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    Chapter 11   
 Lung Microvascular Endothelium 
as a Putative Progenitor Cell Niche 

             Lauren     Hartman     and     Troy     Stevens     

11.1             Introduction 

 The pulmonary circulation is a unique vascular bed; it receives 100 % of the cardiac 
output from the right ventricle while maintaining low vascular pressures. Even with 
intense exercise, when cardiac output increases 5–8-fold, pulmonary artery pressure 
increases only modestly. The ability to maintain low pressures even in the face of 
high cardiac outputs is partly attributable to the vast surface area of the lung capil-
laries, their ability to distend, and the ability to recruit blood into capillaries that are 
not otherwise continuously perfused. Indeed, blood fl ow through individual capil-
laries is intermittent and subject to active regulation in order to match ventilation 
with perfusion to optimize gas exchange. Such specialization of the lung’s capillar-
ies has fascinated investigators since their original discovery in 1661 by Marcello 
Malpighi (West  2013 ). 

 We now know that endothelium contributes to the alveolar-capillary membrane, 
where capillary endothelial cells and type I pneumocytes border one another through 
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a fused basement membrane. However, this association was impossible to fully 
appreciate until development of the electron microscope allowed for high- resolution 
analysis of intact anatomy. Cell biology and physiology studies of lung capillary 
endothelium have only recently been advanced. This ongoing work indicates that 
the lung capillary endothelium represents a highly specialized, differentiated cell 
phenotype (Stevens  2005 ; Gebb and Stevens  2004 ). One of the unique features of 
this cell is its high replication competence and the ability to self-renew (Alvarez 
et al.  2008 ). Highly replication competent cells that self-renew are features of pro-
genitor cells, meaning that lung capillary endothelium constitutes an important pro-
genitor cell niche. Here, we highlight evidence that lung capillary endothelium 
represents a progenitor cell niche, and we discuss the physiological demands for 
rapid neoangiogenesis in the alveolar-capillary compartment.  

11.2     Stem Cells 

 Genetic evidence for the existence of stem cells arose from studies examining 
hematopoietic cells (Becker et al.  1963 ; Till  1961 ; Wu et al.  1968a ,  b ). During these 
experiments, investigators discovered colonies of progenitor cells, each derived 
from a single clonogenic precursor, in the spleens of conditioned hosts. The colo-
nies were composed not only of differentiated cells, but also cells that could be used 
to reconstitute all blood cell lineages. From these initial studies, numerous investi-
gations ensued revealing that stem cells are very unique cells that have the potential 
to self-renew, that is, to divide and create additional stem cells or to differentiate 
into mature cells of any particular cell lineage. Stem cells will either go through 
symmetric cell division giving rise to two daughter cells that remain undifferenti-
ated or perform asymmetric cell division to become differentiated. This unique 
characteristic of stem cells is vital in the generation of specialized cells forming 
different types of tissues, in addition to continually renewing normal tissue and 
repairing injured tissue (Reya et al.  2001 ). 

 There are two major types of stem cells. The fi rst type is an embryonic stem cell, 
which is found in the inner cell mass of the mammalian blastocyst. Embryonic stem 
cells are able to differentiate into the three types of germ layers which are the ecto-
derm (gives rise to the skin and neural lineages), mesoderm (generates blood, bone, 
muscle, cartilage, and fat), and endoderm (contribute to tissues of the respiratory 
and digestive tracts) along with having the capability to infi nitely grow (Wagers and 
Weissman  2004 ). Specifi c signaling mechanisms between stem cells, their progeny, 
and the surrounding tissues guarantee that the correct amount of new cells will be 
formed within the proper locations. This is especially important during develop-
ment when the embryonic stem cells are induced down a specifi c cell lineage path-
way as opposed to all the other lineage pathways through intercellular cross-talk 
(Fuchs and Segre  2000 ). 

 Stem cell hierarchy determines the potential of the stem cell to differentiate into 
varying cell types. The earliest stem cells in the hierarchy are totipotent stem cells, 
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which are capable of differentiating into all embryonic and extra-embryonic cell 
types. Totipotent stem cells give rise to pluripotent stem cells that are able to give 
rise to all cell types of the embryo proper. Pluripotent stem cells generate multipo-
tent stem cells, which are progenitor cells within the same embryonic layer. 
Multipotent stem cells further differentiate into stem cells that are incapable of 
self- renewal, called oligolineage progenitors. Oligolineage progenitors only have 
the capacity to divide into one particular cell lineage and give rise to progeny that 
are more restricted in their differentiating potential. A hallmark of both stem and 
progenitor cells is their ability to proliferate and give rise to functional progeny; 
however, progenitor cells are unable to infi nitely divide like stem cells (Weissman 
 2000 ). Finally, unipotent cells are produced that are only able to contribute one 
mature cell type. 

