interest, conditioned
medium derived from cultured CB-ECFC has also been
shown to prevent pulmonary hypertension in newborn pups
exposed to bleomycin (45). These results suggest that some
CB-ECFC-derived soluble molecules or membrane particles
may deliver regenerative molecules to the injured rodent lung
to enhance recovery from otherwise BPD-causing reparative
responses.

RETINA

The mouse model of oxygen-induced retinopathy has been
widely used in studies related to retinopathy of prematurity
and/or proliferative diabetic retinopathy, and provided a
useful tool for assessing angiogenesis in the postnatal mouse
retina (46). When mouse pups exposed to hyperoxia were
given intravitreally injected ECFCs, the human ECFCs
directly incorporated into the damaged resident vasculature,
significantly decreased the avascular areas caused by the
hyperoxia, concomitantly increased normovascular areas, and
prevented pathologic pre-retinal neovascularization (47).
Significant reduction of avascular areas and pre-retinal
neovacular tufts was similarly observed when hiPSC-derived
ECFCs were injected into the vitreous of mouse pups exposed
to hyperoxia (30). To achieve better treatment effects,
Sakimoto et al. chose a subset of ECFCs with high CD44
expression levels. The injected CD44™" ECFCs facilitated
regeneration of retinal vasculature and reduced pathological
angiogenesis compared with CD44'°" ECFCs (48). These
studies provide evidence that human ECFCs may have an
important role in rescuing the developing murine retina from
the effects of high levels of oxygen and assist in the prevention
of retinopathy of prematurity. Further studies to assess the
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mechanisms of ECFC protection, the impact of the revascu-
larization on retinal function, and the persistence of the repair
would be important for future work in this area.

KIDNEY

Acute kidney injury (AKI), formerly called acute renal failure,
is commonly defined as an abrupt decline in renal function,
and is mainly caused by ischemia/reperfusion injury (49). As
ischemia/reperfusion induces significant vascular injury lead-
ing to capillary loss, the administration of exogenous
endothelial cells has been studied as a potential strategy to
treat AKI. Infusion of human umbilical vein endothelial cells
into rats with AKI was first conducted by Brodsky ef al. and a
significant protection of the rodent kidneys from experi-
mental AKI was reported (50). Administration of ECFCs also
significantly attenuated increases in plasma creatinine, tubular
necrosis, macrophage infiltration, oxidative stress, and
apoptosis in the rodent AKI model (51). Similar effects were
recently reported when rodent HPP-ECFC or human CB-
ECFC were intravenously injected into rodents with AKI;
furthermore, the preventative functions were present in
paracrine factors secreted by the rodent and human ECFC
(52). Other reports agree that the beneficial effects of ECFCs
in preventing AKI damage to kidneys may not require cell
engraftment (53), but do require ECFC-derived exosomes
(51). Vinas et al. specifically identified microRNA in ECFC-
derived extracellular vesicles and reported that miR-486-5p
enrichment in ECFC exosomes has a critical role in protecting
kidney ischemia/reperfusion injury through targeting of the
phosphatase and tensin homolog protein and the Akt
pathway (54). This result suggests that the use of exosomes
from ECFCs may be another strategy to protect against
endothelial injury in animal models of AKL

CANCER

During cancer progression, angiogenesis is always activated to
sufficiently vascularize the tumor for uncontrolled growth,
causing normally quiescent vasculature to continually sprout
new vessels (55). To determine which vascular cell population
specifically participates in this neoangiogenesis within the
tumor tissue is critical not only for understanding the
physiology of proliferating tumors but also for designing
anti-angiogenic drug therapy. Naito et al. found that a small
population of vascular-resident endothelial cells in lung
predominantly contributed to a new blood vessel formation
in mouse lung tumor models (56). This population was
identified using the Hoechst side population method (57), and
the cells isolated were shown to possess colony-forming
ability in vitro, suggesting that these mouse tissue-resident
vascular endothelial cells displayed characteristics similar to
human ECFCs. Recently, human ECFCs have been generated
as a targeting cell population for the tumor microvasculature
carrying antitumor reagents as a novel cancer therapy (58-
60). For example, Laurenzana et al. engineered CB-ECFCs
with a lentivirus encoding matrix metalloproteinase 12
(MMP12) to deliver the MMP12 as an antitumor urokinase-
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type plasminogen activator (uPA) receptor-degrading
enzyme, and showed that infusion of ECFCs generated
significantly increased amounts of cleaved uPA receptor
within the tumor cells and strongly inhibited tumor growth,
tumor angiogenesis, and development of lung metastasis (59).
Another interesting therapeutic approach utilized ECFCs
enriched with chitosan-coated gold nanoparticles, which
produced local hyperthermia when exposed to near-infrared
light and generated sufficient heat to warm up the tumor
environment to kill the cancer cells in vitro and in vivo (60).
These data suggest that ECFCs may be usable of as a potential
antiproliferative treatment for tumor tissue under certain
circumstances.

