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ABSTRACT

Endothelial cells form the innermost lining of blood vessels throughout the circulatory
system. They exhibit a remarkable ability to adapt rapidly to biomechanical and biochemical
stimuli from their microenvironment. Vascular endothelial cells play an essential role during the
onset of inflammatory conditions and sepsis. Sepsis accounts for the highest number of
mortalities in non-cardiac intensive care units and is linked to numerous other underlying
conditions including cancer, inflammatory conditions and diabetes. Cancer patients, in particular,
are especially susceptible to infections that lead to sepsis and show significantly higher mortality
rates due to the immunocompromised nature of the host defense system. Currently, there are no
available treatments for sepsis. Furthermore, TNFa has been implicated as one of the major pro-
inflammatory cytokines in sepsis. In the current work, we used physiologically relevant shear
stress rates and translated them into a well-controlled in vitro system applying fluid shear stress
onto primary endothelial microvascular endothelial cells. We identified a complex formed by the
active form of the small GTPase R-Ras and the cytoskeletal scaffold protein filamin A (FLNa)
that can regulate TNFa-mediated activation of endothelial cells under fluid shear stress
conditions. R-Ras binds directly to repeat 3 of FLNa forming a complex that is necessary for
endothelial barrier integrity. We show here that activated GTP-bound R-Ras blocks vascular
permeability. Permeability is monitored using the electrical cell impedance spectroscopy (ECIS)
method that acquires real-time transendothelial electrical resistance (TEER) values. From the
electrical resistance, impedance and capacitance, endothelial permeability can be derived by
employing the ECIS model and quantified at nanoscale precision levels concurrently with

endothelial cells subjected to fluid shear stress. We also demonstrate a novel platform comprised



of ECIS and physiologically relevant fluid shear stress levels to test novel inhibitors or
compounds that block TNFa-mediated vascular permeability. Thus, we show that the
R-Ras/FLNa complex is important in regulating vascular endothelial permeability under fluid
shear stress conditions. This work may offer insights into the regulation of endothelial

permeability by providing novel targets to block vascular hyperpermeability or leakiness.
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CHAPTER 1

Introduction: Vascular Endothelium and Sepsis



1.1 Endothelium

The endothelium lines the innermost layer of all blood vessels in the human circulatory
system separating blood from the underlying tissues (Figure 1.1). It actively participates in the
innate and adaptive immune responses, metabolic events, the distribution of oxygen, nutrients
and paracrine factors, blood coagulation, regulation of vascular tone, and the removal of
metabolic products (Cines et al. 1998, Pober et al. 2009, Potente et al. 2011). In the last few
decades, the endothelium has acquired a progressively increasing appreciation as it is now

regarded a vastly complex organ with a broad spectrum of vitally significant functions.

Endothelial cells exhibit a vast transcriptional activity that distinguishes them from other
cell types. This reflects their essential role in the pathophysiology of numerous diseases ranging
from cardiovascular-related pathologies (e.g., atherosclerosis), inflammatory processes (e.g.,

sepsis, septic shock) to cancer (e.g., metastasis, tumor angiogenesis) (Adams et al. 1995).

In particular, the vascular endothelium has become the epicenter of intense research due to
its key role in: (i) sepsis, severe sepsis and septic shock (highest mortality rates in non-cardiac
intensive care units) (i1) cardiovascular-related diseases (highest single-cause mortality rates) and

(ii1) tumor metastasis (90% of cancer deaths are attributed to cancer metastasis).

1.2 Physiology and anatomical geometric features of the vascular endothelium

The circulatory system is composed of blood vessels conducting blood across the entire
body as it is propelled by the rhythmic palpations of the heart throughout the vascular tree. The
systemic circulation branches out of the left heart ventricle through the aorta, an artery that is
characterized by both a wide diameter (approx. 2 — 3 cm) and high elasticity. The aorta is
succeeded by progressively narrower arteries that arborize, ending in terminal arterioles at
vascular beds across the entire circulatory system. The arterioles give rise to capillaries that
perform the basic and life-sustaining functions of delivering nutrients and oxygen to the tissues
while in return collecting metabolic end products that they convey to venules to which they

convert. Venules coalesce into even wider veins that ultimately convert to the superior and



inferior vena cavae through which blood is returned to the heart via the right atrium. The
arterioles, capillaries and venules constitute the microvasculature (Pober 2008, laizzo 2009,
Pober et al. 2009, Granger et al. 2010, Klabunde 2011). The three building blocks of the

microcirculatory system will be presented in more detail in the following sections.

1.2.1 Arterioles

As the blood is distributed from the heart and aorta through the major arteries to the
progressively smaller and more numerous branches of the arterial system, a tree-type network of
arterioles is formed. Arterioles exert control on the vascular resistance of organs and
consequently the total blood volume and oxygen distribution within the various vascular beds
(Ellis et al. 2005). The mean diameter of arterioles varies between 10 and 200 um (Klabunde
2011). Arterioles, similar to their arterial parent vessels, are covered in their innermost lumen by
a monolayer of endothelial cells while the periphery of the vessel may be circumferentially
covered by fibroblasts and network of non-myelinated nerves (Johnson 2008, Iaizzo 2009,
Granger et al. 2010). Arterioles are structurally very flexible and may dilate by up to 50% from
normal resting conditions or conversely, may contract in particular at distal locations in the
periphery (Schmid-Schonbein et al. 1985, Schmid-Schonbein et al. 1986). Arterioles constantly
receive a variety of vasoconstrictor and vasodilator stimuli playing a vital role in responding to
physical stimuli. They constrict and maintain a smaller diameter when intravascular pressure
elevates (myogenic response). Conversely, when blood flow decreases, they experience
flow-induced dilation. A typical sequence of events is prompted when a capillary bed initiates a
dilatory signal that is transduced via the vascular endothelium to the arterioles supplying this
capillary bed causing an increase in blood flow. The endothelial cells lining larger arterioles and
arteries further upstream in the parent vessels, will respond to the increased flow-induced shear
stress by dilating to the extent where regional shear stress in the capillary bed is restored to
normal conditions (Ellis et al. 2005). In addition to physical stimuli, arterioles respond to
variations in the immediate chemical environment by means of dilation and constriction

(Johnson 1977, Johnson 1989, Christensen et al. 2001, Johnson 2008).



1.2.2 Capillaries

Capillaries extending from terminal arterioles are the smallest and most numerous among all
blood vessels in the human circulatory system ranging from 5 — 10 um in diameter. Their number
is estimated at approximately 10 billion forming a network of 25,000 miles (~40,000 km); the
estimated average length of individual capillary vessels is around 1 mm. Erythrocytes are highly
deformable and have the ability to squeeze through the capillary network during their passage
(Pober 2008, Iaizzo 2009, Klabunde 2011). Capillaries are surrounded circumferentially by a
thin basement membrane and occasionally by pericytes while the innermost layer is formed by a
single monolayer of endothelial cells (Rhodin 1968, Pober 2008). The primary function of
capillaries in tissue perfusion and supplementation with nutrients and oxygen is achieved due to
their thin inner diameter. Capillary networks exhibit a variation of barrier function or
permeability owing to the vascular bed they are located at (Pober 2008). Capillaries are further
subdivided into two families depending on the structure of their endothelial cells: (i) continuous,
and (i1) fenestrated. In continuous capillaries, adjacent endothelial cells remain linked via
interendothelial junctional complexes allowing the passage of substances with low molecular
sizes (e.g., O2, COy, steroid hormones), whereas they remain less permeable to water-soluble

substances (e.g., Na“, K, glucose and amino acids).

In fenestrated capillaries, the endothelial cells are characterized by the presence of wide
pores allowing larger macromolecular compounds or even whole cells to pass through these
structures. Fenestrated capillaries are primarily located in organs where rapid movement of
materials is critical for their proper function (e.g., intestines, bone marrow, kidneys, liver).
Certain substances are transported across individual endothelial cells by a molecular
transportation mechanism termed transcytosis. In homeostatic conditions, endothelial cells
contain increased numbers of endocytic and exocytic vesicles. Fusion of these structures leads to
the formation of continuous vesicular channels across individual endothelial cells (Johnson 2008,

Pober 2008, Taizzo 2009).



1.2.3 Venules

Capillary networks coalesce into venules, which are slightly larger in diameter
(post-capillary venules). They share a common feature with capillary vessels in that they are
equally porous allowing phagocytic leukocytes to transmigrate from the lumen to the affected
tissue areas (laizzo 2009). Post-capillary venules define the beginning of the venular network,
structurally similar to the arteriolar network (Schmid-Schonbein et al. 1986). The mean diameter
of venules ranges between 10 — 200 um (Klabunde 2011). The venules are devoid of a smooth
muscle circumferential coating. They are the most reactive to inflammation, among blood
vessels, with their intercellular endothelial junctional proteins allowing for plasma proteins and

circulating cells to diffuse from the bloodstream into the interstitial space (Johnson 2008).

Venules represent the major site of transvascular protein exchange and leukocyte trafficking
and metastasizing tumor cells (Granger et al. 2010). The post-capillary venules are characterized
by a structurally similar vessel wall compared to the one observed in capillaries. Venous vessels
are devoid of vascular smooth muscle cells. Venous vascular resistance represents approximately
10% of the total resistance of the vascular tree. One of the major homeostatic features of the
venular structures lies in stabilizing capillary hydrostatic pressure, a key determinant of fluid
exchange between blood and the underlying tissues. Variations in venous resistance have a much
greater impact on capillary pressure than similar fluctuations in arterial resistance would have

(Johnson 2008).

1.2.4 Plasticity and the dynamic nature of the endothelium

The vascular endothelium exhibits extraordinary plasticity despite the genetic
predetermination of individual endothelial cells. Physiological necessity and hemodynamic
factors are capable of reversing phenotypic characteristics of single endothelial cells (Atkins et
al. 2011). A very characteristic example of the plasticity of vascular endothelial cells is
represented by cells in transplanted arterial and venous blood vessel grafts. They display a
remarkable capacity to adjust their expression profile in an effort to correspond to the functional

needs of the host vessel (Moyon et al. 2001, Othman-Hassan et al. 2001). Endothelial cells



located across straight segments of arteries align themselves in the direction of blood flow. This
observation does not apply to endothelial cells at branching points in the arterial tree. These
regions are characterized by turbulent flow patterns with Reynolds numbers typically above
2,000 (Passerini et al. 2004, Lupu et al. 2005, Chatzizisis et al. 2007). When segments of the
thoracic aorta in a dog animal study were surgically excised and then re-implanted after a 90°
rotation from the original vessel orientation, the nuclear pattern of the endothelial cells on the
excised and subsequently re-implanted sections realigned in the direction of the blood flow

within 10 days from surgery (Flaherty et al. 1972).

Other mechanisms in support of the tremendous potential of vascular endothelium to
dynamically respond to injuries and pathogenic insults is the process of endothelial repair.
Endothelial progenitor cells participate actively in vasculogenesis and re-endothelialization by
undergoing differentiation toward endothelial cells (Asahara et al. 1997, Asahara et al. 1999,
Krautkramer et al. 2014). Increased presence of cytokines in the systemic circulatory, as is the
case with the invasion of pathogenic microorganisms or as a result of a sterile infection further
enhance the release of endothelial progenitor cells (EPCs) from the bone marrow. The growth
factors angiopoietin-1 (Ang-1) and angiopoietin-2 (Ang-2), vascular endothelial growth factor
(VEGF), stroma-derived factor 1a, granulocyte colony-stimulating factor, and erythropoietin,
have been associated directly with the mobilization and proliferation of circulating EPCs (Hattori
et al. 2001, Moore et al. 2001, Bahlmann et al. 2003, Heeschen et al. 2003, Bahlmann et al. 2004,
Kim et al. 2006, Shao et al. 2008, Shao et al. 2008, Pitchford et al. 2009, Krautkramer et al.
2014). The involvement of EPCs in endothelial repair mechanisms during the pathogenesis of
infectious diseases and in particular sepsis and severe sepsis that is accompanied by organ failure
has been the topic of several studies (Aird 2003, Rafat et al. 2007, Patschan et al. 2011,
Krautkramer et al. 2014). The degree of circulating EPCs in septic patients correlates with
survival rates and to a degree the severity of the clinical manifestation of the disease

(Krautkramer et al. 2014).



