Chapter 4
Endothelial Cells

Caterina Sturtzel

4.1 Introduction

The commonly accepted roles of endothelial cells (EC) in homeostasis of body
physiology are to safeguard transport logistics, control vascular permeability, and
regulate vascular tone. In the immunology of cardiovascular homeostasis and
pathology, EC can be regarded from two perspectives: on the one hand, they are a
constitutive and integral part of the cardiovascular system and therefore intrinsically
causing disease if dysfunctional, and on the other hand, they actively mediate
immune responses at places of injury or infection [1].

Cobblestone shape is a main histological characteristic of EC, but they constitute
more than static mechano-protective plates. EC that line the inner vessel wall are
not at all inert bystander cells but central and active parts of two major systems in
the body—the immune and the vascular system. As a consequence, damage, (hyper)
activation, and dysfunction of EC are frequently part of the etiology of cardiovascu-
lar diseases. These two systems often act in concert, for example, during wound
healing, but there are also conditions where EC engage in distinctive roles in each
of them, such as during development and tissue regeneration.

The vascular system is composed of EC lining the inside of vessels and of smooth
muscle cells or pericytes supporting the vessel structure. Strongly adapted to the vari-
ous tissues, the lymphatic and the blood vessel system pervade the entire body.
Lymphatic vessels are blind-ended tubes equipped with valves to fulfill efficiently
their major task of collecting and draining interstitial fluid leaking out of blood ves-
sels. Thereby, they are also a transport route for nutrients or mobile cells, such as white
blood cells, again interlinking function with the immune system [2]. Blood vessels
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exist as capillaries, veins, or arteries, covered by supporting cells, and their major tasks
are the transport of oxygen as well as nutrients and immune cells to the various tissues
of the body [3]. Therefore, genesis of the lymphatic system in the developing embryo
is triggered by rising fluid pressure, whereas blood vessel vasculogenesis and angio-
genesis are driven by hypoxia [4, 5]. During embryonic development, the first vascular
plexus is established by coalescing hemangioblasts from which eventually vessels are
built by sprouting of EC, the process defined as angiogenesis [3, 6].

EC isolated from different tissues will exhibit organ-specific adaptations and adjust-
ments in shape and function. For example, EC of the central nervous system form the
blood-brain barrier, uterine EC express estrogen receptors, EC of the high endothelial
venules allow for transcellular routes for leukocyte extravasation during homing, EC
of the endocardium fold up and adapt to the constant heartbeat, and EC committed for
either arterial or venous vessels show different sprouting capacities [7—10].

As active part of the immune system, EC not only function as a transport device
for mobile immune cells and form a mechanical barrier against intruders, but they
also (1) have essential paracrine function by secreting chemokines, interleukins,
interferons, and growth factors; (2) organize recruitment of immune cells and regu-
late leukocyte extravasation at places of inflammation by inducible expression of
adhesion molecules like E-selectin, P-selectin, ICAM, or VCAM [11]; as well as (3)
maintain appropriate hemostasis or coagulation.

The classical four signs of inflammation described by Celsus (30 BC-38 AD),
dolor (pain), calor (heat), rubor (reddishness), and tumor (swelling), already illus-
trated the significant role of EC during inflammation, since these reactions are all
mediated by EC through local changes of vessel barrier function. Although EC are
not immune cells in the classical sense, as they cannot kill, phagocytose, and pro-
duce antibodies or similar, they essentially coordinate the immune response.

4.2 Classical Functions of Endothelial Cells and Their
Immunological Relevance

4.2.1 Hemostasis

To maintain barrier function and to prevent intrusion of pathogens and their quick
systemic spread, junctions need to be kept tight and repaired quickly after vessels
rupture. During tissue trauma vessels are often damaged, and, in cooperation with
platelets, the endothelium initiates processes aiming to stop bleeding and close
holes. Coagulation results in the formation of solid blood clots to plug the opening
in the vessel. Thereby, hemostasis, the cessation of bleeding, is reached (Fig. 4.1).
However, as crucial as this activity of the endothelium and the platelets is in the cor-
rect situation, as dangerous can it be when activated aberrantly, for example, during
disseminated coagulation, which carries a high risk for fatal outcomes [12]. When
clots are formed uncontrollably, they can occlude vessels, especially narrowing cap-
illaries, and reach the state of thrombosis. Therefore, the endothelium in its basal
state is anticoagulant.
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Fig. 4.1 Hemostasis involves two principle components: platelets and the coagulation system
with its major product, fibrin. Both systems act in concert to generate a hemostatic clot that seals
the wound. The efficient recruitment of platelets involves specific surface receptors, such as the
platelet glycoprotein Ib (GPIb)-GPV-GPIX complex, GPVI, and several integrins (not shown).
These platelet receptors recognize distinct ligands that are normally concealed by the endothelial
barrier and become exposed only after vessel damage. These ligands include von Willebrand factor
(VWF) and collagens, as well as fibrinogen, vitronectin, and fibronectin (not shown). Platelet
recruitment does not induce hemostasis unless fibrin is also formed by the coagulation system.
Coagulation requires the sequential activation of blood-based serine proteases and their cofactors
(collectively known as blood clotting factors). The process is initiated by tissue factor, which is
expressed by subendothelial cells and is therefore hidden in the intact vessel wall. In response to
injury, however, tissue factor is exposed to blood and can interact with blood-based factor VIla to
trigger the coagulation cascade, which culminates in the formation of fibrin (Modified from [12])