 In contrast to embryonic stem cells, the second type of stem cell, the adult stem 
cell, resides within an adult organ or tissue and is only able to select a differentiation 
program from a few possible pathways (Fuchs and Segre  2000 ). Adult stem cells 
include the somatic stem cell and the germ stem cell (Takahashi and Yamanaka 
 2006 ). Although the majority of the diversifi cation of various cell types is carried 
out at or shortly after birth, adult tissues must still be regenerated during adult life 
from stem cell to progenitor cell to functional progeny. Therefore, populations of 
stem cells must be present to undergo self-renewal as well as select for a particular 
differentiation program to replenish dying cells and regenerate damaged tissues 
(Fuchs and Segre  2000 ; Takahashi and Yamanaka  2006 ; Weissman et al.  2001 ). For 
this reason, adult stem cells are frequently localized to specifi c microenvironments 
called stem cell niches. External and intrinsic cues within these niches act on the 
adult stem cells to alter gene expression and induce self-renewal or terminal differ-
entiation (Fuchs and Segre  2000 ). 

 Pioneering studies performed by Yamanaka and Takahashi ( 2006 ) have shown 
that differentiated somatic cells can be reprogrammed to an undifferentiated state 
leading to the formation of pluripotent stem cells. Pluripotent stem cells are able to 
differentiate into any of the three types of embryonic layers. Through the introduc-
tion of Oct3/4, Sox2, c-Myc, and Klf4 under embryonic stem cell conditions, plu-
ripotent stem cells can be induced, which exhibit normal embryonic stem cell 
morphology. They proliferate indefi nitely in culture, as well as express genes char-
acteristic of embryonic stem cells. Because of these qualities, inducible pluripotent 
cells are useful in disease models along with drug development and transplantation 
medicine (Yamanaka and Takahashi  2006 ).  

11.3      Endothelial Progenitor Cells 

 A landmark study was performed in 1997 by Asahara et al. ( 1997 ) examining adult 
human peripheral blood for a circulating progenitor cell capable of differentiating 
into endothelial cells. Asahara et al. ( 1997 ) documented a particular group of 
human-circulating cells that had become endothelial cell-like in culture and were 
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able to engraft into injured vessels. These particular cells were then termed 
 “endothelial progenitor cells.” Therefore, the authors concluded that some circulat-
ing cells in peripheral blood have the potential to serve as progenitors of the endo-
thelial lineage. This paper defi ned endothelial progenitor cells as cells having key 
criteria, such as displaying CD34, Tie-2, CD31, UEA-1, ac-LDL, and expressing 
CD45 in certain instances (Asahara et al.  1997 ). 

 For nearly two decades, the term “endothelial progenitor cell” was used to 
broadly describe a heterogeneous group of circulating cells that putatively give rise 
to endothelial cells in vitro or in vivo. Studies have shown over the years that there 
are two main categories of endothelial progenitor cells. The fi rst category is a het-
erogeneous population of hematopoietic cells that display crucial paracrine angio-
genic activity called pro-angiogenic hematopoietic progenitor cells (Chao and 
Hirschi  2010 ; Duong et al.  2011 ; Richardson and Yoder  2011 ). The second category 
is endothelial colony-forming cells, which are capable of generating blood vessels 
de novo. 

 Recent evidence has revealed that the original endothelial progenitor cells identi-
fi ed by Asahara et al. ( 1997 ) were most likely circulating pro-angiogenic hemato-
poietic progenitor cells (Medina et al.  2010 ). These cells have been shown to 
correlate with the degree of diseases such as cardiovascular disease and pulmonary 
hypertension (Asosingh et al.  2008 ; Hill et al.  2003 ; Kissel et al.  2007 ). Studies have 
also demonstrated that pro-angiogenic hematopoietic progenitor cells originate 
from the bone marrow, circulate within the peripheral blood, and temporarily engraft 
themselves into injured host vessels (Asahara et al.  1997 ; Hristov and Weber  2004 ; 
Lin et al.  2000 ). Although pro-angiogenic hematopoietic cells exhibit some proper-
ties of endothelial cells, they are not capable of vessel formation (Yoder et al.  2007 ). 

 Numerous methods have been developed to properly identify endothelial pro-
genitor cells, including various combinations of cell surface markers, functional 
assays, and colony-forming assays; however, there is not a uniform defi nition of an 
endothelial progenitor cell (Hirschi et al.  2008 ). In 2004, Ingram et al. ( 2004 ) 
described a novel approach that identifi ed endothelial progenitor cells based on their 
clonogenic and proliferative capacities rather than on the expression of cell surface 
antigens. After single-cell in vitro clonogenic assays were performed on both adult 
peripheral blood and umbilical cord blood, a hierarchy was discovered in both blood 
samples (Ingram et al.  2004 ). This growth hierarchy was similar to hematopoietic 
stem cells, and a second category of endothelial progenitor cells was discovered—
cells which proliferate to form new blood vessels, called endothelial colony- forming 
cells (Chao and Hirschi  2010 ; Duong et al.  2011 ; Richardson and Yoder  2011 ). 