1.2.5 Hemostasis

Another critical function that vascular endothelial cells perform through their anticoagulant
properties is the maintenance of blood in a fluid state. Conversely, when blood vessel walls
experience injurious insults, endothelial cells orchestrate the limited formation of blood clots to
prevent life-threatening blood loss, support wound healing and consequently avert the entry of
pathogenic microorganisms through the injured site. From an anticoagulant perspective,
endothelial cells express tissue factor pathway inhibitor (TFPI), heparan, thrombomodulin,
endothelial protein C receptor (EPCR), tissue-type plasminogen activator, ecto-ADPase,
prostacyclin and nitric oxide. For its procoagulant function, vascular endothelial cells express
tissue factor (TF), plasminogen activator inhibitor (PAI), vVWF and thrombin receptor. Adding to
the heterogeneity of the vascular endothelium, endothelial-derived procoagulant and
anticoagulant factors exhibit increased distribution patterns between the different vascular beds
(Aird 2001). While EPCR is predominantly present in arteries and veins, thrombomodulin is
ubiquitously expressed in the entirety of the vascular endothelium (Ishii et al. 1986, Laszik et al.
2001). In rat and baboon animal models of sepsis, the subjects exhibited no detectable changes in
thrombomodulin antigen levels after administration of Escherichia coli (E. coli) (Drake et al.
1993, Laszik et al. 2001). Mice challenged with lipopolysaccharide (LPS) appeared with
increased EPCR mRNA expression in the large vessels of the heart and lung endothelium (Gu et
al. 2000). In humans, both thrombomodulin and EPCR levels appeared downregulated in
coronary arteries inflicted with atherosclerotic plaque (Laszik et al. 2001). Furthermore,
thrombomodulin, the endothelial anticoagulant protein, is not expressed in the human brain at all

(Ishii et al. 1986).

TFPI expression appears highest in human placenta and lung tissues as opposed to the brain
exhibiting the lowest values (Osterud et al. 1995, Bajaj et al. 1999). In mouse models, TFPI
mRNA expression is highest in the lung but undetectable in liver (Shimokawa et al. 2000). TFPI
is expressed primarily by endothelial cells in the microvasculature. TF levels remain
undetectable in normal unchallenged endothelium with markedly increased levels during the

pathophysiology of an inflammatory condition. Endothelial cells in the marginal zone of splenic



follicles and in regions characterized by turbulent flow in the aortic branch of baboon sepsis
models injected with E. coli revealed an upregulation of the TF gene (Drake et al. 1993, Lupu et
al. 2005).

The most established approach in the study of vascular endothelial heterogeneity has been
the isolation of endothelial cell populations harvested from a variety of vascular beds. This
approach albeit physiologically estranged has offered valuable insights into comparative gene
and protein expression, enzyme activity or cell signaling pathways in the endothelium.
Nonetheless, despite the unquestionable merits these studies have offered in understanding
functional and structural aspects of the endothelium they do exhibit a severe weakness. When
endothelial cells are removed from their native microenvironment, they are functionally
uncoupled from crucially important extracellular cues and manifest a phenotypic drift (Aird
2007, Aird 2007). Durr et al. demonstrated that 40% of native lung endothelial proteins
expressed in vivo were undetectable under in vitro culture conditions (Durr et al. 2004). Fluid
shear stress has been established as a crucial extrinsic factor capable of inducing variations in
local endothelial permeability by modulating the expression and organization of interendothelial
junction complex proteins. Due to the fact that the endothelium remains continuously exposed to
fluid shear forces at its apical side, one approach for approximating in vivo conditions, while
maintaining the advantages of a controlled environment that in vitro studies offer, is to emulate
the native endothelial microenvironment in vitro by exposing endothelial monolayers to
flow-induced shear stress. This approach offers the advantage that in vivo occurring
hemodynamic parameters can be reproduced in vitro to approximate in vivo flow patterns both
physiological and pathophysiological (Davies 1995, Davies et al. 1995, Ingber 2002, Shyy et al.
2002, Dai et al. 2004, Aird 2007, Aird 2007, Aird 2012).



1.3 Endothelial functional and structural heterogeneity
Endothelial cells exhibit functional and structural differences depending on the vascular bed
where they reside. In the following sections, the attempt is made to describe in more detail some

well-studied vascular beds and their respective endothelial functions.

1.3.1 Heart endothelium

The heart pumps with its rhythmic palpations the blood through the entire vascular system.
It contains several compartments including the endothelial cells of the coronary arteries, the
endocardium and the capillary endothelial cells. The endocardium forms the inner lining of the
heart chambers and together with the cardiomyocytes forms the heart tube. Endocardial cells
have larger dimensions compared to endothelial cells of other vascular beds in the circulatory
system. They are characterized by an abundant presence of microvilli projecting into the heart
cavity. The endocardium expresses connexin-43 (Cx43), connexin-40 (Cx40) and connexin-37
(Cx37) in contrast to the myocardial capillary endothelial cells, where these connexins are not
present (Brutsaert et al. 1998). Similarly to the pulmonary circulatory system that allows for the
perfusion of the lungs, the endocardium is perfused by the blood of both the systemic and the
pulmonary system. The main roles of the endocardium are the modulation of cardiac contractility

and rhythmicity (Paulus 1994, Brutsaert et al. 1998, Aird 2007).

1.3.2 Endothelial cells in coronary arteries

Coronary vessels arise from the ascending aorta. Epicardial arteries are succeeded by small
muscular arteries that penetrate the myocardium. Endothelial cells of the coronary vessels derive
from mesoderm-derived pro-epicardium. The coronary endothelial cells are primarily responsible

for the regulation of coronary supply to the myocardium (Aird 2007).

1.3.3 Endothelial cells in myocardial microvessels

The capillary vessels of the heart possess continuous linings of endothelial cells. The
capillary endothelium remains in intimate contact with the cardiomyocytes. Myocardial
endothelial cells are more numerous than cardiomyocytes by a ratio of three to one (Hsieh et al.

2006). The distance between capillary endothelial cells and adjacent cardiomyocytes is



approximately 1 pm allowing for the optimal diffusion of oxygen and nutrients between the

flowing blood and the underlying muscle tissues (Aird 2007).

1.3.4 Pulmonary endothelial cells

Capillary endothelial cells in the pulmonary system are arranged as a network of a densely
interconnected mesh. Gas exchange is performed at the alveolocapillary membrane consisting of
epithelial and endothelial cells that are separated by a thin basement membrane. Caveolae are
abundantly expressed in the pulmonary endothelium (Gebb et al. 2004). One of the characteristic
differences between endothelial cells in the lung and the systemic circulation lies is the
expression of angiotensin. Angiotensin [-converting enzyme is expressed ubiquitously in all
pulmonary endothelial cells but only 10% of systemic capillary endothelial cells express it
(Balyasnikova et al. 2005). Alevolar capillary endothelial cells express platelet/endothelial cell
adhesion molecule-1 (PECAM-1), whereas von Willebrand factor (vWF) is not expressed
(Pusztaszeri et al. 2006). The transit time of neutrophils is particularly prolonged in pulmonary
capillaries when compared with vascular beds across the circulatory system. This attribute has
been assigned to the structural architecture of pulmonary capillary endothelial cells and the
mechanoelastic properties of neutrophils. Perhaps indicative of the intricacy of lung
endothelium, during inflammatory conditions, neutrophils become sequestered in the capillaries
in a process mediated by mechanical deformability of neutrophils, rather than selectin-induced
rolling and arrest, typical for endothelial capillaries across the systemic circulation (Doerschuk

2001, Aird 2007).

1.3.5 Bronchial endothelial cells

Endothelial cells in the bronchial blood vessels are characterized by increased leakiness,
responsiveness to inflammatory mediators and exhibit a far greater angiogenic capacity when
compared to pulmonary endothelial cells (Doerschuk 2001, Mitzner et al. 2004). Similarly to
other vascular beds in the systemic circulation, leucocyte transmigration in the bronchial

endothelium takes place in the postcapillary venules. One key difference is that bronchial
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endothelial cells in contrast to endothelial cells in other vascular beds, constitutively express E-

selectin, suggesting that they remain in a state of chronic activation (Feuerhake et al. 1998).

1.3.6 Glomerular capillary endothelial cells

The kidney is the recipient of approximately 20% of the cardiac output. Glomerular
capillary endothelial cells are surrounded by the glomerular basement membrane and podocytes.
Endothelial cells in this vascular bed form the initial barrier in the filtration process. These
endothelial cells possess fenestrae with a diameter in the range between 60 and 80 nm covering
nearly 20% of the endothelial surface (Deen et al. 2001). In contrast to fenestrated endothelium
in the systemic vasculature, glomerular endothelial cells do not express the protein
plasmalemmal vesicle-1 (Stan et al. 1999). However, they actively synthesize glycocalyx and
basement membrane. The glycocalyx provides and additional filtration barrier with charge
selectivity (Jeansson et al. 2006). Glomerular endothelial cells express constitutively PECAM-1.
Conversely, they lack expression of vVWF (Pusztaszeri et al. 2006). Capillary endothelial cells in
the glomerulus contribute to the regulation of vasomotor tone by releasing endothelin-1, nitric

oxide and prostaglandins (Aird 2007, Aird 2007).

1.3.7 Hepatic sinusoidal endothelial cells

Endothelial cells exhibit a wide spectrum of phenotypes across the liver vasculature.
Venules in this vascular bed acquire a spindle-like shape, are non-fenestrated and are
characterized by the presence of short microvilli. Endothelial cells at the transition region
between terminal venules and hepatic sinusoid display a smooth and large shape and contain
numerous actin fibers (Oda et al. 2003). Hepatic sinusoidal endothelial cells comprise roughly
50% of the non-parenchymal cells of the liver and appear discontinuous possessing
membrane-associated, non-diaphragmed round cytoplasmic fenestrae 100 to 200 nm in length
(Darling 2002). The sinusoidal endothelium acts as a dynamic filtration layer for solutes and
plasma constituents. However, leucocyte transmigration and extravasation is not possible
through their fenestrae. Instead, sinusoidal endothelial cells allow leucocytes to extend to the

underlying matrix without having to extravasate completely. This attribute displays in the most
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profound way the resourcefulness and dynamicity of the endothelium as well as its regional

specialization to accommodate organ-specific functions (Aird 2007, Aird 2007).

1.3.8 Brain endothelium

The blood brain barrier is characterized by a wide spectrum of transporters. Since the
paracellular permeability pathway in this vascular bed is occluded, nutrients and solutes cross the
endothelial layers through the transcellular pathway. Hence, it is not surprising that brain
endothelial cells express the glucose transporter GLUT-1 in abundance. They also express high
levels of the neutral amino acid transporter LAT-1 facilitating the transport of nutrients and
solutes from the blood to the underlying brain tissues (Boado et al. 1999, Stamatovic et al. 2008).
Brain endothelial cells exhibit a low number of vesicles under quiescent conditions compared to
endothelial cell types residing in other vascular beds. Inflammation-mediated activation of brain
endothelial cells has an impact on increasing the number of these vesicles. These cells also
possess a finely developed tubular system formed by membrane-associated tubules intruding
deeply into the endothelial cells both from the luminal and abluminal surface (Castejon 1980,
Coomber et al. 1986, Lossinsky et al. 2004). Furthermore, the cytoskeleton of brain endothelial
cells plays an essential role in the formation of interendothelial junction integrity. It exhibits a
uniform thickness with limited formation of pinocytotic vesicles and lacks fenestrations. The
wall thickness in brain capillary endothelial cells is nearly 40% of the thickness compared to

capillary endothelial cells in other regions of the vasculature (Coomber et al. 1986, Stamatovic et

al. 2008).