To control and balance the homeostasis of hemostasis, the activation of coagula-
tion is tightly regulated and depends on a full cascade of progressive protease activi-
ties on proenzymes [13]. Activation of the coagulation cascade culminates in the
formation of fibrin from fibrinogen. Polymerized and cross-linked fibrinogen
becomes a sticky substance providing a mesh on activated platelets, which supports
formation of a clot. These thrombi can be degraded again by proteases, especially
plasmin, when healing progresses [12—14].

During hemostasis, the endothelium provides a crucial base whereupon activities
are organized and regulated. Procoagulant molecules, including von Willebrand fac-
tor (vWF) and tissue factor (TF), are expressed in subendothelial areas on collagen
and fibroblasts and become exposed to blood upon injury of the vessel wall. There,
platelet aggregation is induced by receptor binding of vWF, and TF binds circulating
coagulation factor VII, which initiates the proteolytic coagulation cascade. The pro-
teolysis of coagulation factor VII (fVII) generates fVIla, which further supports
cleavage of fX into fXa and forces thrombin generation from prothrombin. Other
circulating factors including factor V, VIII, and IX contribute as cofactors to
enhanced thrombin formation. Ultimately, thrombin releases fibrin from fibrinogen,
which further strengthens clot formation of the platelets.
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Weibel-Palade bodies (WPB) are preformed endothelial-specific first-aid kits,
perfectly equipped to rapidly and highly efficiently respond to an insult to the vas-
culature, without losing time of activating the translational machinery. These rod-
shaped subcellular organelles are filled with a whole battery of bioactive compounds
such as their major component VWF to recruit platelets to close the wound, by
concentrating them to the vessel wall by binding through their glycoprotein 1balpha
[15].

They further contain P-selectin to recruit leukocytes to guard the wound, IL-8
to boost inflammation, endothelin-1 for vasoconstriction to close off the affected
area, angiopoietin-2 to destabilize endothelial junctions and its barrier function
for flexibility during tissue repair, and tPA to prevent excessive fibrin formation
[16—18]. Relative allocation of the content of WPB is situation dependent, with
an increased amount of IL-8 during inflammatory situations, mutual exclusive
presence of P-selectin and angiopoietin-2 due to different transport sources, and
varying amounts of tPA [17, 19]. Activation and exocytosis of WPB can be trig-
gered by several stimuli including thrombin, vascular endothelial growth factor
(VEGF), or epinephrine either through Ca*/calmodulin-dependent pathways or
in response to cAMP-raising agonists distinctly influencing cytoskeletal func-
tion [20].

Tissue factor expression on EC increases upon pro-inflammatory stimulation
with, e.g., TNF-alpha, oxidized phospholipids, pro-angiogenic factors, or shear
stress [21-23]. During inflammation, clot formation can contribute to pathogen con-
tainment and regeneration of the vessel barrier function. However, this scenario also
substantially contributes to atherosclerotic plaque formation [12].

Several pathways control aberrant initiation of the sequentially amplifying coag-
ulation cascade. To prevent coagulation, it is necessary to interfere at the very top of
the cascade. Tissue factor pathway inhibitor (TFPI) is a serine protease inhibitor
that precludes complexing of TF to fVIIa and thus dampens coagulation. To form a
clot now, fVIII and fX need to override this blockage. There are two main splice
isoforms in humans; TFPIalpha is secreted by EC and present in the plasma but also
stored in platelets. TFPIbeta is EC specific and anchored by GPI into the plasma
membrane [14, 24]. Regulation of the coagulation cascade can thereby be spa-
ciously differently controlled in the fluid phase and at the vessel wall.

Disruption of this intricate balance can cause severe disorders, such as the con-
genital bleeding disease hemophilia A or B, when the function of fVIII or X is
impaired, respectively. Still, acute conditions such as thrombosis or disseminated
intravascular coagulation (DIC) are the result of uncontrolled activation. There is a
high risk for developing this pathologic state during systemic inflammation when
fibrin is over-consumed and clot formation is not effective [25].

To reconstitute unperturbed flow, removal of the thrombus is necessary once
healing has progressed sufficiently. Fibrinolysis of clots is crucial to prevent throm-
bosis and is accomplished by plasmin. Plasmin is cleaved off its liver-secreted
zymogen plasminogen by the serine proteases (serpins) tissue plasminogen activator
(tPA), mainly produced by EC, or urokinase (uPA), secreted by many different cell
types. The process of fibrin degradation needs to be as tightly controlled as its gen-
eration and includes several safety check points [26]. tPA requires fibrin as cofactor,
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and thus only cleaves clot associated plasminogen, and is irreversibly and rapidly
inhibited by its specific plasminogen activator inhibitor (PAI-1) when circulating.
Whereas tPA acts mostly in the bloodstream, uPA works mostly extravascularly.
Furthermore, nonfibrin-bound plasmin is bound by alpha2-antiplasmin rendering it
inactive through blocking its fibrin-binding site. Taking advantage of these specifici-
ties may allow for targeted therapy during clinical thrombotic events [27].

