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The endothelial lining of blood vessels shows remarkable heterogeneity in structure and
function, in time and space, and in health and disease. An understanding of the molecular
basis for phenotypic heterogeneity may provide important insights into vascular bed-specific
therapies. First, we review the scope of endothelial heterogeneity and discuss its proximate
and evolutionary mechanisms. Second, we apply these principles, together with their thera-
peutic implications, to a representative vascular bed in disease, namely, tumor endothelium.

The endothelium forms the inner cellular
lining of blood vessels. It is now well estab-

lished that endothelial cells are highly metabol-
ically active, and play a critical role in many
physiological processes, including the control
of vasomotor tone, the trafficking of blood
cells between blood and underlying tissue, the
maintenance of blood fluidity, permeability,
angiogenesis, and both innate and adaptive
immunity. It is also recognized that the endo-
thelium is involved in most if not all disease
states, either as a primary determinant of path-
ophysiology or as a victim of collateral damage.
However, there exists a wide bench-to-bedside
gap in endothelial biomedicine. Although
searches of PubMed using the key words endo-
thelial cells or endothelium reveal .100,000
publications, clinicians have little awareness
of the endothelium in health and disease
(reviewed in Hwa et al. 2005).

The bench-to-bedside gap in endothelial
biomedicine may be explained on several levels.
First, there is a tendency for clinicians to focus

on the large conduit vessels of the vascular
tree. Indeed the very terms vascular medicine,
vascular surgery, and vascular research conjure
up images of atherosclerotic lesions in coronary,
carotid, and femoral arteries, thrombosis in the
deep veins of the legs, and emboli in the pulmo-
nary arteries. Second, the endothelium flies
below the clinical “radar screen.” The endothe-
lium is not amenable to traditional physical
diagnostic maneuvers of inspection, palpation,
percussion, and auscultation. Like blood cells,
the endothelium is pervasive, reaching to all
recesses of the human body. However, in con-
trast to circulating cells, endothelial cells are
tethered to the blood vessel wall and are thus
poorly accessible. Further, the endothelium
has enormous untapped potential as a thera-
peutic target. A final consideration in ex-
plaining the bench-to-bedside gap in the field
relates to the heterogeneous properties of the
endothelium. Far from being a giant mono-
poly or collective of identical cells, the endothe-
lium comprises an enormous consortium of
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different enterprises, each with its own identity.
Indeed, endothelial cell phenotypes vary in
space and time, in structure and function, and
in health and disease (reviewed in Aird
2007a,b).

The goal of this article is to review pheno-
typic heterogeneity as a core property of the
endothelium. The first part of the article will
underscore the breadth of heterogeneity across
the vascular tree. The second part will address
proximate and evolutionary mechanisms of
endothelial cell heterogeneity. In the last sec-
tion, we will show how these principles can be
applied to an understanding of tumor blood
vessels. A similar approach may be used to
dissect any number of vascular beds in health
and disease, and thus help bridge the bench-
to-bedside gap in the field of endothelial
biomedicine.

ENDOTHELIAL CELL PHENOTYPES

Endothelial cell heterogeneity has been de-
scribed at the level of cell morphology, func-
tion, gene expression, and antigen composition
(reviewed in Aird 2007a,b). Endothelial cell
phenotypes vary between different organs,
between different segments of the vascular
loop within the same organ, and between neigh-
boring endothelial cells of the same organ and
blood vessel type. For example, at a structural
level, endothelial cells that line straight seg-
ments of arteries, but not veins, are oriented
along the longitudinal axis of blood flow
(reviewed in Aird 2007a). Previous studies
have shown that flow-dependent alignment of
endothelial cells represents reversible endothe-
lial structural remodeling in response to hemo-
dynamic shear stress (Flaherty et al. 1972).
The transfer of material across the endothelium,
a process termed transcytosis, is mediated
by caveolae and vesiculo–vacuolar organelles
(VVOs). Caveolae are 70-nm membrane-
bound, flask-shaped vesicles that open to the
luminal or abluminal side of the cell. The den-
sity of caveolae in capillary endothelium (up
to 10,000 per cell) greatly exceeds that in the
arteries, arterioles, veins, or venules (reviewed
in Bendayan 2002). An exception is the

blood–brain barrier, where the number of
caveolae is greatly reduced (Simionescu et al.
2002). VVOs comprise focal collections of
membrane-bound vesicles and vacuoles (Dvo-
rak and Feng 2001). They are most prominent
in venular endothelium. In contrast, clathrin-
coated pits, which are involved in endocytosis,
are particularly prominent in liver sinusoidal
endothelium.