1.4 Vascular endothelial barrier function

As stated in previous sections, the vascular endothelium represents an integral part of the
circulatory system comprising the innermost lining of blood vessels by forming a continuous
monolayer of endothelial cells. Although functional and anatomical characteristics exist among
the several vascular beds, the entire vascular endothelium with exception of the lymphatic

endothelium, acts as a selective barrier separating blood plasma from the interstitium (Mehta et
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al. 2006). Endothelial cells in the vascular tree perform a wide array of vitally important
functions spanning vascular smooth muscle tone, host response to invading microorganisms,
angiogenesis and tissue fluid hemostasis. Maintaining a highly functional semipermeable barrier
allows for the selective passage of macromolecular components inward and outward of the
lumen. This endothelial function is of vital importance. Loss of endothelial barrier integrity is the
hallmark of inflammatory conditions (e.g., sepsis) leading to chronic inflammation and

ultimately morbidity or death.

The characteristic permeability of circulating macromolecules depends on their molecular
radii and the barrier properties of the particular vascular bed and its residing endothelial cells.
The transvascular flux of solutes and fluid provide evidence that protein transport across the
endothelium is performed by the interaction of a vast number of endothelial components. In this
regard, the traditional theory regarding the endothelium as a passive structure through which
plasma proteins diffuse to the interstitium represents an obsolete model and has consequently
been abandoned (Mehta et al. 2006). In homeostatic conditions, vascular endothelial monolayers
present a cellular barrier to the permeation of liquids and solutes. Interendothelial discontinuities
in the cleft region (Figure 1.2) between adjacent endothelial cells are in the order of 3 nm and
account for the permeation of small molecules (e.g., glucose, mannitol, and fructose), amino
acids, and urea (Michel et al. 1999). The passage of small molecules with molecular radii smaller
than 3 nm is accomplished through the paracellular route (Pappenheimer et al. 1951, Mehta et al.
2006, Komarova et al. 2010). The transcytosis pathway accommodates the passage of larger
molecules (e.g., plasma proteins, albumin and water). A significant amount of water (up to 40%
of the hydraulic pathway) is ferried across the endothelium barrier via transcytosis by
aquaporins, water-transporting membrane channels (Preston et al. 1991, Verkman 1998, Michel
et al. 1999, Mehta et al. 2006). Interestingly, water represents an atypical example in that, unlike
other larger macromolecules, water can be traversed across the vascular endothelium by

paracellular means and also transcellularly by means of aquaporin (Mehta et al. 2006).
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1.4.1 Heterogeneity of endothelial permeability

Endothelial cells throughout the entire circulatory system share a large number of common
features. Independently of their location in the vascular tree, they share the same embryonic
precursor cells, hemangioblasts. Despite the remarkable similarities that endothelial cells exhibit,
differences have been reported with regard to permeability variations depending on the vascular
bed where the respective endothelial cells reside (Suter et al. 1964, Bruns et al. 1968, Clementi et
al. 1969, Simionescu et al. 1974, Grisham et al. 1975, Crone 1984, Gloor et al. 2001, Arap et al.
2002, Pasqualini et al. 2002, Aird 2003, Mehta et al. 2006). For example, endothelial cells follow
typically a flat and cuboidal geometry in veins (Girard et al. 1995, Miyasaka et al. 2004).
Thickness varies from less than 0.1 um in capillaries and veins to 1 pm in the aorta (Florey
1966). In vitro studies under static conditions have revealed that endothelial cells in the
pulmonary microcirculatory were 3-, to 4-fold more restrictive to albumin when compared to
endothelial arterial or vein segments. Complementary transendothelial electrical resistance
assays demonstrated a 10-fold increase in pulmonary microvessel endothelial monolayers when
compared to larger endothelial vessels (Del Vecchio et al. 1992, Lum et al. 1994, Schnitzer et al.
1994, Schnitzer et al. 1994, Kelly et al. 1998).

Endothelial cells also exhibit a specific genetic fingerprint depending on the vascular bed
where they reside. Differences in genes regulating expression of extracellular cell matrix (ECM)
proteins, integrins, guanine nucleotide exchange factors (GEFs) and myosin light chain kinase
(MLCK) in large versus small vessel endothelia have been reported. Differences in endothelial
electrical resistance assays and hence, variations in their respective permeability are
accompanied by differences in ultrastructural composition. Endothelial cells located in the lung
microvasculature exhibit a more dense and organized mesh of interendothelial junction complex
proteins when compared to endothelial cells from larger vessels. Caveolar density in the capillary
endothelium is highest across the vascular beds in the circulatory system, possibly offering yet
another explanation to the restrictiveness of lung microvascular endothelium to albumin.
Furthermore, signal transduction patterns regulating endothelial barrier function differ from one

vascular bed to another. Endothelial cells of microvascular origin exhibit distinct profiles with
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regard to thrombin-induced intracellular Ca*, forskolin and cyclic nucleotide levels (Mehta et al.

2006, Aird 2007, Aird 2007, Bos et al. 2007).

1.4.2 Regulation of vascular endothelial permeability

Endothelial cells form a semipermeable monolayer in the lumen of the vasculature allowing
selectively the passage of solutes and plasma proteins from the lumen to the interstitium,
protecting the underlying tissue beds from toxic components in the bloodstream, removing
metabolic waste products and COz, delivering oxygen and actively participating in the immune

host response against invading pathogens.

Vascular endothelial permeability is the primary and foremost attribute of the endothelium.
Adjacent endothelial cells across the entire vascular tree form linkages to one another by junction
protein complexes. At the sites of junction complexes, interendothelial cells engage in the
formation of adherens junctions (or zonula adherens), tight junctions (or zonula occludens) and

gap junctions.

Although epithelial cells follow a spatially well-defined distribution of both adherens and
tight junctions, in the endothelium the junction architecture along the endothelial cleft is less

structured and adherens junctions are intermingled with tight junctions (Simionescu 2000).

Interendothelial protein complexes participate in the regulation of two independent barrier
pathways termed, paracellular and transcellular permeability. The paracellular permeability
pathway is formed by interendothelial junctions comprised of transmembrane adhesion proteins
that are anchored to the actin cytoskeleton. As a consequence, not only do they actively regulate
the passage of plasma proteins, solutes, and fluid across the endothelial barrier but they also

mechanically stabilize endothelial cells (Bazzoni et al. 2004, Komarova et al. 2010).

The loss of endothelial barrier function leads to a plethora of life-threatening complications.
Chronically elevated permeability that cannot be restored through the re-absorptive function of

the lymphatic system leads to the clinical manifestation of edema, a common complication
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presented in patients with sepsis or severe sepsis. Cancer patients in particular face an increased
risk as vascular leakage facilitates the dissemination of metastatic cancer cells that break away
from the primary tumor, intra-, and extravasate through the blood lumen in order to form remote
colonies in the body. Furthermore, vascular leakage contributes to the accumulation of fluid in
the stroma and the elevated interstitial pressure commonly observed in patients with solid tumors

(Weis et al. 2005).

1.4.3 Adherens junctions

Adherens junctions are protein complexes formed by members of the cadherin family of
adhesion proteins. Endothelial cells express ubiquitously vascular endothelial cadherin
(VE-cadherin) and neural cadherin (N-cadherin). While VE-cadherin is expressed by all
endothelial types, N-cadherin is also present in neural and smooth muscle cells. T-cadherin and
P-cadherin, also members of the cadherin family, are expressed in various degrees by endothelial
cells across the vascular tree (Ivanov et al. 2001, Bazzoni et al. 2004, Dejana et al. 2008).
VE-cadherin is expressed exclusively by endothelial cells independently of the vascular bed

where they reside (Dejana et al. 1995, Venkiteswaran et al. 2002).

Cadherins are Ca**-dependent, homophilic, single-pass transmembrane proteins whose
extracellular region interacts with other cadherin proteins in adjacent cells, whereas
intracellularly their cytoplasmic tails are anchored to catenins that are ubiquitously present at
sites of adherens junction complexes. Cadherins perform their cell-cell adhesion functions by

forming a cadherin dimer (Leckband et al. 2000, Yagi et al. 2000, Gavard 2009).

Adherens junctions are among the key regulators of paracellular permeability. Adherens
junctions are ubiquitously expressed in both the vascular and lymphatic endothelium.
Transmembrane adhesion proteins from the cadherin family mediate homophilic adhesions to
neighboring endothelial cells (Dejana et al. 1995, Aberle et al. 1996, Dejana et al. 1999,
Gumbiner 2000, Yagi et al. 2000, Angst et al. 2001, Bazzoni et al. 2004, Dejana 2004, Bazzoni
20006).
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The major structural component of endothelial adherens junctions is VE-cadherin mediating
homophilic binding and adhesion of adjacent cells in a Ca*>*-dependent manner (Liaw et al. 1990,
Lampugnani et al. 1995, Lampugnani et al. 1997, Anastasiadis et al. 2000, Dejana et al. 2001).
VE-cadherin is comprised of an extracellular and a cytoplasmic component (Figure 1.3). The
extracellular domain of VE-cadherin is comprised of five cadherin-like repeats. The cytoplasmic
VE-cadherin tail contains two functional domains, the juxtamembrane domain and the
COOH-terminal domain. Both these domains interact with members of the catenin family. The
juxtamembrane domain of VE-cadherin binds p120-catenin. The COOH-terminal domain binds
either B-catenin or plakoglobin in a mutually exclusive fashion. -Catenin or plakoglobin is then
associated to a-catenin which, in turn, binds to several actin-binding proteins, including
a-actinin, ajuba, and ZO-1 (Dejana et al. 1999, Bazzoni et al. 2004, Bazzoni et al. 2004, Dejana
2004, Mehta et al. 2006, Weis et al. 2006). VE-cadherin plays a major role in the stable assembly
of adherens junctions and the maintenance of barrier integrity. Ectopic expression of
VE-cadherin mutant lacking the extracellular domain in human or mouse dermal microvascular
endothelial cells resulted in the destabilization of the adherens complex with subsequent

disturbances in the barrier function (Broman et al. 2002, Venkiteswaran et al. 2002).

The linkage between p120-catenin and VE-cadherin’s juxtamembrane domain is an integral
part in the stability of adherens junctions and consequently their contribution to endothelial
barrier integrity in health and disease. Although VE-cadherin is the primary component of
adherens junctions, catenins have been also attributed an important role in maintaining adherens
junction functionality. The binding of a-catenin to a-actinin, vinculin or vasodilator-stimulated
phosphoprotein (VASP) is of paramount importance in maintaining the association of E-cadherin
with the actin cytoskeleton intact. Furthermore, a-catenin has a major role in promoting
interactions among adherens junctions, tight junctions and gap junctions by binding with ZO-1.
Hence, a-catenin, a member of the catenin protein family, has an intimate relationship in the
complex regulation of interendothelial integrity and in extension endothelial permeability

(Muller et al. 2005, Mehta et al. 2006).
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Hu et al. investigated the role of endothelial p120-catenin in response to LPS. LPS-induced
downregulation of p120-catenin was observed upon LPS challenge. The protein levels of
p120-catenins are associated with the severity of sepsis. Depletion of p120-catenin resulted in
LPS-induced intercellular adhesion molecule-1 (ICAM-1) expression, neutrophil recruitment
into the lung microvasculature, production of the pro-inflammatory cytokines TNFa and IL-6
and the formation of lung edema. Hu et al. concluded that p120-catenin negatively regulates
inflammatory host responses to LPS by inhibiting the activation of mitogen-activated protein

kinases (MAPK) and NF-kB (Hu et al. 2010).