 Endothelial colony-forming cells possess true endothelial progenitor cell charac-
teristics because they are highly proliferative, form blood vessels de novo, and con-
tribute to endothelialization and angiogenesis (Basile and Yoder  2014 ). The 
endothelial colony-forming cells found in the umbilical cord blood were capable of 
achieving at least 100 population doublings, form re-platable secondary and tertiary 
colonies, and retain high levels of telomerase activity. Overall, the endothelial 
colony- forming cells found within umbilical cord blood have a signifi cantly higher 
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proliferative potential compared to those isolated from the adult peripheral blood 
(Ingram et al.  2004 ; Yoder  2012 ). 

 Currently, it is unknown whether endothelial colony-forming cells are unipo-
tent, multipotent, or a fully differentiated endothelial cell possessing a high prolif-
erative potential (Duong et al.  2011 ). Similar to pro-angiogenic hematopoietic 
progenitor cells, endothelial colony-forming cells cannot be identifi ed through 
specifi c cell markers, but they have been shown to express CD34, CD146, CD31, 
Flk-1, and CD105. Importantly, endothelial colony-forming cells do not express 
CD133 or CD45, which indicates that they are not hematopoietic cells (Ingram 
et al.  2004 ). 

 Along with peripheral and umbilical cord blood, endothelial colony-forming 
cells have been found within the endothelium of the umbilical vein, human aorta, 
and the pulmonary microvasculature (Alvarez et al.  2008 ; Ingram et al.  2005 ). In 
2008, Alvarez et al. ( 2008 ) found that the pulmonary microvasculature is enriched 
with endothelial colony-forming cells that have a high proliferative potential, are 
able to reconstitute the entire hierarchy of growth potentials, and perform postnatal 
vasculogenesis while retaining their endothelial microvascular phenotype (Alvarez 
et al.  2008 ) (see Sect.  11.6 ). These fi ndings suggest a progenitor cell niche within 
the pulmonary microvasculature that regenerates and repairs the pulmonary endo-
thelium in order to maintain vascular homeostasis. 

 Recently, Prasain et al. ( 2014 ) derived cells possessing endothelial colony- 
forming cell-like properties from human iPS cells and human embryonic stem cells. 
These cells were NRP-1 + CD31 +  and displayed high clonal proliferative potential, 
angiogenic capacity, and signifi cantly contributed to vascular repair of ischemic tis-
sue. Additionally, Yoon et al. ( 2005 ) revealed that pro-angiogenic cells and endo-
thelial colony-forming cells synergistically interact to perform vascular repair and 
neovascularization. Individually, both types of endothelial progenitor cells enhance 
angiogenesis; however, a combination of both cells has been found to yield the larg-
est angiogenic response in both the mouse hind limb ischemia model and the 
Matrigel plug model (Yoon et al.  2005 ). Due to pro-angiogenic hematopoietic cells 
expressing greater amounts of pro-angiogenic cytokines, it has been suggested that 
these cells exert their pro-angiogenic effects via paracrine mechanisms interacting 
with endothelial colony-forming cells distributed throughout the tissue. In turn, 
endothelial colony-forming cells are activated by the pro-angiogenic chemokines to 
fulfi ll the reparative needs of the endothelium (Fig.  11.1 ) (Asosingh et al.  2008 ; 
Basile and Yoder  2014 ).  

 Questions remain as to the location (niche) of resident endothelial colony- 
forming cells within the vessel wall, and how these cells interpret tissue-specifi c 
cues to control development, neo-angiogenesis, and the response to injury. These 
issues are highly relevant to the pulmonary circulation, which possesses the largest 
vascular surface area and the highest number of endothelial cells among all internal 
organs. Even within the lung, endothelium changes structurally and functionally 
along the arterial-capillary-venous axis. The richest abundance of endothelial pro-
genitors cells is found within the lung’s capillary segment.  
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11.4     Endothelial Heterogeneity in the Pulmonary 
Circulation 

 Although anatomical differences in endothelium lining pulmonary arteries, capil-
laries, and veins were widely acknowledged in the twentieth century (Crapo et al. 
 1982 ; Haies et al.  1981 ; Weibel  1973 ), in general, lung endothelium was consid-
ered to be a functionally inert, homogeneous layer functioning primarily as a semi- 
permeable barrier separating blood from the underlying tissue (Gebb and Stevens 
 2004 ). Evidence that the endothelium contributes to vasoregulation and metabo-
lism, such as the conversion of angiotensin I to angiotensin II, directed a research 
focus on the “non-respiratory” functions of the lung (Pfannkuch and Blumcke 
 1985 ). These studies contributed to our understanding of functional heterogeneity 
among lung vascular compartments; for example, lung capillaries possess exten-
sive angiotensin converting enzyme activity (Ryan et al.  1975 ,  1976 ; Ryan and 
Ryan  1984a ). Recognition that certain lectins discriminate between pulmonary 
artery and microvascular endothelial cells provided a way to test whether these 
cells were phenotypically different in vivo, and ultimately led to a way to purify 
cell phenotypes in vitro (Gebb and Stevens  2004 ). Lectins are plant and animal 
proteins that recognize sugar moieties with nominal specifi city, and therefore, dif-
ferential lectin binding is indicative of distinctive cell surface molecular signatures. 