The endothelium of arteries and veins forms
a continuous uninterrupted layer of cells, held
together by tight junctions. The endothelium
of capillaries may be continuous, fenestrated,
or discontinuous, according to the needs of
the underlying tissue. Fenestrated endothelium
is characteristic of organs involved in filtration
or secretion, including exocrine and endocrine
glands, gastric and intestinal mucosa, choroid
plexus, glomeruli, and a subpopulation of renal
tubules. Discontinuous endothelium is similar
to fenestrated endothelium, with the exception
that the fenestrations are larger in diameter
(they may manifest as gaps in the cell) and
they lack a diaphragm (Wisse 1970). Moreover,
the underlying basement membrane is poorly
formed. Discontinuous endothelium is found
in certain sinusoidal vascular beds, including
the liver.

In addition to differences in structure, en-
dothelial cells show remarkable heterogeneity
in function. For example, basal and inducible
permeability is differentially regulated across
the vascular tree (reviewed in Aird 2007a). Con-
stitutive flow of material between blood and
underlying tissue takes place primarily at the
level of capillaries. Transport of fluids and small
solutes occurs in between cells (the so-called
paracellular route), whereas macromolecules
are transferred through the cell (the transcellular
route) via caveolae VVOs and transendothelial
channels. Basal permeability is lower in nonfe-
nestrated vascular beds that are enriched in tight
junctions and possess fewer caveolae (e.g., the
blood–brain barrier). As evidence for the role
of tight junctions in mediating barrier func-
tions, mice that are null for the tight junction
molecule, claudin-5, have a selective barrier
defect in the brain (Nitta et al. 2003). Induc-
ible permeability refers to changes in barrier
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function that occur in acute or chronic inflam-
mation. These changes take place primarily in
postcapillary venules. The extent to which regu-
lated leakiness is mediated by paracellular or
transcellular pathways is debated. The predilec-
tion for postcapillary venules as a site for indu-
cible permeability may be explained by the
relative abundance of VVOs, the relatively low
number of tight junctions, and/or high expres-
sion levels of agonist-responsive receptors
(reviewed in Aird 2007a). Severe inflammation
may result in increased permeability in sites
other than postcapillary venules, including
large veins, arterioles, and capillaries.

The endothelium plays a key role in regulat-
ing the trafficking of leukocytes between blood
and underlying tissue (hence, the metaphor
of the endothelium as gatekeeper). Leukocyte
trafficking involves a multistep cascade that
begins with rolling, followed by firm adhesion
and transmigration (reviewed in Butcher 1991,
Springer 1994, and Aurrand-Lions et al.
2002). As with transfer of fluids and solutes,
transmigration may occur between endothelial
cells (the paracellular pathway) or through
endothelial cells (the transcellular pathway).
Each step in the cascade is mediated by the
up-regulation of cell adhesion molecules on
the surface of the endothelium as well as the
expression of chemokines. Binding of endothe-
lial E-selectin and P-selectin to leukocyte
carbohydrate-based ligands promotes rolling
of leukocytes to the endothelium, whereas bind-
ing of endothelial cell adhesion molecules,
including vascular cell adhesion molecule
(VCAM)-1 and intercellular adhesion molecule
(ICAM)-1 to leukocyte integrins mediates firm
adhesion. The mechanisms of transmigration
are poorly understood, but involve CD31 and
junctional adhesion molecule-1. Similar to
inducible permeability, transfer of white blood
cells occurs primarily in postcapillary venules.
One mechanism underlying this site specificity
is the preferential expression of E-selectin,
P-selectin, VCAM-1, and ICAM-1 in the endo-
thelium of postcapillary venules. Under certain
conditions, leukocyte trafficking may occur
in other segments of the vascular tree, includ-
ing large veins, arterioles, and capillaries. For

example, previous studies suggest that leuko-
cyte sequestration and transmigration in the
pulmonary circulation occurs primarily in
alveolar capillaries by a rolling- and E-/P-
selectin-independent mechanism that involves
trapping of poorly deformed activated leuko-
cytes on activated endothelium (Nishio et al.
1998; Basit et al. 2006). Similarly, in liver
inflammation, the majority of leukocyte adhe-
sion occurs in the sinusoidal endothelium
(Wong et al. 1997). Another form of leukocyte
trafficking is the transmigration of lymphocytes
across the specialized postcapillary venules,
termed high endothelial venules (HEVs), which
are located in secondary lymphoid organs
(reviewed in Miyasaka and Tanaka 2004). Traf-
ficking at these sites occurs constitutively, and
is mediated by interactions between lympho-
cyte L-selectin and its ligand on HEV endothe-
lial cells (peripheral node addressin). In
summary, the “universal cascade” for leukocyte
trafficking is, in fact, mediated by spatially and
temporally diverse mechanisms.