In a study investigating the effects of shear stress on endothelial adherens junctions, it was
shown that VE-cadherin expression was reduced after endothelial cell exposure to fluid shear
stress at 15 dyn/cm? for 8.5 h. Interestingly, the cytoplasmic a- and B-catenin expression levels
remained unaffected by shear stress (Noria et al. 1999). This finding suggests that some
constituents of adherens junction complexes can be degraded by shear stress induced changes
while others remain unaltered adding to the complexity of endothelial permeability regulation by
hemodynamic forces. Likewise, this signifies the importance of studying endothelial barrier
function in an environment that imitates their natural in vivo microenvironment as closely as

technically possible.

Thrombin is a permeability-inducing agent that leads to endothelial permeability increases
and the formation of interendothelial gaps (Garcia et al. 1986, Rabiet et al. 1996, Ellis et al.
1999). The endothelial barrier function is further destabilized by inhibitors targeting protein
tyrosine phosphatases. Conversely, inhibiting protein tyrosine kinases promotes and stabilizes
endothelial barrier function (Staddon et al. 1995, Gloor et al. 1997, Gilbert-McClain et al. 1998,
Shi et al. 1998, van Nieuw Amerongen et al. 1998).

Thrombin-induced endothelial barrier dysfunction is accompanied by modifications at the
intercellular cadherin-catenin complexes. In fact, endothelial monolayers challenged with
thrombin resulted in the disappearance of VE-cadherin and catenin complexes (a-catenin,

B-catenin, plakoglobin and p120-catenin) at interendothelial retraction sites. Moreover, lower
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amounts of a-catenin, B-catenin, plakoglobin and p120-catenin remained associated with

VE-cadherin (Rabiet et al. 1996).

It has been shown that protein tyrosine phosphatase SHP2 is associated with VE-cadherin
complexes in confluent, quiescent human umbilical vein endothelial cells (HUVECs). More
specifically, SHP2 selectively associated with B-catenin in the VE-cadherin complex.
Challenging endothelial monolayers with thrombin, led to tyrosine phosphorylation of SHP2 by
a Src family kinase and resulted in its dissociation from the VE-cadherin complex.
Thrombin-induced SHP2 dissociation from VE-cadherin further initiated the phosphorylation of
VE-cadherin associated with B-catenin, plakoglobin and p120-catenin (Ukropec et al. 2000).

Phosphorylation of VE-cadherin at tyrosine 658 (Y658) in its cytoplasmic tail acts
restrictively to its association with p120-catenin, whereas phosphorylation of tyrosine 731
(Y731) in the cytoplasmic tail of VE-cadherin prevents B-catenin from interacting with
VE-cadherin. In both cases, tyrosine phosphorylation at Y658 or Y731 in the cytoplasmic tail of
VE-cadherin causes a disturbance in the adherens junction complex (Potter et al. 2005).
p120-catenin, a cytoplasmic scaffold protein, has been established as one of the major substrates
for the Src family kinases (Kanner et al. 1991). p120-Catenin binds to the juxtamembrane
domain in the cytoplasmic tail of protein members of the cadherin family contributing to their

stability (Reynolds et al. 2004, Alcaide et al. 2012).

B-Catenin or plakoglobin (y-catenin) can potentially transmigrate into the nucleus
modulating transcriptional activities (Hecht et al. 2000, Giles et al. 2003, Baumeister et al. 2005).
For example, it has been shown that laminar fluid shear stress at 10 dyn/cm? caused B-catenin to
translocate to the nucleus where it acted upon transcription factors. Furthermore, in the same
study, fluid shear stress resulted in reduced expression levels of B-catenin. This suggests that
under conditions of fluid shear stress, cadherins recruit less f-catenin to the site of adherens

junction complexes (Norvell et al. 2004).
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Src family kinases have been implicated in vascular endothelial growth factor receptor-2
(VEGFR-2) signaling and endothelial permeability, angiogenesis, cell motility and apoptosis
(Eliceiri et al. 1999, Abu-Ghazaleh et al. 2001, Weis et al. 2004). Elevated Src expression and

activity levels correlate with proliferative disorders and various cancer types (Frame 2002).

The ability of the protein tyrosine kinase Csk (C-terminal Src kinase) to negatively regulate
Src family kinases has been attributed to its ability to render these kinases inactive by
phosphorylating a negative regulatory tyrosine (Latour et al. 2001). Csk has been shown to
interact directly with VE-cadherin through the SH2 domain of Csk (Baumeister et al. 2005).

VE-cadherin, a major constituent of adherens junction complexes along with its interacting
partners at sites of adherens junctions are instrumental in maintaining endothelial barrier
integrity by forming homophilic interactions between VE-cadherins of adjacent endothelial cells
and via the association of VE-cadherin to actin through the cytoskeletal catenins. VEGFR-2 has
been shown to associate with VE-cadherin. When VEGF binds to VEGFR-2, it activates it and
causes its dimerization. VEGF-induced dimerization of VEFGR-2 triggers a sequential
Src-mediated activation of Vav2, a Rho-specific GEF, Rac and p21-activated kinases (PAK).
The activated PAK, in turn, leads to the phosphorylation of serine 665 (S665), serine 666 (S666)
and serine 667 (S667) in the cytoplasmic tail of VE-cadherin. It is speculated that the
serine-phosphorylation of VE-cadherin is coordinated with the tyrosine phosphorylation of the
VE-cadherin and its associated cytoplasmic catenin partners by Src. Serine-phosphorylation of
VE-cadherin causes the recruitment of B-arrestin2 that triggers the internalization of VE-cadherin
into clathrin-coated pits and ultimately the disassembly of endothelial adherens junctions. The
direct implication of this process is barrier dysfunction resulting in increased endothelial
permeability. Internalized VE-cadherin in endosomes may be recycled back to the endothelial
plasma membrane indicating the dynamic nature of disassembly and reorganization of
endothelial adherens junctions during vessel remodeling (Esser et al. 1998, Xiao et al. 2003,

Weis et al. 2004, Potter et al. 2005, Gavard et al. 2006).
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1.4.4 Tight junctions

Tight junctions, similarly to adherens junctions, are located in the endothelial intracellular
cleft compartment. Although, tight junctions in the endothelium are related to epithelial tight
junctions, their topological organization is not as strictly defined as in epithelial cells and varies
from one vascular bed to another across the circulatory system. Besides the organizational
differences in tight junctions between endothelial and epithelial cells, proteins that are part of
tight junction complexes in endothelial cells are not necessarily found in the epithelium. For
example, symplekin is expressed in the tight junction complexes of epithelial cells but is absent

in endothelial tight junctions (Keon et al. 1996).

Tight junctions mediate adhesion in the vascular endothelium forming tight seals between
adjacent endothelial cells that participate instrumentally in the regulation of paracellular
permeability. Tight junctions exhibit an outstanding variability among the different vascular beds
in the endothelium (Franke et al. 1988). Perhaps the most prevalent sign of the importance of
tight junctions in paracellular permeability is their pronounced and well-organized presence in
brain microvessels regulating the blood brain barrier. Furthermore, the blood retinal barrier
displays a rich presence of tight junctions. Tight junctions are also primarily expressed in
endothelial arteries, whereas in veins and capillaries they are characterized by a looser
organization. The general rule holds true in the majority of instances, that the higher the degree
of fluid exchange in a specific organ the less organized the tight junctions in this organ’s

endothelium will be (Bazzoni et al. 2004).

In the endothelial microvasculature, tight junctions are less complex within capillaries
compared to arterioles. Venules exhibit even less organized tight junction complexes.
Conversely, large arteries exposed to higher fluid shear rates, exhibit highly organized structures
of tight junctions (Franke et al. 1988, Bazzoni et al. 2004, Lai et al. 2005, Furuse et al. 2006,
Kim et al. 2006, Aird 2007, Aird 2007).

The tight junction complexes are comprised by several proteins. The claudin family of

proteins are the major tight junction transmembrane components (Furuse et al. 2006). Claudins
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exhibit both homophilic and heterophilic adhesive properties via their extracellular domains.
Endothelial tight junctions highly express claudin-5 (Morita et al. 2003). The prominent role of
tight junctions in the regulation of blood brain barrier is best demonstrated in a study that used
claudin-5 deficient mice showing that these mice suffered selective impairment in blood brain
barrier function for molecules with a molecular weight less than 800 kDa (Nitta et al. 2003).
Other claudins characterized in endothelial cells are claudin-3 and claudin-11 (Wolburg et al.
2003, Challier et al. 2005, Enerson et al. 2006, Lievano et al. 2006). Decreased claudin
expression has been closely linked to pathological conditions associated with blood brain barrier
dysfunction (Liebner et al. 2000, Davies 2002, Sawada et al. 2003, Wolburg et al. 2003, Harhaj
et al. 2004, Hawkins et al. 2004, Bazzoni 2006).

Occludin is yet another transmembrane component of tight junctions. Occludin, historically
the first integral membrane protein discovered to localize to tight junctions, is characterized by
four extracellular transmembrane domains, whereas its cytosolic carboxyl-terminus interacts
directly with F-actin and the scaffold proteins ZO-1, ZO-2 and ZO-3 (Furuse et al. 1993, Furuse
et al. 1994, Haskins et al. 1998, Itoh et al. 1999, Wittchen et al. 1999).

In the vascular endothelium, occludin is exclusively expressed in the blood brain barrier and
the blood retina barrier. Occludin has been linked to increased tight junction-related barrier
function (Hirase et al. 1997). Downregulation of occludin, on the other hand, has been associated
with pathological conditions in regard to blood brain barrier, blood retina barrier disruption,
stroke, diabetes, hypoxia and aglycemia (Antonetti et al. 1998, Vajkoczy et al. 2000, Huber et al.
2001, Brown et al. 2002, Brown et al. 2005, Erickson et al. 2007).

In a different study, VEGF-treated retinal endothelial cells exhibited disrupted paracellular
permeability accompanied by decreased levels of occludin. Occludin is phosphorylated on a
multitude of serine and threonine residues via protein kinase C (PKC) activation upon VEGF

treatment leading to increased permeability (Antonetti et al. 1999, Harhaj et al. 2006).
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Both tight junction constituents, claudins and occludins, interact with numerous intracellular
proteins, including ZO-1, ZO-2, ZO-3, AF-6, protease-activated receptor-3 (PAR-3), cingulin
and 7H6 antigen. The linkage of these proteins leads to the formation of protein complexes

located at the submembrane side of tight junctions (Bazzoni et al. 2004, Harhaj et al. 2004).

Occludin has also been implicated in the modulation of tight junction barrier integrity by
fluid shear stress. Flow-induced shear stress leads to decreases in occludin expression
contributing to accompanying increases of paracellular endothelial permeability. Shear stress at
10 and 20 dyn/cm? led to a reduction of occludin levels by approximately 50% after 3 h exposure
to fluid shear stress indicating that occludin is insensitive to the magnitude of the applied shear
stress at least between 10 and 20 dyn/cm?. In contrast to the reduced expression levels of
occludin in response to shear stress, ZO-1 expression levels remained the same despite exposure
to fluid shear stress suggesting that ZO-1 and occludin are differentially regulated in response to
shear stress. Endothelial cells exposed to fluid shear stress undergo morphological changes most
likely with the involvement of transmembrane proteins (e.g., occludin) at cell-cell contacts of
adjacent cells. ZO-1, a peripheral membrane-associated protein and one of the major constituents
of tight junctions has been implicated in the disassembly and reassembly of endothelial tight

junctions (Fanning et al. 1996, Fanning et al. 1998, DeMaio et al. 2001).