Proangiogenic cell

Proangiogenic cell

Resident/circulating
ECFC

ECFC/Endothelial cell
migration/proliferation

paracrine effects

Endothelial
sprouts

  Fig. 11.1    Proangiogenic hematopoietic cells may interact with resident endothelial progenitor 
cells to promote neoangiogenesis. Circulating hematopoietic (bone marrow-derived) cells are pro-
posed to provide paracrine signals that stimulate resident endothelial cell colony-forming cells to 
undergo neoangiogenesis. Schematic adapted from Basile and Yoder ( 2014 )       
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Simultaneous infusion of labeled  Griffonia simplicifolia  and  Helix pomatia  lectins 
revealed a distinctive border between endothelial cell phenotypes, where pulmo-
nary artery endothelial cells preferentially interacted with  Helix pomatia  and capil-
lary endothelial cells preferentially interacted with  Griffonia simplicifolia . No 
apparent overlap in lectin binding was noted. Recent studies seeking to resolve the 
transition zone found that all endothelial cells in blood vessels less than 38 μm in 
diameter interacted with Griffonia lectin, whereas half of the endothelial cells in 
blood vessels 38–60 μm in diameter interacted with Griffonia lectin, and none of 
the endothelial cells in blood vessels >60 μm in diameter interacted with  Griffonia 
simplicifolia  (Wu et al.  2014 ). These data illustrated a stark transition zone between 
38 and 60 μm diameter pulmonary arterioles where a shift in endothelial cell phe-
notype is observed (Fig.  11.2 ). This transition zone resides immediately before 
arterioles enter the capillary plexus.  

 Weibel–Palade bodies are endothelial-specifi c organelles that contain many 
proteins important to the stimulated immune response, including P-selectin and 
von Willebrand factor (vWf). Interestingly, not all endothelial cells possess 
Weibel–Palade bodies. Fuchs and Weibel fi rst recognized that lung capillary endo-
thelial cells do not possess Weibel–Palade bodies, and more specifi cally, they 
found that the transition zone was in blood vessels with an approximately 20 μm 
internal diameter (Fuchs and Weibel  1966 ; Weibel  2012 ). The relationship between 
Weibel–Palade bodies and interaction with Griffonia lectin was recently compared 
in lung  endothelium (Wu et al.  2014 ). In agreement with the results of Fuchs and 
Weibel (Fuchs and Weibel  1966 ; Weibel  2012 ), Weibel–Palade bodies were 
present in endothelium in small precapillary vessels, with internal diameters of 
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  Fig. 11.2    Lung capillary endothelium is discriminated by Griffonia lectin, whereas precapillary 
endothelium possesses Weibel–Palade bodies. ( a ) The lung’s circulation was gelatin-fi lled and the 
airways were agarose-fi lled, thick sections were cut, and the lung slices were incubated with 
Griffonia lectin. Whereas endothelium lining extra-alveolar blood vessels does not interact with 
the lectin, capillary endothelium uniformly interacts with  Griffonia simplicifolia . ( b ) Griffonia 
lectin reveals a zone, in blood vessels ranging from 38 to 60 μm, where the macrovascular endo-
thelial cell phenotype transitions to a microvascular endothelial cell phenotype. Endothelium lin-
ing blood vessels smaller than 38 μm in diameter are uniformly Griffonia-positive, and endothelium 
in blood vessels greater than 60 μm in diameter is Griffonia-negative. ( c ) Weibel–Palade bodies are 
seen in precapillary endothelial cells, but are not seen in capillary endothelial cells. Adapted from 
Wu et al. ( 2014 )       

 

11 Microvascular Endothelial Progenitor Cells



210

approximately 18 μm. All of the endothelial cells in these blood vessels interacted 
with Griffonia lectin (Fig.  11.2 ). Thus, it appears that a macroheterogeneity among 
lung  endothelial cell phenotypes is defi ned by recognition of the Griffonia lectin, 
although this molecular pattern does not designate the formation of Weibel–Palade 
bodies. These fi ndings also resolve an important precapillary niche in lung endo-
thelium, where a transition in phenotype occurs. 