The endothelium is integrally involved in
mediating hemostasis. The liver synthesizes
and releases into the circulation a relatively con-
stant amount of precursor serine proteases
(zymogens) of the clotting cascade, the struc-
tural molecule fibrinogen and certain natural
anticoagulant molecules including antithrom-
bin III (ATIII), protein C, and protein S. Endo-
thelial cells, in contrast, are mini factories for
the regulatable production of many procoagu-
lants and anticoagulants. Each of these me-
diators is differentially expressed across the
vascular tree (reviewed in Rosenberg and Aird
1999 and Aird 2001). For example, the endothe-
lial protein C receptor is primarily expressed in
large vessels (Laszik et al. 1997), tissue factor
pathway inhibitor in microvessels (Osterud
et al. 1995), and tissue-type plasminogen acti-
vator in pulmonary and cerebral arteries (Levin
et al. 2000). In response to systemic inflamma-
tion, the expression of these various procoagu-
lants and anticoagulants changes in ways that
differ between vascular beds. Thus, the picture
that emerges is one of heterogeneity layered
on heterogeneity, such that endothelial cells
from different sites of the vascular tree use

Endothelial Heterogeneity

Cite this article as Cold Spring Harb Perspect Med 2012;2:a006429 3

w
w

w
.p

er
sp

ec
ti

ve
si

n
m

ed
ic

in
e.

o
rg

 on August 23, 2022 - Published by Cold Spring Harbor Laboratory Press http://perspectivesinmedicine.cshlp.org/Downloaded from 

http://perspectivesinmedicine.cshlp.org/


site-specific “formulas” of hemostatic proteins
to maintain blood in its fluid state and to pro-
mote limited clot formation when there is a
breech in the integrity of the vascular wall. As
a result, whenever there is a reduction or
increase in the production of hemostatic pro-
teins in the liver (e.g., in congenital and
acquired hemophilias or deficiency states of
ATIII, protein C or protein S), the resulting sys-
temic imbalance is incorporated into the
unique local hemostatic balance of individual
vascular beds, resulting in site-specific re-
sponses. This “channeling” by the endothelium
may explain why in humans and animal models,
systemic imbalance of clotting factors results in
a local thrombotic phenotype (reviewed in
Rosenberg and Aird 1999).

Recent studies have emphasized the exis-
tence of structural and functional heterogeneity
of endothelial cells during angiogenesis. For
example, endothelial sprouts comprise lead-
ing-edge tip cells followed by morphologically
and functionally distinct stalk cells. The tip cells
are enriched in filopodia and in response to
guidance cures, they promote the extension of
new sprouts and fusion with adjacent sprouting
capillaries to form new vascular connections
(reviewed in Franco et al. 2009). This process
involves the coordinated activity of Notch and
Wnt signaling.

Spatial and temporal differences in the
structure and function of endothelial cells ulti-
mately reflect differences in messenger RNA
(mRNA) and protein expression. Endothelial
cell genes may be classified according to whether
they are constitutively or inducibly expressed,
whether they are specific or not to endothelial
cells, and whether they are expressed through-
out the endothelium or in subsets of endothelial
cells (reviewed in Minami and Aird 2005).
There are remarkably few endothelial-specific
genes that are constitutively expressed through-
out the vascular tree. VE-cadherin and Robo4
are two such genes. There are many more ex-
amples of endothelial-restricted genes whose
constitutive and/or inducible expression is
limited to subsets of endothelial cells. As dis-
cussed above, the hemostatic genes are differen-
tially expressed in a constitutive manner across

the vascular tree. As another example, there
are several endothelial markers that are
expressed specifically on the venous versus arte-
rial side of the circulation (reviewed in Aitse-
baomo et al. 2008). Endothelial cells from
different arteries, and even from different sites
of the same artery, express overlapping but dis-
tinct molecular profiles (Passerini et al. 2004;
Zhang et al. 2008). An example of an inducible,
endothelial-restricted gene is E-selectin, which
is expressed in activated, but not “resting” endo-
thelium. In activated endothelium, E-selectin
expression is largely confined to postcapillary
venules (Petzelbauer et al. 1993).