1.4.5 Gap junctions

In contrast to adherens and tight junctions that control cell-to-cell adhesion, gap junctions
mediate cell-to-cell communication. They are formed by connexins. The vascular endothelium
expresses Cx43, Cx40, Cx37 and connexin-32 (Cx32). Within gap junctions, connexins organize
in connexons acting as channels for the intercellular passage of ions and molecules of smaller
molecular weights (Galbraith et al. 2002, Mehta et al. 2006, Goodenough et al. 2009, Okamoto et
al. 2009). Gap junction complexity and functionality varies across the vascular tree as does the
relative abundance of connexins (Galbraith et al. 2002). Arterioles, for instance, exhibit an
outstanding degree of complexity in their gap junctions. Smooth muscle cells express primarily

Cx43. Although there is an overlap of connexin expression among smooth muscle cells that
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surround the endothelial layer and endothelial connexin expression, only smooth muscle cells
express connexin-45 (Cx45), whereas connexix-37 is uniquely expressed in the vascular
endothelium (Little et al. 1995, Gabriels et al. 1998, van Kempen et al. 1999, Kruger et al. 2000,
Goodenough et al. 2009).

Interestingly, gap junctions are formed between the smooth muscle and endothelial cells as a
means of communication between these two cell types that stand in an intimate relationship
across the vascular tree (Gabriels et al. 1998). The vascular endothelium adjusts expression
levels of gap junction proteins in response to the changing conditions of the immediate
microenvironment of endothelial cells. For example, in areas of turbulent flow (e.g., at vessel
branch points or bifurcations), the Cx43 expression is noticeably upregulated (Gabriels et al.
1998). In many vitally important vascular processes, gap junctions function as rapid messengers
within the proximity of the vascular bed where they reside. They have been implicated in the
conducted spread of vasodilation. When endothelial cells are stimulated accordingly, they initiate
a rapidly propagating bidirectional wave of relaxation along the vessel axis indicating the
importance of gap junctions as communications network for the endothelium (Welsh et al. 1998,

Figueroa et al. 2003, de Wit et al. 2006, Goodenough et al. 2009).

1.4.6 Desmosomes

Desmosomes are specialized and highly ordered complex molecular domains residing at
membrane intercellular regions and mediating cell-cell adhesion and cytoskeletal linkages
(Green et al. 2007, Kowalczyk et al. 2013). Desmosomes contribute to the integration of cellular
components to tissue beds and stabilize them against mechanical forces (Delva et al. 2009,

Thomason et al. 2010, Saito et al. 2012).

In contrast to epithelial cells, desmosomes are largely not present in the endothelium with
the exception of lymphatic and venous endothelial cells that exhibit structural components
similar to epithelial desmosomes and are called complexus adhaerentes (Schmelz et al. 1993).

The complexus adhaerentes contain plakoglobin and desmoplakin that are tethered to
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VE-cadherin (Schmelz et al. 1993, Ebata et al. 2001, Borrmann et al. 2006, Franke et al. 2006,
Hammerling et al. 2006, Bass-Zubek et al. 2009).

Desmosomes are involved in the interaction of at least three distinct protein families: (i) the
cadherins, (i1) the armadillo proteins and (iii) the plakins (Getsios et al. 2004). The desmosomal
cadherins have been described to directly interact with a subset of armadillo protein family
members including plakoglobin and the p120-catenin related proteins expressed in humans,
plakophilin-1 (PKP1), plakophilin-2 (PKP2), plakophilin-3 (PKP3) or y-catenin and p0071 or
plakophilin-4 (PKP4) (Hatzfeld 1999, Chen et al. 2002, Bonne et al. 2003, Hatzfeld 2007).

Desmosomes are prominent sites of adhesion and have been reported in close association
with the intermediate filament in the cytoplasm providing mechanical stability in epithelial and
cardiac muscle cells and most notably in endothelial cells. They have been described as having a
unique ultrastructural appearance while their molecular composition depends on the cell type.
Impairment of their functionality leads to disturbances in the mechanical robustness of cells and

tissues as has been reported previously (Holthofer et al. 2007).

PKP4 (or p0071) and p120-catenin subfamily members are closely related. They have been
reported to localize in proximity to adherens junctions and desmosomes (Hatzfeld et al. 2003).
Furthermore, there is evidence that in endothelial cells, p0071 competes with VE-cadherin by

displacing it from the complex (Calkins et al. 2003, Hatzfeld et al. 2003).

1.5 Electrical cell-impedance spectroscopy and endothelial barrier function
Transendothelial electrical resistance is an attractive method that has been used widely for

the evaluation of endothelial barrier function. Traditionally, microporous semi-permeable

membrane chambers have been used to assess permeability properties of normal and treated

cellular monolayers (DePaola et al. 2001).
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Independently of endothelial cell type and location in vascular bed, endothelial cells share a
common denominator in that they respond to mechanical and biochemical changes originating
from their immediate microenvironment in a dynamic fashion. The way in which they converse
mechanical forces into biochemical signaling is time-dependent and may range from
milliseconds to seconds and even several minutes (Janmey et al. 2011). Traditionally, the
available techniques to study changes in endothelial barrier function have been end-point assays
without regard to the dynamic nature of the endothelium. Studying the endothelial barrier
function under physiologically relevant fluid shear stress conditions requires a technique that
allows for real-time monitoring. The ECIS model and instrumentation (Applied BioPhysics,
Troy, NY) allows for real-time barrier function monitoring and quantification either under static
or fluid shear stress conditions (Davies 1989, Geiger et al. 1992, Nollert et al. 1992, Davies et al.
1994, Sill et al. 1995, Tardy et al. 1997, DePaola et al. 2001).

During data acquisition, a constant current source applies an alternating current (AC) signal
of 1 pA at a period duration of a pre-defined frequency (Figure 1.4). The current is applied
between a disk-shaped electrode with a diameter of 0.25 mm (total surface area is 0.05 mm?) and
a larger counter-electrode with a diameter of 10 mm. The counter-electrode surrounds the small

electrode.

Both the small and surrounding counter-electrode are connected to a phase-sensitive lock-in
amplifier that monitors voltage changes between them while an AC signal is supplied through a
resistor at 1 MQ. The source of the electric AC current is set at 1 V. A wide array of frequencies
ranging from 40 Hz to 64 kHz are supported for probing endothelial monolayers or other cell

types (Giaever et al. 1991).

The ECIS instrument monitors both the voltage across the small electrode and the larger
surrounding electrode and the phase of the voltage relative to the applied current. The ECIS
model assumes the cell and electrode system as a series RC circuit converting the data not only
to impedance but extends it further to include electrical resistance and capacitance (Giaever et al.

1991, Keese et al. 2004).
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In the case where no cells are seeded onto the gold-film ECIS electrode slides (Figure 1.5A)
adding only the cell culture growth medium allows for it to act as the electrolyte (Figure 1.5B).
The applied AC flows from the ECIS electrodes toward the electrolyte unobstructed and
disperses eventually into the culture medium. When cells are seeded and start forming a
monolayer, the current is constricted by the cell membranes (Figure 1.6). At this point, the
current is forced to flow beneath and between adjacent endothelial cells, resulting in significant
increases in impedance and resistance. The microampere current and the resulting voltage drop
do not cause any disturbance to the cells rendering the ECIS method as non-invasive. However,
the endothelial monolayer causes substantial changes in the measured values of electrical
impedance, resistance and capacitance (Giaever et al. 1991, Keese et al. 2004). The ECIS model
has attracted attention for a wide spectrum of cell and molecular assays including cell attachment
and cell spreading, cell locomotion, cell morphological studies, toxicological studies, cellular
signal transduction and tumor metastasis (Giaever et al. 1991, Tiruppathi et al. 1992, Reddy et al.
1998, Wegener et al. 1999, Wegener et al. 2000, Keese et al. 2002, Keese et al. 2004).

The ECIS model treats the endothelial cells as a resistor and a capacitor in series. The
individual cells are regarded as circular disks hovering above the gold-film electrode substrate
(Giaever et al. 1986, Ghosh et al. 1993, DePaola et al. 2001). The three quantities that ECIS
quantifies are electrical resistance (Figure 1.7), the alpha parameter (Figure 1.8) and cell
membrane capacitance (Figure 1.9). The specific impedance for a cell-covered ECIS electrode is

expressed by the following mathematical formula (Giaever et al. 1991):

Zm
oz, 2,2, (1.1)
Zc' Zn Zn +Zm 17/7’; IO (7/7/6) 1 1
+2R)| —+—
2 [1(j/rc) n m

where /y and /; are modified Bessel functions of the first kind, i is V-1, Z. is the specific
impedance of a cell-covered electrode, Z, is the actual measured specific impedance of a

cell-free electrode, Zn is the actual measured specific impedance of the cell monolayer, R» is the
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specific resistance between adjacent cells in the monolayer, 7. is the cell radius, R is the
resistivity of the cell culture medium, and 4 is the height of the space between the ventral side of

the cell and the substratum (Giaever et al. 1986, Giaever et al. 1991, Wegener et al. 2000).

The solution is dependent on the resistance between adjacent cells (R») per unit area. The
second parameter on which the solution of the above equation depends on is a defined as follows

(Giaever et al. 1991):
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where p is the resistivity of the cell culture medium acting as the electrolyte and / is the distance
between the ventral side of the cells and the ECIS gold-film substrate (Giaever et al. 1986,
Giaever et al. 1991, Wegener et al. 2000).

ECIS-based transendothelial or impedance studies have been performed primarily under
static cell culture conditions with the exception of a limited number of studies conducted under

fluid shear stress.

DePaola studied the behavior of bovine aortic endothelial cells under shear stress conditions
at 10 dyn/cm? for either a duration of 5 h or for two consecutive 30 min cycles separated by a2 h
time window of paused shear stress. The study reported that TEER of the monolayer increased
sharply by approximately 1.2-fold of the baseline values within the first 15 min from the onset of
flow followed by a gradual decrease in resistance by 0.85 and 1.1 times the baseline values after
5 h and 30 min respectively. Bovine aortic endothelial cells revealed a reversibility of the
flow-induced impedance changes when the flow component was removed (DePaola et al. 2001).

Endothelial responses occur in a dynamic fashion as a function of the applied shear stress levels,

28



potential pre-treatments of endothelial cells with biochemical agents, exposure of cells to
inhibitors or the silencing of signaling molecules. Changes in electrical impedance and resistance
also reflect signaling events and morphological adaptation of endothelial cells to flow-induced

shear stress.

Phelps et al. used the ECIS model to confirm the broadly accepted theory that shear stress
gradients in regions of disturbed flow patterns induce structural and functional changes in
intercellular junction protein complexes resulting in an increase of endothelial permeability and
augmentation of transendothelial shuttling of macromolecules. In their study, Phelps et al. used
bovine aortic endothelial cells and subjected them to disturbed fluid shear stress while
monitoring changes in impedance and resistivity of the monolayer. Bovine aortic endothelial
cells exposed to disturbed flow patterns exhibited significant increases of transendothelial
transport of macromolecules in regions of pronounced shear stress gradients revealing that
spatial variations in shear stress have a direct impact in the regulation of endothelial barrier

function and transendothelial transport of macromolecular components (Phelps et al. 2000).

In another study, Breslin et al., subjected adult human dermal microlymphatic endothelial
cells to laminar flow conditions at a baseline level of 0.5 dyn/cm? with subsequent increases in
the shear stress level to 2.5, 5 and 9 dyn/cm?. Increases in endothelial permeability occurred as a
function of shear stress levels but returned to the baseline permeability within 30 min when the
fluid shear stress was adjusted back to 0.5 dyn/cm?. Interestingly, the magnitude-dependent
response in barrier function was nullified when the cells were incubated with 10 uM phalloidin
that inhibited actin dynamics. Endothelial barrier function was further disturbed by inhibiting the
activity of Racl with 50 uM NSC23766 — an inhibitor of Racl activation — indicating that
lymphatic endothelial cells respond dynamically to variations in flow shear stress. Furthermore,

these changes occurred in a Racl-mediated manner (Phelps et al. 2000, Levay et al. 2013).