Acute occlusion of main vessels by thrombi is detrimental for the affected isch-
emic tissue, for example, during a myocardial infarct; however, rapid sealing of
injured vessels is necessary to keep up vital nutrient support and protection from
intruding pathogens. Therefore, depending on the specific situation, maintaining the
appropriate balance between pro- and anticoagulative action of the endothelium is
crucial for effective immunity of the human body.

4.2.2 Vascular Tone

Under homeostasis, the vascular tone is regulated in balance of vasodilative and
vasoconstrictive signals to adapt blood pressure and flow to current activity require-
ments. EC control vascular tone by sending paracrine signals to smooth muscle
cells surrounding the vessels, which can constrict vessels by contraction or dilate
them by relaxation.

The most potent vasoconstrictor is endothelin (ET), a 21aa peptide existing in
three isoforms mainly synthesized by EC [28]. Serum levels of ET-1, the predomi-
nant form of endothelin, are elevated by pro-inflammatory, EC-activating signaling,
with transcription factor binding sites for AP1, NF-kB, GATA2, SMAD, or
HIFlalpha detected in the endothelin gene [29]. However, ET-1 itself induces
expression of pro-inflammatory signals. Constriction of a vessel in an inflamed area
achieves a containment effect for pathogens and decelerates passing leukocytes for
transmigration. ET-1 signaling increases expression of adhesion molecules such as
VCAM (vascular cell adhesion molecule) on endothelial cells and supports the clus-
tering of neutrophils, which contributes to the massive neutrophil infiltration
observed in ischemic myocardium [28].

The main counter-player against vasodilation is nitric oxide (NO), a gasotransmit-
ter, produced by NO synthases (NOS) in a stepwise redox reaction from L-arginine.
There are three isoforms of NO synthase, nNOS (neuronal), eNOS (endothelial), and
iNOS (cytokine-inducible). Under healthy conditions, eNOS in the endothelium pro-
vides NO to keep the vascular tone to adjusted levels under altering blood pressure
and blood flow conditions [30, 31]. Endothelial dysfunction is a state of impaired NO
bioavailability and linked to development of atherosclerosis and cardiovascular dis-
ease [32]. Flow-mediated dilation (FMD) is typically measured to determine endo-
thelial dysfunction in patients, where a reduction can be used as prognostic marker
for heart failure and presents concomitantly with vascular remodeling of arterial ves-
sels [33]. Capacity overload of the system or depletion of L-arginine or the essential
cofactor tetrahydrobiopterin leads to eNOS uncoupling, a switch in the NO genera-
tion process that also produces reactive oxygen species (ROS). This oxidative stress
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in the long term causes subtle remodeling of the vasculature to a chronic pro-inflam-
matory state and contributes to atherosclerotic plaque formation [34].

In contrast, iNOS, as reflected by the name, is steeply induced by cytokines under
inflammatory conditions, especially to generate ROS to combat pathogens. NO
itself has radical potential and exerts microbicidal function. iNOS is also expressed
in EC, but the main source are leukocytes, especially macrophages [35]. Under ster-
ile inflammatory conditions, iNOS activation constitutes a significant threat to the
cardiovascular system and may lead to the detrimental development of septic shock.

4.3 Endothelial Cells as Part of the Immune Response

4.3.1 Expression of Innate Inmune Receptors

Toll-Like Receptors EC express several innate immune receptors including the
toll-like receptor (TLR) family recognizing pathogen-associated molecular patterns
(PAMPs) [36, 37]. Expression of all TLRs is detectable in EC. TLR1, TLR2, TLR3,
TLR4, TLRS, TLR6, and TLRY are found in all different kinds of tissue-specific
EC. In resting EC, TLR7, TLRS, and TLR10 are absent, but they are inducible
under inflammatory activation [38]. Upon agonist binding, dimerization, and activa-
tion of TLRs, NF-kappaB and MAPK signaling are initiated via MyD88 and/or
TRIF. This leads to a pro-inflammatory cell response, which in EC means structural
changes of adhesion molecules in order to increase vascular permeability, produc-
tion of inflammatory cytokines, presentation of adhesion molecules to recruit leuko-
cytes, and the switch to a procoagulant state [36]. Specifically, direct activation of
TLR1/2, TLR3, and TLR4, by their respective agonists Pam3CSK4, Poly(I:C), or
LPS, elicits a strong pro-inflammatory response by stimulating the production of
cytokines such as IL-6, IL-8, TNF-alpha, and IL-1 beta, altering adhesion molecule
expression, including E-selectin, P-selectin, ICAM, and VCAM, elevating vascular
permeability through reduced junction protein claudin-5 as well as secretion of pro-
coagulant factors like tissue factor, PAI-1, uPa, and vWF [38—40].