In vivo proteomic approaches have revealed
a striking array of vascular bed-specific pheno-
types (reviewed in Ruoslahti and Rajotte 2000
and Simonson and Schnitzer 2007). For exam-
ple, antibody and subfractionation strategies
have been used to generate monoclonal anti-
bodies that specifically target the caveolae in
one vascular bed or another (McIntosh et al.
2002). Others have used phage display peptide
libraries to select for peptides that home to
specific vascular beds in vivo (Pasqualini and
Ruoslahti 1996; Arap et al. 2002b). These latter
studies have uncovered a vascular address sys-
tem that allows for site-specific targeting of bio-
logically active compounds, for example, to the
endothelial lining of tumor blood vessels (Arap
et al. 1998, 2002a).

MECHANISMS OF ENDOTHELIAL CELL
HETEROGENEITY

Endothelial cell heterogeneity is mediated by
one of two proximate mechanisms (Fig. 1)
(Aird 2006). First, some site- and time-
dependent differences in endothelial properties
are governed by differences in the extracellular
milieu. Because blood vessels are distributed
throughout the body, their endothelial lining
is exposed to an enormous variety of tissue
microenvironments. Insofar as endothelial cells
are capable of sensing and responding to their
environment, the wide range of signal inputs
from one organ to the next is sufficient to gen-
erate phenotypic heterogeneity across the vas-
cular tree. When endothelial cells are removed
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from their native tissue and grown in tissue
culture, they become uncoupled from critical
extracellular cues and undergo phenotypic drift.
For this reason, studies of cultured endothelial
cells are fraught with limitations. Second, cer-
tain site-specific properties are epigenetically

“fixed” and impervious to changes in the ex-
tracellular environment. Such properties are
mitotically stable, and are thus retained under
in vitro culture conditions. The relative roles
of epigenetic and nonepigenetic forces in medi-
ating phenotypic heterogeneity are not fully

Endothelial
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Figure 1. Mechanisms of endothelial cell heterogeneity. (A) Hemangioblasts give rise to endothelial progenitor
cells (angioblasts), which in turn differentiate into endothelial cells of arteries, veins, and capillaries. Cell phe-
notypes are represented by color shades. Shown is the hypothetical relative role of microenvironment and epi-
genetics in mediating cell type–specific phenotypes. (B) The role of the microenvironment in mediating
nonheritable changes in endothelial cell phenotype is represented by receptor-mediated posttranslational mod-
ification of protein (e.g., phosphorylation of a signal intermediate) and transcription factor–dependent induc-
tion of gene expression. Removal of the extracellular signal will result in eventual loss of translational/
transcriptional effects, and residual effects will be “diluted out” with cell division. (C) The role of epigenetics
in mediating heritable changes in endothelial cell phenotype is represented by DNA methylation (†), histone
methylation (CH3, †), and histone acetylation (red lines), which in turn negatively or positively influences
gene expression. Methylation is regulated by a balance between methylases and demethylases, whereas acetyla-
tion of histones is mediated by a balance between histone acetyltransferases (HAT) and histone deacetylases
(HDAC). Although epigenetic modifications are triggered by extracellular signals and are dynamically regulated,
they may persist on removal of the signals, and are transmitted during mitosis. (Figure is from Aird 2007a;
reprinted, with permission, from the author.)
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understood. A previous DNA microarray study
of multiple human endothelial cell types grown
in culture revealed site-specific signatures even
in multiple passaged cells, providing genome-
wide evidence for the importance of epigenetics
in mediating differential gene expression (Chi
et al. 2003). A study of endothelial cells from
human tonsils revealed that approximately
50% of the vascular bed–specific genes were
“washed out” when cultured in vitro, implicat-
ing a role for both the tissue environment and
epigenetics in mediating differential gene
expression (Lacorre et al. 2004). This conclu-
sion was supported by a DNA microarray study
in which the transcriptome of endothelial cells
harvested from the porcine coronary artery
was compared with those from the iliac artery.
The data revealed that most, but not all, differ-
ences observed in vivo were lost in multiply pas-
saged cells (Burridge and Friedman 2010).

In addition to proximate mechanisms,
every biological trait requires an evolutionary
explanation. Proximate explanations (how?)
use traditional approaches of cell biology and
molecular biology to determine the anatomy,
physiology, and ontogeny (developmental his-
tory) of a trait at the level of a single organism.
In contrast, evolutionary explanations (why?)
draw on the fossil record and comparative mor-
phology and DNA sequences to uncover the
phylogeny (evolutionary history) of a trait as
well as the fitness advantage that the trait
provides at the level of a population or species
(Tinbergen 1963). Comparative studies have re-
vealed that the endothelium is present in all
vertebrate species, but absent in invertebrates.
Thus, the endothelium evolved in a common
ancestor of the vertebrates following the diver-
gence of the urochordates and cephalochor-
dates some 500 million years ago over a period
of only 50 million years. This same short period
witnessed the evolution of a closed circulation,
the clotting cascade, and acquired immunity.