SUPPORTIVE CELLS AND REAGENTS

Much effort has been devoted to determining which cells or
reagents can enhance the neoangiogenic potential of ECFCs.
A combination treatment of ECFCs with mesenchymal stem/
progenitor cells (61-65), adipose tissue-derived stromal cells
(66), or host myeloid cells (61,67) has been reported to
synergistically enhance neovascularization compared with use
of either cell population alone. Although some of these
beneficial effects were implicated with the known immuno-
suppressive potency of mesenchymal stem cells (64) or
priming ECFCs by Notch signaling (65), the exact underlying
mechanism of interaction among these cells that promotes
neovascularization still needs further investigation. In addi-
tion, pretreatment of ECFC with erythropoietin (38,68),
fucoidan (69,70), the formyl peptide receptor-2 agonist
WKYMVm (71), soluble CD146 (ref. 72), transmembrane
tumor necrosis factor-a (73), and platelet lysate (74) are all
candidate reagents that improve the therapeutic in vivo
efficacy of administered ECFCs. Scaffold materials also have
critical roles in vasculogenesis, and ECFCs can be incorpo-
rated within the scaffolds for generating a pre-vascularized
tissue-engineered construct. Allen et al. compared rat tail type
I collagen, bovine fibrin, and a synthetic peptide (PuraMatrix)
as scaffolds into which ECFCs and mesenchymal progenitor
cells were suspended and then implanted to form blood vessel
networks in murine hosts. The suspended ECFCs and
mesenchymal progenitor cells in any of the three matrices
initiated a rapid onset of vascularization (75). Interestingly,
Critser et al. reported that modulating the biomechanical
properties of scaffolds via altering collagen fibril density and
matrix stiffness were found to augment collagen implant
remodeling as well as ECFC-derived vessel density, the
proportion of human ECFC to host murine vessels, and total
ECFC-comprised blood vascular area (76). Although a
comprehensive survey in this field is beyond this review,
further advances in application of scaffold materials that
enable ECFCs to facilitate angiogenesis properly in each
damaged tissue will surely advance the field of tissue
regeneration.
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SUMMARY AND PERSPECTIVES (INCLUDING CURRENT
LIMITATIONS)

The above overview of results of some preclinical studies
using human ECFCs provides evidence that ECFCs may
represent a promising cell source for revasculogenesis in
damaged tissue of pediatric patients. ECFCs possess out-
standing vessel-forming potential in vivo, and their potential
can be further augmented by addition of adventitial cells,
biological reagents, and scaffolds. Before proceeding to the
next step for clinical application, several practical issues need
to be addressed.

First, we have not yet obtained a distinguishing marker for
the HPP-ECFC that permits prospective isolation of these
cells from peripheral blood or CB. Although the clonal assay
of ECFC production can enumerate the number of HPP-
ECEC in a given endothelial cell population, the HPP-ECFC-
initiating cells never replicate via symmetric division and,
thus, give rise to the entire ECFC hierarchy including low
proliferative potential-ECFC, ECFC clusters, and non-
proliferating endothelial cells within the HPP-ECFC colonies
that emerge (18). Thus, the research field continues to search
for cell surface markers that may prospectively isolate and
enrich for HPP-ECFC. Second, some of the current reagents
for ECFC isolation are derived from animal sources (such as
type I rat tail collagen or fetal bovine serum). However, there
is a new xeno-free media preparation EC-Cult-XF ECFC
(Stemcell Technologies, Vancouver, BC, Canada), which
might help to solve this issue after approval for clinical use.
Third, use of autologous blood for ECFC isolation is
currently not feasible in pediatric patients. ECFCs circulate
in the blood stream at 1 per 10°~10° peripheral mononuclear
cells (18). They may be isolated in sufficient numbers
from umbilical CB for potential use in newborn infants;
however, once processed and frozen, the CB-ECFC would
need to be banked and fees for this kind of service can be
prohibitive. In addition, the rationale for banking a cell
product that is specified to a single lineage (endothelium)
as a source of reparative cells that may not be needed until late
adulthood is questionable at this point. For older children
and adult subjects, primary circulating ECFCs from periph-
eral blood (PB-ECFC) are less clonogenic, proliferative,
and angiogenic than CB-ECFCs. Finally, it is well known
that certain disease states, such as diabetes, can significantly
diminish the frequency and function of the isolated
ECFC to such an extent that these cells would not be of
sufficient quality for use as a revascularization therapy
(77,78).

One strategy to overcome the limited availability of
autologous ECFC would be through the generation of
patient-specific hiPSC-derived ECFCs (30). Our current
protocol enables us to convert hiPSCs into cells similar to
CB-ECFCs at an efficiency of >10® ECFCs produced from
each starting iPSC within 80 days. However, this approach
requires some (months) time for derivation of the autologous
hiPSCs from each patient, in addition to differentiation of the
patient-specific hiPSCs to ECFCs. Haplotype-based banking
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of hiPSCs might be an alternative approach, which can reduce
the host immunogenic responses to the hiPSC-derived cells
(79,80). In this approach, individuals with homozygous
human leukocyte antigen (HLA) haplotypes could be chosen
for production of iPS cell lines, and the establishment of an
HLA-organized bank would be sufficient for a large number
of recipients. By creating a bank of the HLA haplotypes, one
could readily match the patient with the appropriate HLA
haplotype and then differentiate the cells to ECFC for
injection into the patient. Another interesting approach to
reduce allograft rejection of transplanted ECFCs utilizes
clustered regularly interspaced short palindromic repeat
(CRISPR)/Cas9-modified ECFC lacking class II major histo-
compatibility complex molecules (81) and the implanted
synthetic microvessels, formed from the manipulated cells,
were significantly protected from CD8" T-cell-mediated
destruction in vivo. However, implanting a cell source that
lacks appropriate major histocompatibility complex class II
markers that permits escape from immune detection may be a
risk for tumorigenesis and an appropriate suicide system such
as herpes simplex 1-thymidine kinase transgene (82,83),
which will induce cell death under fialuridine treatment,
might be required as a safety mechanism to escape potential
tumorigenesis from major histocompatibility complex class
II-deficient ECFCs. Although these barriers to clinical
translation are not trivial, we believe that use of ECFCs for
revascularizing damaged tissue will be ready in the near future
for human clinical trials.

Disclosure: The authors declare no conflict of interest.
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