 Recognition that changes in the structure of pulmonary artery and capillary 
endothelial cells are paralleled by distinct molecular signatures gave rise to the idea 
that not all endothelial cells within the pulmonary circulation are homogeneous in 
their function. The study of highly purifi ed macro- and microvascular endothelial 
cell populations in culture has supported this view and provides insight into the rich 
source of endothelial progenitor cells seeded within lung capillaries.  

11.5      Endothelial Heterogeneity: Insights Gained 
by the Study of Lung Endothelium in Culture 

 Mammalian cell isolation and culture has represented a breakthrough technology 
that is fundamental to identifying the molecular basis of cell physiology and 
pathophysiology. Endothelial cell cultures were not developed until the 1970s 
(Nachman and Jaffe  2004 ). Early endothelial cultures were generated from con-
duit-derived vessels, mostly from larger animals, because larger vessel segments 
were more easily accessible. What is considered normal endothelial cell identity in 
culture primarily arose from studies using aortic, pulmonary artery, and umbilical 
vein endothelial cells. In these primary cell lines, endothelial cells were shown to 
take up low- density lipoprotein (LDL) and to express proteins such as vWf, factor 
VIII, and platelet- endothelial cell adhesion molecule-1 (PECAM-1). More 
recently, expressions of the endothelial cell nitric oxide synthase (eNOS) and vas-
cular endothelial cell cadherin (VE-cadherin) have been found useful in resolving 
endothelial identity. 

 Pioneering work by Ryan and colleagues paved the way for isolating capillary 
endothelial cells from the lungs of small animals (Habliston et al.  1979 ; Ryan and 
Ryan  1977 ,  1984b ; Ryan et al.  1982 ). Using a peripheral lung cut technique and 
a bead retro-perfusion approach, Ryan’s group was able to obtain lung microvas-
cular endothelial cells suitable for study in vitro. They tested the metabolic activ-
ity of these cells, including their ability to generate angiotensin II, since 
angiotensin- converting enzyme is largely expressed in lung capillary endothe-
lium. These approaches have been widely adapted by investigators over the past 
four decades. 

 Comparison of lung “microvascular” (i.e., PMVECs) and “macrovascular” 
(PAECs) endothelial cells led to new insight in vascular biology (Stevens  2005 ; 
Gebb and Stevens  2004 ; King et al.  2004 ; Ochoa et al.  2010 ). Key to this insight, 
however, was rigorous characterization of the cell phenotype. Both PMVECs and 
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PAECs display cobblestone morphology at confl uence. Both cell types express 
markers characteristic of endothelium, including vWf, eNOS, VE-cadherin, and 
PECAM-1. However, PMVECs differ from PAECs with respect to their lectin- 
binding characteristics. PMVECs preferentially interact with  Griffonia simplicifolia  
and  Glycine max , whereas PAECs preferentially interact with  Helix pomatia . 
Retention of these discriminating features is critical to the study of endothelial cell 
heterogeneity. It is noteworthy that most commercially available pulmonary micro-
vascular endothelial cell lines do not report interaction with  Griffonia simplicifolia  
in cell characterization. However, this feature of cell phenotyping is critical to 
resolving PMVEC behavior in culture that is refl ective of its in vivo behavior. Thus, 
lectin-binding criteria is a critical component of endothelial cell phenotyping, espe-
cially when considering the heterogeneity of cell phenotypes. 

 Study of PMVECs and PAECs characterized using the aforementioned 
approaches has revealed that these cells differ with regard to many physiological 
properties, including their semi-permeable barrier function, mechanotransduction, 
migration, proliferation, and angiogenic capacity [reviewed in (Stevens  2005 ; Gebb 
and Stevens  2004 ; Ochoa and Stevens  2012 ; King et al.  2004 ; Ochoa et al.  2010 )]. 
Rapid migration, proliferation, and angiogenic capacity is consistent with the pres-
ence of progenitor cells. Rapid PMVEC migration was noted in studies designed to 
evaluate mechanisms by which thrombin induces gap formation (Cioffi  et al.  2002 ). 
Thrombin stimulated PMVEC gap formation within minutes of its application. 
However, even large micron-sized gaps were resealed within 2 h. In contrast, gap 
formation was slow and progressive in PAECs, and gap size was at its greatest 2 h 
post-thrombin challenge. Time-lapse movies revealed rapid PMVEC movement 
with extensive lamellipodia as cells resealed the barrier. Subsequent scratch wound 
assays substantiated these initial observations. From this work, it was surmised that 
PMVECs rapidly migrate, perhaps to sustain alveolar-capillary integrity especially 
following injury. 