An interesting question is whether endothe-
lial cell heterogeneity, as a trait, appeared early
on during evolution of the endothelium or
whether it appeared later during vertebrate evo-
lution. One way to address this question is to
study hagfish, the oldest extant vertebrate. Any

feature that is shared by hagfish and humans
may be inferred to have evolved in the ancestral
vertebrate. Unlike other vertebrates, hagfish are
completely devoid of bone and cartilage. How-
ever, similar to the jawed vertebrates, hagfish
have a closed circulation lined by endothelium.
Importantly, our studies revealed that hagfish
endothelium is remarkably heterogeneous at
the level of ultrastructure, lectin binding, and
function (Feng et al. 2007; Yano et al. 2007).
We may conclude from these observations that
phenotypic heterogeneity evolved as an early
feature of the endothelium. In other words,
endothelial heterogeneity is not simply a
descriptor of many distinct properties of the
endothelium, but rather is in itself a core prop-
erty of the endothelium.

Evolutionary approaches also seek to ex-
plain the fitness advantage that a trait confers
at a population level. This is a difficult question
to definitively answer, but there are two impor-
tant considerations. One is that the endothe-
lium in traversing the body must provide a
broad menu of functions that are adapted to
the diverse needs of the underlying tissues.
Site-specific differences in function will, in
turn, be reflected by structural and molecular
heterogeneity. Second, endothelial cells must
adapt to different environments simply to sur-
vive. For example, endothelial cells in the vasa
recta of the inner medulla of the kidney are
exposed to profoundly low levels of oxygen, in
addition to a hyperosmolar hyperkalemic envi-
ronment. Although the precise properties of
these cells are unknown, it is certain that they
are uniquely adapted to this “harsh” environ-
ment in ways that render them phenotypically
distinct from other types of endothelial cells.

HETEROGENEITY OF TUMOR
ENDOTHELIUM

Scope of Heterogeneity

As first hypothesized by Folkman, tumors are
critically dependent on blood vessels for their
nutrient and oxygen delivery (Folkman 1971).
Endothelial cells that line tumor blood vessels
are normally derived from the surrounding
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tissue, and thus are not part of the malignant
clone. In the context of the tumor environment,
blood vessels and their endothelial lining
acquire abnormal properties. For example,
compared with normal blood vessels, tumor
vessels are more dilated and tortuous, form
arteriovenous shunts, and lack the normal
artery–capillary–vein hierarchy (reviewed in
Nagy et al. 2010). They have excessive branch-
ing, uneven diameters, chaotic flow patterns,
and increased permeability to macromolecules.
Endothelial cells lining the tumor vessels are
structurally abnormal. They often show in-
creased fenestrations and widened intercellular
junctions or gaps. They may grow on top of
one another and send projections into the vessel
lumen. There is redistribution of the phospholi-
pids, phosphatidylethanolamine and phosphati-
dylserine from the inner to the outer membrane
leaflet of tumor endothelial cells (Stafford and
Thorpe 2011). Compared with most normal
endothelial cells, tumor endothelial cells have a
high proliferative rate (Denekamp and Hobson
1982). The basement membrane is discontinu-
ous or absent. Tumor endothelium is variably
covered by morphologically abnormal pericytes
(Morikawa et al. 2002).

Candidate gene approaches, together with
high throughput expression profiling have
revealed altered gene and protein expression
profiles in tumor endothelium. These properties
differ between different tumor types, between
blood vessels of a single tumor, and between dif-
ferent stages of tumor progression (reviewed in
Aird 2009). For example, the percentage of
tumor endothelial cells expressing Tie-2 and
vascular growth factor receptor (VEGFR)-2
varies in different human tumors and mouse
xenografts (Fathers et al. 2005; Patten et al.
2010). Although most genes that are expressed
in tumor endothelial cells are also up-regulated
in physiological angiogenic processes, there are
important exceptions (Seaman et al. 2007).

Mechanisms of Heterogeneity

The endothelial lining of tumor blood vessels
usually arises from the proliferation of normal
endothelial cells from the neighboring tissue.