Bevan et al., showed that the relationship between laminar shear stress and the endothelial
nitric oxide is one of the key determinants of endothelial cell responses in the systemic

circulation. They used glomerular endothelial cells in tissue sections and subjected them to
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physiologically relevant levels of laminar shear stress at 10-20 dyn/cm?. After exposure to
laminar flow shear stress levels for a duration of 24 h the glomerular endothelial cells aligned to
the flow orientation with their stress fibers parallel to the direction of flow. Fluid shear stress
triggered Akt and endothelial nitric oxide phosphorylation. It also resulted in increased levels of
nitric oxide production, whereas inhibition of the phosphatidylinositol 3-kinase/Akt (PI3K/Akt)
pathway attenuated the phosphorylation of endothelial nitric oxide and the nitric oxide

production levels. Expectedly, laminar shear stress also induced barrier function changes (Bevan

etal. 2011).

1.6 Sepsis

Sepsis is defined as a complex systemic inflammatory response syndrome triggered by the
invasion of pathogenic microorganisms. It manifests clinically as a dysregulated systemic
response of the innate immune system (Bone et al. 1992, Galley 2011, Nduka et al. 2011, Aziz et
al. 2013, Schulte et al. 2013).

Sepsis that is accompanied by single or multiple organ failure is termed severe sepsis or
septic shock in the presence of arterial hypotension (Levy et al. 2003, Levy et al. 2010, Galley
2011, Nduka et al. 2011, Aziz et al. 2013, Schulte et al. 2013).

Historically, sepsis represents one of the first pathological conditions with reports dating
back to the time of the Hippocrateans. Ever since sepsis has remained a primary medical
challenge to modern-day biomedicine despite the tremendous advances in modern biomedical
technology, clinical settings and ICUs and despite a coordinated effort to tackle and elucidate in
a fundamentally profound way its molecular underlying mechanisms. Perhaps the most profound
manifestation of the challenges that sepsis poses to clinicians and research scientist, remains the

fact that currently there are no available treatments for this condition.
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1.6.1 Pathophysiology of sepsis

The pathophysiology of sepsis is overly complex and its underlying molecular mechanisms
are far from fully elucidated. There is a consensus about the onset of sepsis in that it is triggered
when pathogenic microorganisms gain access to the bloodstream. LPS, flagellin, peptidoglycan,
bacterial DNA and zymosan have an intricate ability to activate the innate immune system.
Collectively, LPS, flagellin, peptidoglycan, bacterial DNA and zymosan are referred to as
pathogen-associated molecular patterns (PAMPs) (Fink et al. 2014). PAMPs activate the innate
immune system by engaging toll-like receptors (TLRs), monocytes, macrophages,
polymorphonuclear leukocytes, pulmonary epithelial cells and most notably endothelial cells that
are the primary focus in the current study. Besides the direct dissemination of invading
pathogens, a host may develop sepsis due to secondary causes triggered by postsurgical
interventions, traumata, burns, hemorrhages and gut ischemia (Pastores et al. 1996, Mokart et al.
2005, Lever et al. 2007, Bognar et al. 2010, Cai et al. 2010). Typical LPS levels in septic patients
have been reported to range between 0.2 and 1 ng/mL (Marshall et al. 2002, Stief et al. 2007,
Buttenschoen et al. 2008).

Endothelial microvascular endothelial cells respond to LPS by increasing their permeability
and thus, facilitating the transmigration of leukocytes to the infected tissue regions. At the same
time, LPS-induced barrier dysfunction leads to disruption of homeostasis, organ dysfunction and
lung edema (Gong et al. 2008, Kolosova et al. 2008, Tiruppathi et al. 2008). LPS-induced
endothelial microvascular hyperpermeability has been associated with the activation of Src
family kinases. Moreover, it actively participates in the phosphorylation of adherens protein

complex constituents (Gong et al. 2008).

1.6.2 Clinical manifestations of sepsis

The clinical manifestations of sepsis are characterized by a broad variability dependent on
the nature of the causative pathogens, the underlying health status of the patient, the time interval
between diagnosis and administration of treatment and the responsiveness of the patient to

administered treatment. The cardiopulmonary system is in the majority of cases most vulnerable
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to acute organ dysfunction (Angus et al. 2013). Damage to the respiratory system is clinically
manifested as acute respiratory distress syndrome, defined as hypoxemia with bilateral infiltrates
of non-cardiac origin (Ranieri et al. 2012). Cardiovascular complications are primarily
manifested as hypotension or an elevated serum content of lactate requiring the use of
vasopressors. At the same time, the possible presence of myocardial dysfunctions pose additional

therapeutic challenges (Dellinger et al. 2008).

From a clinical standpoint, typically patients who present with sepsis, experience symptoms
of fever, anorexia, tachycardia, systemic arterial hypotension, systemic vascular resistance,
abnormal sensorium, leukocytosis, leukopenia, thrombocytopenia, impaired blood coagulation
and elevated concentrations of blood lactate (Fink et al. 2014). Paradoxically, pro-inflammatory
and anti-inflammatory host responses coexist during the clinical manifestation of sepsis.
Although the systemic inflammatory response syndrome (SIRS) criteria as defined during the
consensus definitions established in 1992 and slightly modified in 2004 offer clinical guidelines
and allowed for patients to participate in clinical sepsis trials, this approach has been recently

challenged (Vincent et al. 2013).

1.6.3 Epidemiology of sepsis

The number of septic patients in the United States exceeds 750,000 cases annually posing
not only a public health threat but also a financial burden (Angus et al. 2001, Angus et al. 2006,
Angus et al. 2013, Mayr et al. 2014). The financial expenses caused by sepsis have been
estimated at $16.7 billion annually in United States alone (Sands et al. 1997, Angus et al. 2001,
Angus et al. 2006, Ernst et al. 2006). Angus et al. reported that one out of six patients diagnosed
with severe sepsis has an underlying neoplastic disease placing them at a 30% higher risk of
mortality compared to cancer-free patients suffering from severe sepsis (Angus et al. 2001,
Williams et al. 2004, Angus et al. 2006, Angus et al. 2013). The evidently increased risk of death
among cancer patients diagnosed with severe sepsis may be attributed to opportunistic or
nosocomial infections, increased production of cytokines and chemokines and a distinctly

compromised immune system. Patients with hematologic cancers appear to be more
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immunocompromised than patients with solid organ malignancies while cancers associated with
vital organs are more likely to cause organ impairment. The occurrence of sepsis and severe
sepsis has been described as a significant cause of death among cancer patients and represents a
major burden in the availability of treatment options (Williams et al. 2004). Besides cancer
patients, diabetics are also associated with increased vulnerability to infectious pathogens that
may develop and lead to sepsis (Shah et al. 2003, Muller et al. 2005, Koh et al. 2012). Beyond
the civilian population undergoing sepsis caused either as a direct result or as a secondary cause
triggered by an underlying disease (e.g., hematologic or solid cancers, diabetes mellitus),
military personnel is in particular affected by sepsis. Combat-related casualties among military
personnel leading to severe sepsis are leading causes of morbidity and mortality with mortality

rates exceeding 50% (Surbatovic et al. 2007, Murray 2008).

1.6.4 Biomarkers of sepsis

It is evident that distinguishing between non-infectious related SIRS from sepsis is crucial
especially considering that early diagnosis of sepsis is critical for a favorable outcome and has a
direct impact on survival. Concerted efforts for the development of assays that will permit the
timely and accurate diagnosis of sepsis in patients are multivariate and include not only
pharmacological approaches but also biotechnological solutions with the development of
electronic biochips. Currently, the only FDA-approved biomarker is procalcitonin. Procalcitonin
is an 116-amino acid protein whose levels are less than 0.1 pg in healthy individuals as opposed
to septic patients who present with increased levels of this protein in their systemic circulation.
Pentraxin, soluble decoy receptor 3 (also known as TNFRSF6B), the high-affinity
immunoglobulin Fey surface receptor I (also known as CD64) and the cytokine interleukin-27
are also biomarkers that are frequently used clinically for distinguishing non-infectious SIRS
from sepsis (Cid et al. 2010, Huttunen et al. 2011, Kim et al. 2012, Uusitalo-Seppala et al. 2013,
Wong et al. 2013, Fink et al. 2014, Wong et al. 2014).

Endotoxin triggers macrophages leading to an increase in the release of a plethora of early

pro-inflammatory mediators, such as tumor necrosis factor alpha (TNFa), interleukin-13 (IL-1p),
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interleukin-6 (IL-6), interleukin-8 (IL-8), Interferon gamma (IFN-y) and monocyte
chemoattractant protein-1 (MCP-1) and also result in augmented levels of secondary mediators
for tissue injury, such as nitric oxide and reactive nitrogen species (Opal et al. 2002, Lakhani et
al. 2003). During sepsis, neutrophils are activated and while initially they assist in neutralizing
invading bacteria, they may contribute at later stages to tissue injury induced by respiratory
burst, cytotoxicity, degranulation, organ damage and most importantly increased vascular

permeability (Hoesel et al. 2005).

1.6.5 Mitochondrial dysfunction in sepsis

A sepsis-induced inflammatory response has direct consequences on mitochondrial function.
Impaired tissue perfusion due to intrinsic and extrinsic fluid loss, myocardial depression,
microcirculatory disturbances in blood flow and loss of vascular tone, have the potential to result
in tissue hypoxia directly affecting the capacity of oxygen availability at the mitochondria level
and hence severely compromising the ability of oxidative phosphorylation of adenosine
diphosphate (ADP) to adenosine triphosphate (ATP) (Stidwill et al. 1998, Srinivasan et al. 2012).
During sepsis and severe sepsis antioxidant host defenses are compromised resulting in
substantial damage to lipids, proteins and nucleic acids in mitochondria. An example of how an
overly compromised immune and antioxidant host system can further lead to complications is
peroxidation of the mitochondrial lipid cardiolipin. Cardiolipin is located in the inner
mitochondrial membrane (Figure 1.10) and contributes primarily to energy metabolism.
Peroxidation of cardiolipin leads to the dissociation of cytochrome c, reduced ATP production
and increased release of reactive oxygen species (Droge 2002, James et al. 2002, Turrens 2003,
Kakkar et al. 2007). Due to the proximity of mtDNA to the electron transport system, mtDNA
may contribute to mutations. Since mtDNA as opposed to genomic DNA does not contain any
non-coding sequences, the probability of mutations leading to functional impairment are

significantly higher (Ozawa 1999, Van Remmen et al. 2001).

Inflammatory-induced host responses that are further triggered by oxidative stress occur

through the activation of redox pathways for transcription activation and an increased presence
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of inflammatory mediators in the systemic circulation including cytokines and pentraxin-3

(Arnalich et al. 2000, Paterson et al. 2000, Hill et al. 2009).

Due to the overwhelming evidence linking sepsis and mitochondrial dysfunction,
sepsis-induced mitochondrial impairment has remained the subject of intense research. It has
further been hypothesized that mitochondrial dysfunction may partially contribute to organ
failure that manifests clinically in the case of severe sepsis (Brealey et al. 2003, Brealey et al.
2004, Crouser 2004). In addition, mitochondrial dysfunction has been intensely studied in animal
models of sepsis (Gellerich et al. 1999, Crouser et al. 2002, Gellerich et al. 2002, Brealey et al.
2003, Brealey et al. 2004, Crouser 2004).

Despite the fact that oxidative stress due to mitochondrial dysfunction has been linked to the
pathophysiology of organ failure in severe sepsis, it would appear logical that antioxidant
approaches could prove valuable (Galley 2011). Nonetheless, antioxidant treatment in critically
ill patients suffering from sepsis and severe sepsis did not show promising results (Mishra 2007,

Victor et al. 2009).