Notably, there are crucial functional differences between TLR responses in
monocytes and EC. Some are mediated via different routes of NF-kB and MAPK
signaling, as ERKS seems to regulate endothelial TLR2-dependent transcriptional
response including its own upregulation, whereas MEK1 controls monocytic activa-
tion [41]. TLR2 in endothelial cells is expressed only at low level at baseline but is
strongly upregulated by initial contact with its ligand. In contrast, leukocytes show
a constitutively high TLR2 expression. This seems to be a functional adaptation to
prevent overshooting endothelial activation and in consequence harmful vascular
hyperpermeability, thrombosis, or septic shock [39].

Vascular TLR2 and TLR4 do not only sense pathogens but also tissue damage,
for example, by the presence of extracellular histones, and respond with elevated
tissue factor production, which may challenge the balance between beneficial local
microthrombus formation and the risk for sepsis [42]. In contrast to other reports,
this study also describes the TLR2 and TLR4 to be displayed on the endothelial
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surface as on leukocytes. However, in EC TLR2 and TLR4 are often found intracel-
lularly [43]. This discrepancy might be correlated with the activation state of the EC.

Hyperglycemia is another pro-inflammatory stimulus for the activation of EC. It
is also mediated via TLR2 and TLR4/MyD88/NF-kB/AP1, leading to shedding of
the repellent glycocalyx of the endothelium. This enables improved leukocyte adhe-
sion and increased ROS production. In a chronic state, this contributes to the vascu-
lar complications of diabetes patients [44].

Circulating endothelial progenitor cells also present certain levels of TLRs. They
are responsive to agonist stimulation, which, however, only induces cytokine pro-
duction, but not differentiation, excluding TLR activation as a trigger for endothe-
lial progenitor cell differentiation at sites of injury [45].

In addition to TLR, various other types of pattern recognition receptors exist in
EC. NOD1 and NOD2, containing a nucleotide-binding oligomerization domain
(NOD) and caspase recruitment domain (CARD), sense degraded bacterial compo-
nents released from endosomes in the endothelial cytosol and activate NF-kB sig-
naling [46]. The RNA helicase retinoic acid-inducible gene-I (RIG-I) recognizes
particular viral ssSRNA structures [47].

Lectin-like oxidized low-density lipoprotein receptor-1 (LOX-1) of EC mediates
uptake of the glycation end-product oxidized LDL, which is generated under oxida-
tive stress during inflammatory events. Its activation leads to exacerbation of the
inflammatory response, chronic inflammation, endothelial dysfunction, and athero-
sclerosis [48]. LOX-1 is a member of a lectin-like receptor family, encoded in the
natural killer (NK) gene complex together with dectin-1 and CLEC-1 [49]. C-type
lectin-like receptor 1 (CLEC-1), which is also expressed in EC, is not known to be
involved in leukopheresis, as other C-type lectins described later, but represents an
intracellular pattern recognition receptor. It is upregulated by immune regulation
TGF-beta and is involved in control of immune response to transplants [50, 51].

4.3.2 Endothelial Cells in Leukopheresis

One of the most crucial functions of EC during an inflammatory response is to organize
and coordinate controlled transition of leukocytes through the vessel wall for recruit-
ment into damaged/infected tissue. It is a major challenge for EC to keep up the balance
between tightly sealing vessel walls to prevent leakage of transported fluids on the one
hand and to facilitate extravasation of mobile immune cells on the other hand. However,
during inflammation, increased vascular permeability and transendothelial migration
(TEM), reflecting innate and adaptive immunity, are required at different time points.
Release of molecules such as antibodies or complement components to injured
tissue should constrain infections. As a second line of defense, leukocytes join in.
For this purpose, EC express adhesion molecules on their surface with various oper-
ative specializations to direct the leukocyte extravasation cascade. In general, TEM
can be pictured as leukocytes migrating through the vessel wall in sequential steps
of (1) tethering, (2) rolling, (3) firm adhesion, (4) crawling, and (5) eventually dia-
pedesis (Fig. 4.2) [52]. L-, P-, and E-selectin constitute one main group of adhesion
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Fig. 4.2 (a) A range of cell adhesion receptors on endothelial cells (as shown at the bottom of the
panel) mediates the capture, rolling, arrest, and crawling of leukocytes on the luminal endothelial
cell surface. This is the prelude for the actual transmigration through the endothelial barrier—the
diapedesis process. Leukocyte diapedesis is usually paracellular but can also occur in a minority of
cases through a transcellular route. Whereas transmigration through the endothelial barrier takes
about 2-3 min, leukocytes take up to 15-20 min to overcome the basement membrane, leading to
the transient accumulation of leukocytes between endothelial cells and the basement membrane.
Some of the adhesion receptors that participate in paracellular diapedesis are also relevant for
transcellular diapedesis. Vascular endothelial cadherin (VE-cadherin) is exclusively involved in the
paracellular route, functioning as a barrier to transmigration. The only candidate for a cell surface
protein that might be exclusively involved in transcellular diapedesis is plasmalemma vesicle pro-
tein 1 (PV1), which is an essential component of fenestral and stomatal diaphragms. Owing to
space limitations, the list of endothelial cell adhesion receptors shown here is not exhaustive but
represents the most well studied. (b) The diapedesis process requires many functions mediated by
leukocytes and endothelial cells: stopping intraluminal crawling at suitable exit sites, loosening of
endothelial cell contacts, preventing plasma leakage, extending the membrane surface area at
endothelial cell junctions through mobilization of the lateral border recycling compartment
(LBRC), active leukocyte migration through the junctional cleft, and sealing of the junction after
diapedesis. Finally, leukocytes dissociate from endothelial cells followed by transmigration
through the basement membrane. CD99L2 CD99 antigen-like protein 2, ESAM endothelial cell-
selective adhesion molecule, ICAM intercellular adhesion molecule, JAM junctional adhesion mol-
ecule, LFA-1 lymphocyte function-associated antigen 1, PECAMI platelet endothelial cell
adhesion molecule 1, VCAM1 vascular cell adhesion molecule 1 (Modified from [52])
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molecules. They are C-type (Ca’*-dependent) lectins binding to glycoconjugated
ligands. These three closely related selectins recruit leukocytes out of blood flow
toward an inflamed area by establishing first specific but dynamic contacts with EC
[53]. This initial step of leukocyte tethering to EC is preceded by local EC glycoca-
lyx shedding executed by heparinase, matrix metalloproteinases (MMPs), and ROS,
as this charged cell surface coating prevents adhesion molecule and carbohydrate
ligand presentation under normal conditions as a barrier for unintended extravasa-
tion [54].