Thus, the primary determinant of phenotypic
heterogeneity in the context of the tumor is
the surrounding microenvironment (Fig. 2).
Indeed, endothelial cells in the newly formed
blood vessels are exposed to a unique blend of
extracellular signals that include relative hypo-
xia, variable blood flow, low pH, hypoglycemia,
and soluble mediators released by tumor cells
and stromal cells including growth factors
(e.g., vascular endothelial growth factor, fibro-
blast growth factor-2, hepatocyte growth factor,
and angiopoietin) and cytokines (e.g., CXCL8
and CXCL1). The nature of these paracrine sig-
nals is influenced by multiple factors, including
underlying activation of oncogenes and/or the
inactivation of tumor suppressor genes in the
tumor cells. Recent studies have shown that
tumor endothelial cells, in turn, release fac-
tors that influence the growth of the tumor
(Burridge and Friedman 2010; Franses et al.
2011). Tumor endothelium lacks an organized
basement membrane and shows tenuous con-
tact with pericytes. Thus, these endothelial cells
are deprived of normal signal inputs.

In addition to the microenvironment, epi-
genetic factors also play a role in mediating
tumor endothelial phenotypes. Whenever tu-
mor blood vessels arise from different vascular
beds, their original site-specific epigenetic
footprint will be retained even when the cells
are exposed to the unique microenvironment
of the tumor. Indeed, previous studies in
animal models have shown that identical tumor
types implanted in different parts of the
body display different tumor endothelial phe-
notypes (e.g., see Fukumura et al. 1997 and
Roberts et al. 1998). In addition to the tissue
of origin, the epigenetic profile of tumor endo-
thelial cells may be influenced by the tumor
environment. For example, previous studies
have shown that conditioned medium from
tumor cells results in epigenetic alteration of
gene expression in cultured endothelial cells
(Hellebrekers et al. 2006a,b, 2007). Other stud-
ies have shown differences in gene expression
profiles in isolated tumor endothelial cells com-
pared with endothelial cells harvested from
tissue-matched tissue (Unger et al. 2002; Busso-
lati et al. 2003).
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Sources of heterogeneity
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Figure 2. Sources of tumor endothelial cell heterogeneity. (A,B) Tumor endothelial cell phenotypes are deter-
mined by the vascular bed of origin (Vascular bed 1 vs. Vascular bed 2), the tumor microenvironment, recruit-
ment and incorporation of bone marrow–derived cells (endothelial progenitor cell, EPC), luminal exposure of
tumor cells (A), and genetic instability (B). The different colors represent different tumor endothelial cell
phenotypes. The overall differences in color between tumor endothelial cells arising from vascular beds 1 and
2 (A, B, respectively) reflect epigenetically fixed properties. The differences in color between tumor endothelial
cells within a given tumor reflect microheterogeneity in the tumor environment. (C) p53 inactivation in tumor
cells results in increased hypoxia inducible factor-1a (HIF-1a)-dependent expression of vascular endothelial
growth factor (VEGF) and reduced expression of thrombospondin-1 (TSP-1) and collagen (and its antiangio-
genic peptides). (See facing page for legend.)

W.C. Aird

8 Cite this article as Cold Spring Harb Perspect Med 2012;2:a006429

w
w

w
.p

er
sp

ec
ti

ve
si

n
m

ed
ic

in
e.

o
rg

 on August 23, 2022 - Published by Cold Spring Harbor Laboratory Press http://perspectivesinmedicine.cshlp.org/Downloaded from 

http://perspectivesinmedicine.cshlp.org/


Several other mechanisms may contribute
to phenotypic heterogeneity of tumor endothe-
lium. Although controversial, there is some evi-
dence that tumor blood vessels may be lined by
bone-marrow-derived cells (see Purhonen et al.
2008, and references therein). Endothelial cells
in tumor blood vessels may be genetically unsta-
ble. For example, endothelial cells isolated from
tumor xenografts showed aneuploidy and mul-
tiple centrosomes (Hida et al. 2004). These
tumor endothelial cells expressed lower levels
of Tie-1 and Tie-2, grew at a faster rate (.25 pas-
sages), had reduced serum requirement, and
were more responsive to fibroblast growth factor
and epidermal growth factor, compared with
normal endothelial cells (Hida et al. 2004).
Such differences raise the possibility that
genetic (as distinct from epigenetic) alterations
of tumor endothelial cells may also influence
cellular phenotype. Tumors may co-opt existing
blood vessels and alter the phenotype of the
endothelium (Holash et al. 1999). In some
tumors, vessels may be lined, in part, by tumor
cells instead of endothelial cells. For example, a
recent study reported that a significant fraction
of endothelial cells in glioblastoma have a neo-
plastic origin and that these cells are derived
from a population of glioblastoma stemlike cells
(Ricci-Vitiani et al. 2010). It is not clear whether
the tumor cells mimic endothelial cell function
(vasculogenic mimicry) or whether they simply
invade the vascular wall and/or become ex-
posed to blood following endothelial cell apop-
tosis. In any case, the mere presence of luminal
tumor cells may interfere with therapies tar-
geted against endothelial determinants.