1.6.6 Animal sepsis models

Animal models are employed with the ultimate goal to generate translatable results with the
potential to be extrapolated and applicable to human conditions (Warren et al. 2010). Due to the
high mortality rates of septic patients there is a concerted ongoing research on multiple levels in
an effort to understand and tackle the underlying molecular mechanisms of sepsis and offer
treatment options. In this tireless effort, animal models are a substantial part and an

indispensably valuable tool in the hands of researchers.

Sepsis animal models have come into scrutiny due to the existence of substantial differences
in the way vertebrate species confront infection. This may cast acquired insights based on animal
studies as futile (Warren et al. 2010). The differences in the protective mechanisms of species
with regard to invading microorganisms are duo to resistance and tolerance (Raberg et al. 2007,

Schneider et al. 2008). Warren et al. suggested that the protein composition of blood sera among

35



different species accounts for the discrepancies in suppressing macrophage-mediated production
of inflammatory cytokines. Their studies show that mouse serum suppressed significantly the
production of LPS-mediated TNFa by peritoneal macrophages to a much greater extend when
compared to human serum (Warren et al. 2010). Considering the wide discrepancies in the
response of different animal species to LPS (Table 1.1) and in particular the striking difference
between humans and mice, it stands to reason that in the effort to better elucidate sepsis, animal

studies need to be put in perspective.

A commonly used technique to assess molecular signaling pathways in sepsis models is to
challenge animal subjects with LPS, an antigen present on the cellular membrane of
Gram-negative bacteria (Warren et al. 2010). The dose of LPS used to provoke immune
responses in mice lies usually in the range between 1 — 25 mg/kg (Schaedler et al. 1961, Glode et
al. 1976, McCuskey et al. 1984, Reynolds et al. 2002). Considering that the dose of LPS that is
injected in single bolus IV injections into human volunteers to induce immune reactions lie in the
range of 2 — 4 ng/kg, it is obvious that mice exhibit a significantly higher tolerance toward LPS
(Sauter et al. 1980, Suffredini et al. 1989, van der Poll et al. 1990, Copeland et al. 2005). In a
separate report, a patient was admitted to the ER with septic shock as a result of
self-administration of 1 mg of Salmonella minnesota endotoxin intravenously 2.5 h before
admission in an attempt to treat a previously diagnosed tumor. The patient’s core temperature
and heart rate returned to normal levels only after approximately 60 h (Taveira da Silva et al.
1993). Copeland et al. compared acute inflammatory responses to endotoxin in mice and humans
and observed numerous alterations in hematologic and cytokine markers. Changes in peripheral
white blood counts (WBCs) after endotoxin injection increased over a 24 h period in humans, but
the mice showed no significant alterations. Differential cell counts revealed similar patterns for
the peripheral neutrophils and lymphocytes in humans and mice despite the fact that the majority
of the circulating WBCs in humans are neutrophils, whereas in mice the majority are
lymphocytes. Cytokines demonstrated a time-dependent increase and returned to baseline levels

during the 24 h time course (Copeland et al. 2005). TNF soluble receptor-1 (TNFR-1) appeared
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increased in human serum reaching peak levels within the first 2 h after injection, but there were

no noticeable differences in the mouse plasma.

Despite the fact that obvious differences in LPS tolerance between humans and mice exist,
the role of endotoxin in sepsis and septic shock has been challenged (Taveira da Silva et al.
1993). Independent animal and clinical studies have shown that microorganisms devoid of
endotoxin have the ability to induced septic shock and that products of Gram-negative bacteria
other than endotoxin may cause sepsis and septic shock leading to mortality (Parker et al. 1987,
Natanson et al. 1989, Danner et al. 1990). Although Gram-positive bacteria do not contain
endotoxin on their cell walls they do express peptidoglycan and lipoteichoic acid that upon entry
into the bloodstream can attach to cell surface receptors and act in a pro-inflammatory fashion
(Majcherczyk et al. 1999, Wang et al. 2000, Morath et al. 2001). Gram-positive bacteria produce
potent exotoxin with serious implications in septic shock (Cohen 2002). Staphylococcus aureus
is a Gram-positive bacterial strain producing the toxic-shock syndrome toxin 1 that has been
implicated in toxic shock (Adams et al. 2009). Toxic shock syndromes belong to the most severe
forms of septic shock due to the fact that they may occur without prior warning symptoms in

healthy individuals reaching mortality rates greater than 50% (Cohen 2002, Adams et al. 2009).

1.7 Fluid shear stress and the vascular endothelium

Application of fluid shear stress to endothelial cells activates signal transduction molecules
triggering downstream signaling cascades that allow the endothelium to translate mechanical
forces from the immediate microenvironment to biochemical signaling. Since endothelial cells
remain constantly exposed to blood-induced hemodynamic forces, it stands to reason that they
are equipped with a wide range of mechanosensitive components ranging from ion channels,
heterotrimeric G proteins, small GTPases, protein kinases to adherens and tight junction

complexes (Chien 2007, Wang et al. 2009).

37



Many of the cellular components are known to play pivotal roles in how endothelial cells
respond to flow-induced shear stress. In the following sections, the effort is undertaken to
describe briefly these cellular components and their role in the regulation of fluid shear stress

response.

Endothelial cell responses to fluid shear stress vary and include changes in the
electrophysiological membrane potential, gene regulation, protein synthesis and expression,
transcription factor activation, morphological changes and activation of G proteins (Davies 1989,

Davies et al. 1993, Davies et al. 1997, Tzima 20006).

During fluid shear stress-induced mechanotransduction, mechanical forces from the cellular
microenvironment are converted to biochemical signaling and transmitted to the interior of
endothelial cells. Endothelial cells, in turn, translate these signals and respond to them by
initiating a series of cell signal transduction pathways, including gene and protein expression

(Langille et al. 1986, Zhang et al. 2008).

The endothelium with the entirety of its mechanosensitive components is essential for
homeostasis by maintaining anticoagulant properties, by actively participating in vasoregulation
and most importantly by regulating vascular permeability. Endothelial cells mediate the
responses to acute and chronic inflammatory conditions (e.g., sepsis and severe sepsis) (Langille

et al. 1986, Zhang et al. 2008).

Fluid shear stress-mediated signaling to subcellular sites remotely located from the luminal
surface underscores the importance of the cytoskeletal transmission of forces. Shear stress is a
major regulator in phosphorylation events at sites of focal adhesion sites. Endothelial adherens
and tight junction complexes have been implicated in rapid phosphorylation events from the

onset of flow-induced shear stress (Fujiwara et al. 2001, Shyy et al. 2002, Tzima et al. 2005).

Intriguingly, the nuclear membrane of endothelial cells undergoes changes as

cytoskeleton-mediated stress is transmitted having a potential effect on allowing transcription
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factors to enter the nuclear space through nuclear pores and thereby influence gene expression

(Maniotis et al. 1997, Dalby et al. 2007).

Laminar shear stress has been implicated in the regulation of several genes related to the
vasculature. In endothelial cells, it suppresses the cell cycle transition from the G1- to the
S-phase leading to increases of p21, a known inhibitor of cyclin-dependent kinases. The
maintenance of physiological shear stress levels prevents endothelial cells to undergo apoptosis
in response to several stimuli, including TNFa, oxidized LDL and angiotensins II (Dimmeler et

al. 1996, Dimmeler et al. 1999, Akimoto et al. 2000, Lin et al. 2000).

Fluid shear stress-mediated activation of Rho is associated functionally to endothelial cell
migration, MAPK signaling pathway and cytoskeletal reorganization, whereas inhibition of

RhoA with C3 exoenzyme restricts endothelial migration (Hsu et al. 2001).

Several threonine/serine and tyrosine kinases are located near the plasma membrane of
endothelial cells, focal adhesions and the cytoplasm. Focal adhesion kinase (FAK), c-Src, PI3K,
MLCK and the Akt kinase are among these kinases (Li et al. 1997, Bhullar et al. 1998, Dimmeler
et al. 1998, Go et al. 1998, Jalali et al. 1998, Watanabe et al. 1998, Chen et al. 1999). For
example, PI3K, Akt and protein kinase A (PKA) pathways are involved in the synergistic
regulation of endothelial nitric oxide synthase leading to increased levels of nitric oxide

production (Dimmeler et al. 1999, Boo et al. 2002).

Fluid shear stress plays a pivotal role in the regulation of vascular remodeling, restructuring
of blood vessels, blood pressure, atherogenesis, response to chronic and acute inflammatory
conditions, cardiac embryogenesis and atherogenesis (Langille et al. 1986, Davies 1997,

Takahashi et al. 1997, Chien et al. 1998, Hove et al. 2003).

More importantly, shear stress mediates the initiation of several cell signal cascades in
endothelial cells including the regulation of potassium and calcium channels, activation of

heterotrimeric and small G proteins, nitric oxide production, tyrosine phosphorylation of proteins
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(e.g., c-Src, FAK), activation of mitogen-activated protein kinase, PKC, activation of
transcriptional regulators (e.g., c-fos, c-jun, c-myc, NF-kB) (Naruse et al. 1993, Khachigian et al.
1995, Tseng et al. 1995, Li et al. 1996, Li et al. 1997, Yoshikawa et al. 1997, Gudi et al. 1998,
Traub et al. 1998).

The following sections list several other elements playing pivotal roles in vascular

endothelial biology under conditions of fluid shear stress.

1.7.1 Adhesion proteins

Selectins are carbohydrate-binding molecules with a binding affinity to fucosylated and
sialylated glycoprotein ligands. They are expressed on endothelial cells, leukocytes and platelets.
L-selectin is expressed exclusively on leukocytes while E-selectin is restricted to endothelial
cells. Selectins exhibit significant levels of homology among different species or within the same
species with the exception of transmembrane and cytoplasmic domains. The lectin domain
binding sugars exhibits high degrees of conservation, suggesting that L-, P-, and E-selectins bind
similar sugar structures. Ironically, the transmembrane and cytoplasmic domains reveal a
significant conservation across species but not among the selectin of the same species (Ley
2003). P-, and E-selectins are expressed at high-density levels on the luminal plasma membrane
in the vascular endothelium (Ley 2008). These selectins are also present as soluble molecules in
serum or plasma and their level in the blood may be considered as risk factors for vascular

disease (Demerath et al. 2001).

The adhesion molecule E-selectin is exclusively confined to endothelial cells and is
expressed in activated and not resting endothelial cells (Feuerhake et al. 1998). When vascular
endothelial cells transition from resting to activated during the pathogenesis of an inflammatory
response, expression of E-selectin is initiated and largely confined to postcapillary venules
(Petzelbauer et al. 1993, Yano et al. 2006). P-selectin is expressed in endothelial cells and in
megakaryocytes. When endothelial cells are in their resting state, P-selectin is stored
intracellularly in Weibel-Palade bodies and similarly to E-selectin, its expression is confined to a

great extent in postcapillary venules (McEver et al. 1989, Keelan et al. 1994). Upon activation,
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P-selectin is translocated to the cell surface of endothelial cells and platelets. E-selectin is not
expressed in resting endothelial cells with the sole exception of skin microvessels that do express

E-selectin following the presence of cytokines (Keelan et al. 1994).

Eppihimer et al. attempted to characterize expression levels of E-, and P-selectins under in
vivo conditions after LPS challenge. The study reported that maximal expression of P-selection
occurred at 4 h after intraperitoneal administration of LPS. The levels of P-selectin retreated to a
steady state level lasting for a duration of 24 h (Eppihimer et al. 1996). The time required to
reach peak values for P-selectin expression under in vivo conditions agreed with previous in vitro
observations (Weller et al. 1992, Hahne et al. 1993, Shen et al. 1995, Eppihimer et al. 1996).
Unlike the time window to reach maximal expression, though, elevated values for P-selectin
between 4 h and 24 h were not in agreement with in vitro studies. Cytokine-induced expression
of P-selectin in endothelial cells under in vitro conditions revealed significantly lower expression
values after the 4 h peak time (Hahne et al. 1993, Eppihimer et al. 1996). The differences were
attributed to the possibility that in vivo, LPS may trigger other cell types to secrete cytokines in
an effort to maintain expression levels of P-selectin in postcapillary venules (Eppihimer et al.