E-selectin has to be synthesized de novo and is accordingly steeply induced by
pro-inflammatory signals such as TNF-alpha or IL-1, whereas P-selectin is stored
in Weibel-Palade bodies, which fuse upon stimulation with the cell membrane.
L-selectin in contrast is constitutively expressed on leukocytes, and its main pur-
pose is to guide them toward high endothelial venule structures during regular
homing processes, where expression of the ligands glycosylated cell adhesion
molecule-1 (GlyCAM1) and P-selectin glycoprotein ligand-1 (PSGL-1) captures
them. However, similar structures are also present in atherosclerotic-prone vascu-
lar walls [55]. PSGL-1 is a low-affinity ligand for all selectins, thereby decelerat-
ing leukocytes close to extravasation sites, but firm adhesion has still to be
established [56, 57].

PSGL-1 is resident in lipid rafts on the tips of microvilli, and simultaneous bind-
ing of several PSGL-1 molecules leads to formation of secondary structures to fur-
ther supporting adhesion, whereby transition of tethering to rolling is smoothly
proceeding [53].

CD44 is another versatile glycoprotein binding to L- or E-selectin when fitted
with the appropriate posttranslational modification of certain carbohydrate residues.
Furthermore, CD44 protein harbors docking sites for the interaction with compo-
nents of the extracellular matrix, contributing to fixation of leukocytes in damaged
areas. CD44 can regulate rolling velocity by cooperation with PSGL-1, thereby
especially recruiting T cells [53].

E-selectin ligand-1 (ESL-1) can further support binding of PSGL-1 to P-selectin
when ESL-1 is recognizing E-selectin in parallel [53].

All these molecules in their different combination and density can fine-tune the
tethering/rolling process and indeed regulate which subsets of leukocytes are even-
tually recruited. Chemokines were found to decisively influence the type of cap-
tured immune cells due to distinct spatiotemporal regulation of expression of
selectins and their ligands. The chemokine CCL2 elicits a rapid surface presence of
L-selectin, PGSL-1, and CD44, crucial for neutrophil recruitment, and subsequently
induces E-selectin expression to attach monocytes. This is in accordance with the
observed phenomenon of a first wave of infiltrating neutrophils and a second wave
of imigrating monocytes at sites of cardiovascular pathologies [58]. This study also
depicts that E-selectin is coexpressed with CD31/PECAM at cell-cell endothelial
junctions. Such junctions have to be opened in places where leukocytes should
squeeze through, and E-selectin seems to pull them directly toward the lateral cell-
cell borders.
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The processes of arrest and crawling are mediated by stronger anchoring through
interaction of adhesion molecules and their various integrin ligands, intercellular
adhesion molecule (ICAM-1) and lymphocyte function-associated antigen-1 (LFA-
1), vascular cell adhesion molecule-1 (VCAM-1) and VLA-4 (very late antigen-4),
and platelet endothelial cell adhesion molecule (PECAM), respectively [59].
Binding of these ligands to integrins, transmembrane receptors for cell-cell and cell-
ECM interactions, leads to conformational changes, inducing downstream intracel-
lular signaling to alter cytoskeleton structures [60]. Thereby fixation and crawling
of leukocytes even against of flow direction are supported. Inside-out signaling
induces transition from ICAM-1 binding to LFA-1 for an anchoring arrest toward
crawling mediating binding of macrophage antigen 1 (Mac-1).