 If PMVECs migrate rapidly as a cellular feature designed to protect the alveolar- 
capillary membrane, then they may also proliferate rapidly to repair the post-natal 
lung following injury. Consistent with this idea, serum-stimulated growth is greater 
in PMVECs than it is in PAECs, and accordingly, population doubling time during 
log phase growth is much shorter in the microvascular cells (King et al.  2004 ). In 
contrast to PAECs, PMVEC growth, while slowed, is not abolished in low serum 
conditions (0.1 %) (Solodushko and Fouty  2007 ). The microvascular cells do not 
undergo G0/G1 arrest and progress through S phase. They possess increased cdk4 
and cdk2 kinase activity along with hyperphosphorylated and inactive retinoblas-
toma and increased cyclin D1 protein. Despite maintaining growth in low serum 
conditions, the establishment of a monolayer—confl uence—causes G0/G1 arrest, 
with concomitant retinoblastoma hypophosphorylation and p27 Kip1  upregulation. 
Thus, PMVECs possess an intrinsic growth advantage, but their growth advantage 
remains regulated by cell adhesion, e.g., formation of a monolayer.  

11 Microvascular Endothelial Progenitor Cells



212

11.6      Endothelial Microheterogeneity: Progenitor 
Cells Within a Population 

 The studies of Solodushko and Fouty ( 2007 ) provided mechanistic insight into what 
controls PMVEC progression through the cell cycle. However, their work focused 
on the growth characteristics of cell populations and did not seek ways to evaluate 
the presence, or function, of endothelial cell progenitor cells within the population. 
As discussed above (see Sect.  11.3 ), Ingram and colleagues ( 2004 ) utilized single 
cell cloning approaches to establish growth hierarchies within endothelial cell pop-
ulations, and thereby developed functional assays to identify endothelial progeni-
tors. Alvarez and colleagues ( 2008 ) adapted this approach for evaluation of PMVEC 
and PAEC progenitor growth characteristics. 

 Using PMVEC and PAEC populations, characterized as described (see 
Sect.  11.5 ), Alvarez and colleagues ( 2008 ) subjected cells to the clonogenic assay 
and established a hierarchy of growth potentials among single cells. Whereas the 
hierarchy of PAEC growth potentials was similar to previous descriptions in 
HUVECs, with <10 % of cells displaying a high proliferative potential, nearly 50 % 
of single PMVECs were highly replication competent (Fig.  11.3 ). Similar results 
were obtained in endothelial cells isolated from mice (Schniedermann et al.  2010 ). 
These data suggest that endothelial cells isolated from lung capillaries possess an 
intrinsically high proliferative potential with the capacity to self-renew, distinguish-
ing characteristics of progenitor cells.  

 PMVECs display a restrictive barrier property, limiting trans-endothelial water, 
solute and protein fl ux. However, it is generally believed that cell adhesion limits 
cell proliferation. High proliferative potential cells isolated from PMVECs were 
tested to determine whether they establish a restrictive barrier (Alvarez et al.  2008 ). 
Similar to the parent cell population, high proliferative potential cells generated a 

  Fig. 11.3    Pulmonary microvascular endothelial cell populations contain a high percentage of pro-
genitor cells that contribute to their rapid proliferation. ( a ) PMVEC populations proliferate rapidly 
when compared to PAEC populations. Cells were seeded at 10 5  cells in 35 mm dishes, and serum 
(10 %)-stimulated growth evaluated over 6 days. ( b ) Single cell clonogenic assay reveals a high 
percentage of replication competent PMVECs; as many at 50 % of PMVECs display a high prolif-
erative capacity. Adapted from Alvarez et al. ( 2008 )       
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restrictive barrier. These cells also retained expression of usual endothelial “marker” 
proteins, such as VE-cadherin, vWf, PECAM-1, eNOS, and N-cadherin. They 
retained an ability to interact with  Griffonia simplicifolia  and did not readily interact 
with  Helix pomatia , similar to the parent cells. High proliferative potential cells 
expressed proteins characteristic of circulating endothelial progenitor cells, includ-
ing vascular endothelial cell growth factor receptor-2 and CD105, but they did not 
express CD133 or CD45. Thus, high proliferative potential cells were selected from 
a population of lung microvascular endothelial cells, PMVECs, and while these 
individual cells grew rapidly and fulfi lled the criterion of progenitor cells, they 
maintained their “microvascular” identity. 

 High proliferative potential endothelial cells were tested to determine whether 
they displayed evidence of replicative senescence (Alvarez et al.  2008 ). Short telo-
meres are associated with replicative senescence. Telomeres were fl uorescently 
labeled, and their length evaluated against control cell populations. PAECs dis-
played the shortest telomere lengths and high proliferative potential PMVECs pos-
sessed the longest telomere lengths, consistent with their rapid proliferative capacity. 
Growth in soft agar matrix was measured to evaluate possible cell transformation. 
Whereas breast cancer cells grew into large, anchorage-independent clumps, growth 
was suppressed in PAECs, PMVECs, and high proliferative potential PMVECs, 
suggesting high proliferative potential cells displayed regulated cell cycle progres-
sion. Consistent with this idea, as high proliferative potential PMVECs grew to 
confl uence in a serum (10 %)-stimulated growth curve, the percentage of S phase 
cells decreased substantially (e.g., cells came out of the cell cycle), similar to both 
PAECs and PMVECs. Both PMVECs and high proliferative potential PMVECs 
were rapidly neo-angiogenic as well, when compared to PAECs. However, selection 
of high proliferative potential cells did not enrich for a cell population with even 
greater angiogenic benefi t, as both the parent PMVEC population and the high pro-
liferative potential PMVECs generated similar numbers of blood vessels. 