Certain tumors directly involve endothelial
cells, and these cells in turn are likely to possess
unique cell autonomous properties. For exam-
ple, hemangiomas are benign vascular lesions
that involve the uncontrolled clonal expansion
of endothelial cells (Boye et al. 2001). Molecular

profiling has provided evidence for a placental
origin of endothelial cells in infantile heman-
gioma (Barnes et al. 2005). Kaposi’s sarcoma,
an AIDS-defining vascular tumor, involves a
phenotypically unique spindle cell that appears
to derive from lymphatic endothelial cells
(Wang et al. 2004). A recent report showed a
cell autonomous role for Notch1 in suppressing
tumors of the endothelium (Liu et al. 2011).
Interestingly, the resulting vascular tumors
were more prevalent in liver, compared with
other organs.

Evolutionary considerations in cancer (and
by extension tumor blood vessels and endothe-
lium) raise two interesting questions. The first
question is why are Homo sapiens so vulnerable
to developing cancer? Although all multicellular
organisms have a propensity to develop both
benign and malignant cancer, humans have a
substantially greater risk for cancer than other
animals, including great apes. The application
of evolutionary principles to an understanding
of human disease is the domain of a nascent
field termed evolutionary medicine (Nesse
et al. 2009). Evolutionary biology teaches us
that natural selection acts to optimize reproduc-
tive success, and not longevity. We now have an
extended postreproductive life span. Cancers
increase with age and thus are not selected
against. Second, no trait is perfect. Every trait
may be made better. But by making it better,
another trait will be made worse. Viewed from
this perspective, the human body is a
jerry-rigged bundle of trade-offs that render
us vulnerable to disease. An understanding of
the risk benefits of these trade-offs may provide
insights into the therapy. In cancer, the malig-
nant cells hijack cellular attributes required
for normal embryogenesis, self-renewal, and
physiological angiogenesis (e.g., wound heal-
ing). The angiogenic switch represents an evo-
lutionary trade-off in which the advantages

Figure 2. (Continued) (D) The tumor microenvironment includes signals on the luminal side, e.g., blood hypo-
xia, reduced blood flow, and low pH, and on the abluminal side, e.g., mechanical pressure from proliferating
tumor cells, tumor-derived paracrine mediators, stromal cell-derived signals, and a disorganized basement
membrane. FGF, fibroblast growth factor; VEGF, vascular endothelial growth factor; HGF, hepatocyte growth
factor; and EC, endothelial cell. (Figure is from Aird 2009; reprinted, with permission, from the author.)
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of mediating physiological angiogenesis out-
weigh the disadvantages of tumor co-option.
Finally, owing to our rapid cultural and social
evolution, our ancestral genes are not adapted
to present-day risk factors, including high-fat
diet, contraceptives, tobacco, and alcohol. Thus,
the various trade-offs are more likely to manifest
as a net liability in the modern environment.
Evolutionary considerations yield important
therapeutic principles. First, from a preventative
standpoint, the reduction of environmental risk
factors should help to narrow the gene-environ-
ment mismatch. Second, cancer therapy will have
a tendency to disrupt the very processes that are
being hijacked. Thus, chemotherapy has the
unwanted side effect of killing normal stem cells
in the bone marrow and interfering with fetal
growth. Treatment aimed toward tumor endo-
thelium and blood vessels has the risk of interfer-
ing with normal angiogenic processes, including
wound healing and pregnancy.

A second evolutionary question is to what
extent are there parallels between the evolution
of cancer and that of organisms within an
ecosystem (reviewed in Merlo et al. 2006 and
Goymer 2008)? At the level of the organism,
cancer is fatal. However, at the level of individ-
ual cells, there is selection for cells with in-
creased proliferative potential. In a process
that has been termed somatic evolution, cells in
premalignant and malignant tumors evolve by
natural selection through the sequential accu-
mulation of somatic mutations that confer a
proliferative advantage. With respect to evolu-
tionary theory, cancer meets several important
conditions (reviewed in Merlo et al. 2006).
First, tumor cells contain variation as evidenced
by the existence of many different genetic
mutants within the same tumor. Second, these
genetic or epigenetic variants are heritable.
Finally, selection of clones with high prolifera-
tive potential or resistance against apoptosis
confers a survival advantage. In addition,
clones will be selected for those that evade
attack by the immune system and that cooperate
with normal cells in the body to promote me-
tastases and to maintain oxygen delivery. Deliv-
ery of oxygen requires blood flow, which in turn
necessitates hijacking of the angiogenic switch

and normal endothelial cells from the sur-
rounding tissue.