ICAM-1/-2 and VCAM-1 are inducible by various inflammatory stimuli, such as
TNF-alpha, IL-1beta, oxLDL, or C-reactive protein. This is regulated by signaling
via the transcription factors NF-kB and AP1 for which several binding sites were
discovered, for example, in the VCAM promoter [61, 62]. Detection of ICAM-1 or
VCAM-1 on EC and on endothelial microparticles was shown to constitute a prog-
nostic marker for cardiovascular diseases with a severe outcome [63]. Highly
expressed ICAM-1 is an indication for activated EC as well as increased infiltration,
and thereby attracted leukocytes destabilize atherosclerotic plaques [64]. Further,
ICAM-1 is involved in the formation of unstable plaques through mineralocorticoid
aldosterone, which normally regulates blood volume by shifting electrolyte concen-
trations. Mineralocorticoid receptor-responsive elements were found in the ICAM-1
promoter, and increased leukocyte infiltration destabilizes atherosclerotic plaques
[65]. In addition, EC-derived ICAM-1 induced by IL-1b and IL-6 in circulation is
responsible for attracting T-cell and monocyte infiltration into the left ventricle sub-
sequent to heart failure [66].

PECAM-1 is an endothelial cell adhesion molecule that can be found at the lat-
eral borders of an EC monolayer but is also expressed on leukocytes. In a complex
with VEGFR2 and VE-cadherin, it functions as shear stress sensor and thereby acti-
vates signaling to further induce ICAM-1 expression [67].

The described adhesion molecules transiently attach leukocytes to endothelial
cells, whereas connections between EC are tight and adherent junctions. The
involved protein complexes regulate the barrier function of the endothelium under
noninflamed conditions. To cross this sealed cell wall for leukocytes during inflam-
mation, two routes are conceivable: either trans- or paracellular. Although data are
yet controversial due to limitations of live microscopy of this complex cellular pro-
cess, there is consent that transcellular passage of leukocytes through EC is happen-
ing, with an approximate proportion of 10% trans- and 90% paracellular TEM also
depending on blood vessel type and thickness as well as potentially the type of ini-
tial TEM stimulus [52].

For the paracellular route, adherent junctions have to loosen and open up in a
harmonized way as to not completely disband the vessel but just to decrease barrier
function. In EC adherent junctions are constituted by the single membrane protein
VE-cadherin (cadherin 5) which forms homodimers with molecules on neighboring
cells [68]. To anchor these junctions, VE-cadherins associate with beta- and
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alpha-catenin, and these further interconnect to the cytoskeleton. Experiments using
constitutively stabilized VE-cadherin-catenin proteins revealed that leukocyte trans-
migration is strongly prevented then [69]. It is suggested that phosphorylation of
VE-cadherin by tyrosine kinases and dissociation of vascular endothelial protein
tyrosine phosphatase (VE-PTP) are prerequisite for opening the junctions through
conformational changes and by internalization. There are tyrosine residues specific
for induction of vascular leakage, while others are responsible for destabilizing
junctions as preparation of diapedesis [70-72]. Leukocytes are required to unwrap
junctions before passing through. When ICAM-1 molecules ligate and cluster,
phosphorylation of VE-cadherin is induced, which also involves proteins of the Rho
family [73]. This system is also responsible for the actin stress fiber rearrangements
that pull apart the adherent junctions. Dissociation of VE-PTP can be triggered by
binding of leukocytes but also by VEGF. It is also necessary to loosen contacts dur-
ing vessel growth [74].

A whole system of counteracting proteins is required for successful TEM: the
molecules PECAM, CD155, and CD99 on the membrane system termed lateral
border recycling compartment (LBRC). Homophilic interactions between PECAM
and CD99 expressed on leukocytes and EC direct the leukocyte toward a junction
and then through it, respectively [75, 76]. The LBRC is moved with the help of
kinesins. Other junctional proteins such as junctional adhesion molecule (JAM-)A
and C also function as counter-receptors for passaging leukocytes. These molecules
seem to surround the leukocytes in circular structures, forming an orientation guide
to prevent hesitant or even backward migration. During ischemic reperfusion condi-
tions, JAM-C expression is reduced at EC junctions, and disrupted polarized TEM
of neutrophils but not of monocytes has been observed [77].

All these different proteins involved in TEM reflect the critical point of opening
up a normally tightly sealed tissue structure to enable transition of whole cells with-
out perturbing the entire vessel system [11, 78]. Furthermore the endothelium
preserves a crucial selective capacity by regulating the recruited leukocyte type by
differential expression of chemokines and adhesion molecules [79]. Knowing the
different molecules involved in recruitment of different leukocytes to atheroscle-
rotic plaques or damaged tissue after an ischemic event might offer more targeted
therapeutic strategies.