 Studies seeking to resolve a molecular basis for rapid endothelial growth identi-
fi ed increased expression of nucleosome assembly protein 1 in PMVECs and in 
high proliferative potential PMVECs (Clark et al.  2008 ). Nucleosome assembly 
protein 1 is an epigenetic, pro-proliferative factor that is conserved from yeast to 
mammals. This protein was detected in a comparative mRNA profi ling transcript 
analysis in PAECs and PMVECs. In the initial screen, nucleosome assembly protein 
1 was highly expressed in PMVECs, even at confl uence. Nucleosome assembly 
protein 1 downregulation decreased the proliferative and neo-angiogenic capacity 
of PMVECs, and its overexpression increased the proliferative and neo-angiogenic 
capacity of PAECs. In both experimental cases, however, changing nucleosome 
assembly protein 1 expression did not impact the expression of endothelial cell 
markers, including PECAM-1, VE-cadherin, and vWf. It also had no effect on 
lectin- binding criteria; PAECs recognized  Helix pomatia  even following nucleo-
some assembly protein 1 overexpression, and PMVECs recognized  Griffonia sim-
plicifolia  even following nucleosome assembly protein 1 silencing. These fi ndings 
implicate nucleosome assembly protein 1 as an epigenetic determinant of endothe-
lial growth, but not in either endothelial or “microvascular” versus “macrovascular” 
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phenotype specifi cations. Studies have not yet been completed to evaluate how 
nucleosome assembly protein 1 impacts the clonogenic potential, or the hierarchy 
of growth potentials, among single endothelial cells. 

 Endothelial cells that display rapid growth characteristics, such as PMVECs, can 
easily be identifi ed in culture systems by the color of their medium at post- 
confl uence. Mammalian cell culture medium contains phenol red, which is red at 
normal pH, light red-to-pink with alkalotic pH, and yellow with acidotic pH. The 
medium of post-confl uent PMVECs becomes increasingly yellow, suggesting 
development of a lactic acidosis. This observation prompted investigation into the 
means by which PMVECs sustain bioenergetic demands during rapid growth 
(Parra-Bonilla et al.  2010 ,  2013 ). Microarray, RT-PCR, and western blot analysis 
revealed increased expression of glycolytic enzymes in PMVECs when compared 
with PAECs. Moreover, as cells grew to confl uence in a standard serum-stimulated 
growth curve, PMVECs consumed glucose from the medium, generated lactate, 
and produced acidosis. Oxygen consumption was lower in PMVECs than it was in 
PAECs, and yet total ATP concentrations were higher in the microvascular cells. 
These data suggest that PMVECs, and likely high proliferative potential PMVECs, 
rely on glucose fermentation to sustain their rapid proliferation. 

 To test this idea more directly, glucose was restricted from the PMVEC medium 
during growth (Fig.  11.4 ). Glucose restriction produced a dose-dependent 
decrease in cell growth and attenuated the lactate accumulation and acidosis. 

  Fig. 11.4    Pulmonary microvascular endothelial cells utilize aerobic glycolysis to sustain their 
bioenergetic demands during proliferation. As PMVECs undergo rapid proliferation ( a ), they con-
sume glucose from the media ( b ), produce an acidosis ( c ), and generate lactate ( d ). These features, 
including glucose consumption and production of lactic acidosis in the presence of suffi cient oxy-
gen, are characteristic of aerobic glycolysis. Adapted from Parra-Bonilla and coworkers ( 2010 )       
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Moreover, galactose substitution for glucose abolished the lactic acidosis and 
greatly reduced cell proliferation, while reducing PMVEC ATP concentrations. 
Interestingly,  supplying extracellular lactate to the galactose-treated PMVECs res-
cued ATP concentrations. Glucose consumption and the reliance on glycolysis to 
sustain ATP concentrations and cell proliferation are consistent with the use of aero-
bic glycolysis to sustain the bioenergetic demands of PMVEC growth.  