Therapy

There are several advantages to targeting tumor
endothelial cells as distinct from the tumor cells.
First, the endothelial cells are more accessible to
systemically delivered agents. Second, because
tumor endothelial cells are not part of the can-
cer clone, they are less likely to develop resist-
ance to therapies. Third, it has been suggested
that inhibition of a single endothelial cell can
inhibit up to 100 tumor cells. Thus, treatment
aimed toward the endothelium may have an
amplifying inhibitory effect.

There are two general approaches for target-
ing tumor vasculature. The first is to prevent
new blood vessel formation by blocking tumor-
derived angiogenic signals or their receptors on
the surface of tumor endothelium. The second
strategy is to target preexisting or established
tumor blood vessels. The latter approach,
termed vascular targeting, may involve vascular
disrupting approaches, normalization of the
tumor vasculature, or the targeted delivery of
agents with the goal of reaching (and in some
cases, traversing) the endothelium.

The goal of vascular disrupting therapy is to
selectively induce vascular collapse of tumor
blood vessels by targeting the cytoskeleton of
tumor endothelial cells (reviewed in Hinnen
and Eskens 2007). The aim of tumor vessel nor-
malization strategies is to promote the delivery
of chemotherapeutic agents to the tumor, to
sensitize the tumor to radiation, to enhance
tumor immunity, and to render cancer cells
less invasive and metastatic (reviewed in Sato
2011). However, vascular remodeling (e.g.,
induced by anti-VEGF treatment) may lead to
a more hypoxic tumor microenvironment and
increased tumor cell invasion (Keunen et al.
2011). Targeted delivery of drugs to tumor
endothelium takes advantage of vascular
markers that are preferentially expressed on
tumor endothelium. The target molecule may
or may not be involved in tumor pathophysiol-
ogy. Indeed, more often than not, the target
serves simply to localize the effector molecule,
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allowing for site-specific toxicity at the level of
the tumor. Several types of carrier molecules
or ligands have been developed, including
monoclonal antibodies, aptamers, peptides,
and small organic molecules. Among the targets
that have shown promise in animal/preclinical
studies are Tie-2, fibronectin extra-domain B,
avb3 and a5b1 integrins, annexin A1a, and
prostate-specific membrane antigen (PMSA)
(see Aird 2009, and references therein).

An important challenge is to translate the
findings of large-scale gene expression and pro-
tein profiling into diagnostic and/or therapeu-
tic advances. This will involve the improved use
of in silico approaches to filter the enormous
databases, the identification of peptide-binding
receptors (in the case of phage display), the val-
idation of tissue-type specificity, an under-
standing of the pathophysiological role that
such markers play in angiogenesis, tumor
growth/progression, or metastases, and the
extent to which results in mice will translate to
humans. These caveats notwithstanding, the
continued discovery and validation of novel
tumor endothelial-specific markers should pro-
vide a foundation for advances in therapy.
Moreover, the identification of tumor vascu-
lar-bed-specific “addresses” should facilitate
the development of molecular imaging for diag-
nosis and surveillance.

CONCLUDING REMARKS

This article began with the observation that
there exists an enormous bench-to-bedside
gap in endothelial biomedicine. One of the rea-
sons for this chasm is the tendency to approach
the vasculature through the limited lens of large
arteries and veins, when in fact the endothelium
is a spatially distributed organ system. Like
a chameleon, it molds itself to the needs of
the underlying tissue. The ability to meet the
diverse demands of so many tissues is reflected
in a seemingly endless repertoire of structural
and functional phenotypes, some of which are
dependent on signals in the microenvironment,
and others that are epigenetically fixed. Based
on studies of early vertebrates, it seems likely
that the endothelium has marched to the tune

of the local tissue environment since its evolu-
tionary inception some 500 million years ago.
Importantly, phenotypic heterogeneity may be
leveraged for therapeutic gain, in particular,
for targeting specific sites of the vasculature.
These principles have been applied to an under-
standing of tumor endothelium. A similar con-
ceptual approach may be applied to any number
of vascular beds in health and disease.
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