4.3.3 Angiogenesis

Angiogenesis, defined as the formation of new blood vessels from preexisting ves-
sels, is not only required during development and growth but is necessarily linked
to tissue repair and restoration of oxygen and metabolite supply as well as barrier
function in wounded, ischemic, or inflamed areas. During angiogenesis, EC are
activated, and single lines of cells start to migrate out of a preexisting vessel toward
a gradient of vascular endothelial growth factor (VEGF), a growth factor produced
under hypoxic conditions [80]. However, a lot of factors including chemokines are
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known to have pro-angiogenic capacity, reflecting the interlinked need for new ves-
sels during an immune response. For example, IL-8 is highly angiogenic, and its
expression is associated with poor prognosis in different cancers but induces EC
proliferation in ischemic myocardium [81, 82].

It is commonly accepted that new vessels are formed as outgrowing sprouts of
tip/stalk cells. The leading tip cell is highly migratory and protrudes many filopodia,
which express VEGF receptors to sense the VEGF gradient. So-called stalk cells
follow behind the tip cell. These are highly proliferative and will eventually form a
new, lumenized vessel. Delta-like 4 (D114), a Notch receptor ligand, expressed on tip
cells, induces Notch signaling in the neighboring cell, upon which surface expres-
sion of KDR/VEGEF receptor 2 is downregulated implementing the stalk cell pheno-
type [83, 84]. Several factors might select for a cell to become a tip cell, including
random local overexpression of KDR, metabolic advantages of some cells in terms
of elevated glycolysis conferring higher motility, or cell arrangements orientating
cells into certain directions to facilitate migration [85, 86]. When a sprout encoun-
ters another, they will anastomose and blood can flow through a newly formed ves-
sel [87, 88]. This process is often bridged by macrophages via conferring additional
sources of Notch receptors especially at branching points [89]. Monocytes can also
be an additional resource of VEGF, which is necessary for the process of arteriogen-
esis, the rapid maturation of collateral capillaries into arteries after an occlusion
event of the arterial circulation [90, 91]. This involves NF-kB signaling that can
stabilize hypoxia-inducible factor 1alpha under non-hypoxic conditions.

Stimulation and support of angiogenesis by macrophages is also a potential indi-
rect mechanism induced by the immune-suppressive cytokine IL-19. IL-19, a mem-
ber of the IL-10 family, is expressed by EC of inflamed coronary tissue. It boosts
bFGF-dependent angiogenesis in the absence of hypoxia by effects exerted on vas-
cular smooth muscle cells [92, 93].

Originally, VEGF was described as vascular permeabilization factor referring to
one of its obvious physiological effects [94]. To allow vessel growth, junctional
adhesion has to be destabilized, similar to inflammation-induced permeability, to
allow for restructuring of the EC layer. VEGF usually stands for VEGF-A, the clas-
sical pro-angiogenic factor, representing a whole structurally related family. VEGF
crucially sustains EC survival and promotes blood vessel angiogenesis. VEGF pro-
teins are the ligands for the receptor tyrosine kinase family of VEGF receptors.
There are three receptors, VEGFR1, VEGFR2, and VEGFR3, also known as Flt1,
Flk1, and Flt4, respectively. VEGFR1 binds VEGF-A with higher affinity than
VEGFR2, but VEGFR1 is hardly mitogenic and the intrinsic signaling kinase activ-
ity is very low. VEGFRI1 and its soluble splice form sFlt1 are therefore regarded as
decoy receptors, titrating out abundant VEGF at times of massive angiogenesis or to
maintain avascularity of corneas [95].

VEFGR?2 possesses high intrinsic tyrosine kinase activity upon ligand binding.
Proliferation of EC is stimulated by VEGF primarily via phospholipase gamma and
protein kinase C leading to RAF/ERK/MAPK pathway signaling. The pro-survival
effect of VEGF-A-VEGFR2 signaling is mediated through PI3K/PIP3/PKB/AKT-
dependent phosphorylation and blocking of proapoptotic caspases [96].
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Inflammatory signals induce a qualitatively, partly overlapping transcription pro-
file in EC compared to angiogenic stimuli, but quantitative differences reflect the
fine-tuning potential of the system. For example, VCAM-1 is steeply induced by
IL-1 as well as by VEGF, however, with a factor 100 difference in magnitude. This
reflects the significantly greater need for leukocyte recruitment into inflamed/dam-
aged tissue, than during sterile angiogenesis, where only a small number is needed
for surveillance. However, some endothelial genes are specifically activated only
under pro-angiogenic conditions, specifically required for the sprouting process
itself, while numerous others are activated under pro-inflammatory conditions only,
since hypoxic conditions are not always present when inflammation has to be trig-
gered [97, 98].

As mentioned above, many cytokines also exert pro-angiogenic, EC-activating
effects. Another prominent example, IL-33, especially exemplifies how entangled
the different functions of EC are. IL-33, member of the IL-1 superfamily, is released
during inflammatory tissue damage or trauma by necrotic or affected cells. IL-33
activates endothelial migration in a potentially pro-angiogenic way and increases
vascular permeability by elevated eNOS-dependent NO levels [99]. At the same
time, IL-33 upregulates TF expression in EC and downregulates TFPI, pushing
them to a procoagulant state [100]. IL-33 and TF can be co-detected in atheroscle-
rotic plaques, and levels of IL.-33 correlate to disease activity in CAD [101].