 Lactate dehydrogenase is the enzyme responsible for converting pyruvate to lac-
tate in a reaction that oxidizes NADH to NAD +  and H + . The functional lactate dehy-
drogenase enzyme is a tetramer comprised of different combinations of “A” (or M, 
predominates in muscle and liver) and “B” (or H, predominates in heart) proteins 
(Jungmann et al.  1998 ; Zhong and Howard  1990 ). The different combinations of 
A and B subunits produce fi ve separate enzymes, lactate dehydrogenase 1–5. Lactate 
dehydrogenase 5 is comprised of four A subunits. Lactate dehydrogenase A activity 
had been linked to cell proliferation and neoangiogenesis, prompting investigation 
into the function of this protein in maintaining PMVEC rapid growth (Parra-Bonilla 
et al.  2010 ,  2013 ). Pharmacological inhibition, and genetic disruption, of lactate 
dehydrogenase A reversibly impaired aerobic glycolysis, decreased proliferation, 
and decreased neo-angiogenesis. Thus, PMVECs utilize aerobic glycolysis to meet 
the bioenergetic demands of rapid angiogenesis.  

11.7     Lung Capillaries: A Progenitor Endothelial Cell Niche? 

 Considerable work in the past decade has validated the anatomical, biochemical, 
and physiological heterogeneity of lung macrovascular and microvascular endothe-
lium. A specialized transition zone has been identifi ed in small precapillary blood 
vessels, where the phenotype switches from one characteristic of a “macrovascular” 
to a “microvascular” cell type (Wu et al.  2014 ). It is interesting to note that cell–cell 
junctions between these PAECs and PMVECs is quite distinct (Ofori-Acquah et al. 
 2008 ), leading to the hypothesis that this vascular site—where phenotypically dif-
ferent cell types border one another—might contribute to pulmonary vasculopathy 
(Stevens  2005 ). Indeed, this transition zone is recognized as the site where com-
plex, lumen-occluding lesions form in pulmonary arterial hypertension. These 
lesions are at least partly due to the exuberant overgrowth of endothelial cells that 
lose the “law of the monolayer,” perhaps beginning with the overgrowth of apopto-
sis-resistant cells (Tuder et al.  2001 ). Preliminary results suggest that cells in the 
occlusive lesion interact with  Griffonia simplicifolia  and overexpress both nucleo-
some assembly protein 1 and lactate dehydrogenase A (Stevens  2005 ). It will be 
important to better resolve whether the apoptosis-resistant, lumen-occluding cells 
represent endothelial progenitor cells, and whether they have a “macrovascular” or 
“microvascular” specifi cation. 

 Evidence supporting the idea that lung capillary endothelial cells represent a 
progenitor cell niche comes from the study of highly characterized cells in culture. 
PMVECs grow rapidly in cell population studies. An abundance of individual 
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PMVECs display high proliferative potential, and these cells reconstitute the entire 
growth hierarchy of growth potentials. These cells express circulating endothelial 
cell progenitor cell markers CD34 and VEGFR2, but not CD113, and they express 
a high level of nucleosome assembly protein 1 and glycolytic enzymes, including 
lactate dehydrogenase A. They require aerobic glycolysis to sustain rapid prolifera-
tion and neo-angiogenesis. All of these cellular characteristics support the notion 
that lung capillaries are enriched with resident progenitor cells. 

 However, resident endothelial progenitor cells have not been specifi cally distin-
guished in the intact capillary. Currently, there is not a universally accepted 
approach to visualize progenitor cells within the vessel wall and discriminate their 
location and function among neighboring cells. Clear evidence for endothelial 
microheterogeneity—a heterogeneity between adjacent cells within any specifi c 
vascular segment—has been seen in intact vessels (Majno and Palade  1961 ; Majno 
et al.  1961 ; Aird  2005 ). Perhaps this concept is best known from dynamic measure-
ments of cytosolic calcium, where endothelial cells display dynamic transitions in 
cytosolic calcium even at rest. Here, the vessel-averaged endothelial cell cytosolic 
calcium signals are not synonymous with individual cell cytosolic calcium signals. 
How these different calcium signals translate into cellular physiology, within the 
consortium of cells comprising the vessel wall, remains unclear. Decoding complex 
cytosolic calcium signatures may be useful in identifying endothelial progenitor 
cells within a vessel wall, to match the signature with an important cellular physiol-
ogy. Such functional assays may complement ongoing efforts to identify protein 
matrices that defi ne cellular function (Li et al.  2011 ; Nolan et al.  2013 ). While we 
recognize that no single protein marker is suffi cient to defi ne endothelial cell pro-
genitor cells, in time, a protein matrix can aid the search for their location within 
the vascular wall. 

 Recognition that endothelial populations possess cells with a hierarchy of growth 
potentials, including highly replication competent cells that fulfi ll the defi nition of 
progenitor cells, represents a major advance in vascular biology. As the fi eld moves 
forward, it will be essential to identify the in vivo location of these progenitor cells 
in the post-natal lung with precision, to understand their role in vascular mainte-
nance and to appreciate how they contribute to vascular repair following injury. 
Advancing our fundamental knowledge of resident endothelial progenitor cells may 
reveal their therapeutic potential.     
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