All processes of EC activation, inflammation, hemostasis, and angiogenesis have
one principle in common: the end is already part of the program. Therefore, VEGF
inducible transcription factors control targets, which will neutralize the pro-
angiogenic activation of EC if no restimulation occurs, as part of a negative-feedback
mechanism when normoxia is restored. VEGF-dependent MEF2C induced A2M,
which functions as a global serine protease inhibitor [102]. This likely prevents
excessive extracellular matrix (ECM) and tissue degradation or aberrant angiogenesis
[103]. Also the inflammatory response has to be brought back to a resting level to
prevent excessive inflammatory damage. Strong pro-inflammatory stimuli such as
IL-1 or TNF-alpha induce, during a second wave, inhibitors of the NF-kB, NFAT,
and MAPK pathway to resolve activation [104].

4.3.4 EC in Cardiovascular Disease

In contrast to smooth muscle cells, EC can tolerate hypoxia very well, in culture
even for weeks through different expression of HIF-1 and HIF-2, but, for example,
in a myocardial infarct after occlusion of a vessel after 20—40 min, the clinically
long observed wavefront phenomenon of necrotic areas sets in [105, 106]. However,
they are very sensitive to reperfusion injury when blood flow is restored. Necrotic
cardiomyocytes and hypoxia activate EC, rendering them targets for infiltrating leu-
kocytes. Notably, however, EC seem not to tolerate hypothermia very well. Cardiac
arrest patients treated with hypothermia to improve neurological prognosis show
aggravated endothelial dysfunction and elevated levels of sVCAM-1 [107].



84 C. Sturtzel

ROS are commonly considered detrimental to cells, and EC are also very vulner-
able for their destructive potential. However, there are conflicting reports regarding
this aspect, as antioxidant treatment by diet or drugs was not effective in
EC-dependent CVD risk factor prevention [108]. Elucidating this phenomenon on
molecular level revealed that coronary EC become proapoptotic upon long-term
ROS burden in the mitochondrial cell compartment but need short-term ROS stim-
uli for survival [109].

Further, EC are very sensitive to flow and adapt to different flow conditions.
Flow-mediated dilation and low-flow-mediated vasoconstriction are regulated by
healthy responsive EC to balance homeostasis, but loss of these functions is indica-
tive for endothelial dysfunction and correlates with an adverse prognosis for CVD
[110].

Pulsatile laminar flow is atheroprotective, especially at vessel branches, as it
induces eNOS and consequently elevates the level of NO and suppresses endothelin-
1 [111]. Shear stress is decisive for the balanced expression of these two counter-
players in the vascular system, but the potential of high wall shear stress to remodel
the endothelium is also considered as a driver of formation of non-stable atheroscle-
rotic plaques. However, imaging possibilities are not yet meaningful enough for cor-
relating shear stress, morphologic changes of plaque, and adverse events [112, 113].

As extensively reviewed by Heusch et al., after myocardial infarction, the area of
risk is the critical region that determines the outcome of adverse events [114].
Reperfusion injury manifests as increased vascular permeability along with edema
formation, which is not only caused by lost barrier function and glycocalyx loss
upon inflammation but also by electrolyte concentration shifts due to loss of energy-
dependent ion pumps. Edema impairs further microvascular perfusion by compres-
sion. Nitric oxide can attenuate deprivation of the barrier function; however,
vasomotion in infarcted areas is often shifted to hyperconstriction through endothe-
lin, leading to vascular remodeling. Microembolisms resulting from atherothrom-
botic debris or after percutaneous coronary intervention, or cell aggregates
assembled through the increased expression of adhesion molecules, can further
reduce circulation. If the swelling of the vessels is too severe, these might rupture,
and the resulting hemorrhage leads to severe myocardial necrosis. The area of risk
can be reduced by cardioprotective interventions like pre- or postischemic condi-
tioning but only if some collateral flow is preserved to transfer protective factors
[114]. Remote ischemic preconditioning can be cardioprotective in animal models
where several cycles of few minutes ischemia seem to be an effective schedule
[115]. Detailed definition of the involved molecular mediators sent and received by
EC poses a new therapeutic target to treat ischemic maladies.

4.4 Conclusion

EC are culprits and victims during myocardial infarction at the same time. Although
EC tolerate hypoxia better than other cardiac resident cell types, their pro-angiogenic
activation causes loss of barrier function and edema formation. Furthermore their
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pro-inflammatory activation increases expression of adhesion molecules and causes
leukocyte influx. Excessive immune cell infiltration can be detrimental to the
already damaged tissue. Loss of vasodilative NO synthesis by EC further aggravates
vessel occlusion in the heart. In addition, endothelial activation shifts them toward
a hazardous prothrombotic state.

In summary, disruption of the classical endothelial functions of vessel formation,
hemostasis, and regulation of vascular tone underlies most cardiovascular pathologies,
and their central role in immune response organization exacerbates damage. Therefore
it is necessary to also therapeutically target EC during cardiovascular diseases.
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