1996).

1.7.2 Ton channel activation

Ton channels respond in a rapid manner to flow-induced shear stress. K™ ion channels
activate inwardly in a time scale of milliseconds after initiation of shear stress. The K" is not
only Ca*" activated but also transcriptionally regulated by fluid shear stress (Olesen et al. 1988,
Cooke et al. 1991, Jacobs et al. 1995, Forsyth et al. 1997, Ballermann et al. 1998). Endothelial
cells in the vasculature respond by activating different ion channels depending on the vascular

bed across the endothelium (Olesen et al. 1988, Ballermann et al. 1998).

1.7.3 Calcium
Endothelial cells express a variety of Ca**-permeable ion channels, including
receptor-mediated ion channels (Adams et al. 1989). Exposure of endothelial cells to fluid shear

stress is known to induce a rapid production of inositol 1,4,5-trisphosphate (IP3) and
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diacylglycerol (DAG) from membrane phosphatidylinositol (Adams et al. 1989, Prasad et al.
1993). A decrease in calcium concentration in the culture medium resulted in the prompt

disassembly of VE-cadherin and catenins at endothelial cell junctions (Dejana et al. 1995).

1.7.4 Caveolae

Caveolae mediate transcellular transfer of blood-borne molecules across the endothelium.
Caveolae are 70 nm membrane-bound and flask-shaped vesicles that usually remain open to the
luminal or abluminal side (Aird 2007). Some caveolae exhibit a non-membranous stomatal
diaphragm containing the plasmalemma protein-1 (Stan et al. 1999, Aird 2007). The density of
caveolae is estimated to be approximately 10,000 per individual cell in the capillary
endothelium, a number far greater when compared with arteries, arterioles, veins or venules.
Caveolae contain a smooth inner surface in contrast to the electron-dense coat of clathrin-coated
pits. Endothelial cells across the vasculature contain a far greater number of caveolae than
clathrin-coated pits with the exception of liver sinusoids (Aird 2007). Among the different
continuous nonfenestrated endothelial beds, the number of caveolae is highest in the heart, the
lungs, and the skeletal muscles (Bendayan 2002, Aird 2007). In contrast, caveolae are sparsely
present in the brain endothelium (Simionescu et al. 2002). Despite the fact that caveolae also
exist in non-endothelial cell types, caveolin-1, the major structural protein of caveolae is
regulated by distinct transcriptional mechanism in endothelial cells (Kathuria et al. 2004, Aird

2007).

1.7.5 Primary cilia

Primary cilia project outwards form the plasma membrane toward the extracellular
microenvironment (Davenport et al. 2005). They depend on intraflagellar transport to assist in
providing them with ciliary receptors and channel proteins as they lack protein synthesis
mechanisms (Kozminski et al. 1993, Rosenbaum et al. 2002, Kwon et al. 2006, Yoder 2007).
Bystrevskaya et al. reported the presence of endothelial primary cilia in the vascular endothelium
(Bystrevskaya et al. 1988, Kwon et al. 2006). It has been established that expression of

endothelial primary cilia correlates with the level of fluid shear stress profile for the respective
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vascular bed. Iomini et al. demonstrated that primary cilia of endothelial cells under in vitro
conditions disassembled when exposed to laminar flow-induced shear stress (Iomini et al. 2004).
Furthermore, it has been reported that absence of cilia desensitizes endothelial cells to

fluid-induced shear stress (Kwon et al. 2006, Hierck et al. 2008).

1.7.6 Cytoskeleton

The endothelial cytoskeleton is essential in providing the mechanical mainframe for
maintaining and performing basic cellular functions. The cytoskeletal functions in the vascular
endothelium are of critical importance especially due to the fact that cells are constantly exposed
to hemodynamic forces. Similarly to other cell types, the endothelial cytoskeleton consists of
three basic components: (i) actin microfilaments, (ii) microtubules, and (iii) intermediate
filaments. The cytoskeletal components are not independent from one another but form a
communication network through which they coordinate in maintaining endothelial homeostasis

(Dudek et al. 2001, Shimizu et al. 2013).

Endothelial cells remain in direct contact with circulating components in the blood, and the
lymphatic fluid. Hence, the cytoskeleton is an integral part of a critically important endothelium
in mechanotransduction, angiogenesis, apoptosis, motility, vasculogenesis, vascular response to
inflammation by participating in the regulation of paracellular protein complexes with a direct
impact on leukocyte diapedesis and ultimately endothelial barrier function (Majno et al. 1961,

Garcia et al. 1986, Hirata et al. 1995, Dudek et al. 2001, Shimizu et al. 2013).

Cytoskeletal actin and myosin components comprise approximately 15-20% of endothelial
cell protein content demonstrating the importance of actomyosin filaments in the performance of
endothelial cell functions (Gottlieb et al. 1991). Actin filaments interact with proteins at the
plasma membrane site in processes that involve cell-cell and cell-ECM interactions by stabilizing
intercellular proteins. Their involvement in the regulation of intercellular protein complexes
demonstrates their active participation in the regulation of endothelial barrier function and
therefore, their active role in the exchange of oxygen, nutrients and waste products between the

blood and the tissues (Dudek et al. 2004). The microtubules of endothelial cytoskeleton consist
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of a-, and B-tubulins, compression-resistant hollow rods. Their main function is to support cell
structure maintenance and the formation of spindles during mitosis (Klymkowsky 1999, Goode

et al. 2000).

The endothelial cytoskeleton interacts with membrane-bound junction complex proteins in
the regulation of: (i) cell shape and mechanical stability, (ii) motility and migration, and (iii)
cell-cell and cell-ECM interactions (Dudek et al. 2004, Mehta et al. 2006). The actin
microfilament system is focally linked to a multitude of protein members of the zona occludens,
zona adherens, glycocalyx components, and focal adhesion complex proteins (Dudek et al.

2004).

Focal adhesions and cell-ECM complexes also interact in regulating the integrity of vascular
endothelial cells and consequently maintain barrier function integrity. The focal adhesion
complexes form linkages between the ECM and the actin cytoskeleton via integrins. Integrins in
turn interact with a spectrum of actin-binding proteins, such as a-actinin, talin, filamin, vinculin,
paxillin, zyxin, and tensin (Mehta et al. 2006). The transmembrane integrins are associated with
FAK, a tyrosine kinase that is recruited to the complex by tyrosine phosphorylation orchestrated

by permeability-inducing agonists (Burridge et al. 1987, Romer et al. 1992).

During pathophysiological edema formation in the pulmonary endothelium, paracellular
gaps form at sites of inflammatory edema. This process compromises endothelial barrier
integrity and results in prominent cell shape alterations implicating the direct engagement of
endothelial structural components comprised of cytoskeletal microfilaments and microtubules

(Majno et al. 1961, Shimizu et al. 2013).

1.7.7 Glycocalyx

The glycocalyx plays an essential role in microvascular physiology by actively regulating
endothelial permeability (Woodcock et al. 2012). Hemodynamic forces originating from blood
flow through the circulatory system results in the formation of a frictional process. The friction

created as the blood flows over the endothelial structures remains low due to the endothelial
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glycocalyx (Figure 1.11) — a proteoglycan layer lining the luminal surface of the endothelium

(Pries et al. 2000, Van Teeffelen et al. 2007, Weinbaum et al. 2007, Fels et al. 2014).

The endothelial glycocalyx, comprised by a polymer structure rich in water and anionic
charges (e.g., heparan sulfate), serves as a functional cushion between the erythrocytes and the
endothelial membrane. The anionic properties of the endothelial glycocalyx exert negative
electrostatic forces keeping the negatively charged erythrocytes at a safe distance from the
plasma membrane of the endothelial layer. Consequently, erythrocytes exhibit a minimal
adhesiveness to the endothelium allowing blood to flow in a virtually frictionless manner
through the blood vessels (Liu et al. 2009). This indicates the essential role that endothelial
glycocalyces play in the regulation of blood flow (Vink et al. 1995, Secomb et al. 1998, Reitsma
et al. 2007, Stevens et al. 2007, Liu et al. 2009). Computational models studying the interaction
between fluidic shear stress and its effect on endothelial glycocalyces have postulated that
flow-induced shear stress is dissipated in the glycocalyx prior to reaching the plasma membrane
of endothelial cells. The removal of heparan sulfate glycoaminoglycans by means of enzymatic
digestion lead to a diminished production of vasodilatory factors in response to fluidic shear

stress (Florian et al. 2003).

The thickness of the endothelial glycocalyx ranges from a few hundreds nanometers in
capillary endothelial cells to a few micrometers in the arterial endothelium (Figure 1.12).
Typically the thickness of the glycocalyx layer ranges from approximately 100 nm to 1000 nm.
Volumetrically, it has been estimated that the glycocalyx comprises a volume of approximately
1.7 L (van den Berg et al. 2003, van Haaren et al. 2003, Nieuwdorp et al. 2006, Reitsma et al.
2007, Nieuwdorp et al. 2008). Since the glycocalyx is the very first endothelial cell component
subjected to hemodynamic forces it stands to reason that its proper function is of essential
significance in the conductance of biomechanical and biochemical signaling from the cellular

microenvironment into the endothelial cells (Fels et al. 2014).

Furthermore, studies have reported that the endothelial glycocalyx serves as a barrier by

allowing macromolecules (e.g., albumin) to stay embedded in its structure (Stevens et al. 2007).
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Consequently, the endothelial glycocalyx is essential for the regulation of endothelial

permeability (Becker et al. 2010, Dvorak 2010, Curry et al. 2012, Peters et al. 2012).

However, pathophysiological conditions (e.g., inflammation, sepsis) can cause damage to
the endothelial glycocalyx resulting in its shedding that is manifested by a gradual degradation
and loss of its negative charge (Devaraj et al. 2009, Lipowsky et al. 2011, Kolarova et al. 2014).
A direct consequence of a deteriorated glycocalyx that does no longer exert a negative charge
leads to an intimate contact with erythrocytes and endothelial cells with increased drag forces

exercised by the blood flow (Liu et al. 2009).

During the pathophysiology of sepsis, exposure of endothelial cells to LPS or TNFa causes
a reduction in thickness and stiffness of the glycocalyx that is clinically manifested in loss of
vascular tone, loss of albumin, hypovolemia, edema formation and in the case of severe sepsis,
organ dysfunction while persistence of these alternation has been linked to a poor clinical

outcome (Wiesinger et al. 2013, Chelazzi et al. 2015).

In a rat experimental model of sepsis, increased levels of TNFa correlated with reduced
expression of syndecan-1. Moreover, the interaction of syndecan-1 with TNFa initiates structural
rearrangement of endothelial cells and disassembly of junction complexes that results in

increased paracellular permeability (Christaki et al. 2008, Adembri et al. 2011).

TNFa-induced mast-cell degranulation results in the release of cytokines and mast-cell
derived TNFa. TNFa-induced mast-cell degranulation has been implicated in the shedding of the
glycocalyx (Gilles et al. 2003, Reil et al. 2007, Zhang 2008, Chappell et al. 2009). Furthermore,
it leads to the liberation of proteases (e.g., tryptase and cathepsin B) allowing for the cleavage of

which syndecans and hyaluronan from the endothelial membrane (Annecke et al. 2010).

Despite the insights that numerous studies have reported with regard to the endothelial
glycocalyx, accumulating evidence points to the fact that some cultured endothelial cell types do

not exhibit a glycocalyx layer as it occurs under in vivo conditions (Potter et al. 2008). The
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observation that substantial structural and compositional differences exist between endothelial
cells grown under static cell culture conditions and endothelial cells subjected to fluid shear
stress raises concerns about in vitro glycocalyx models (Potter et al. 2008, Curry et al. 2012).
The complication arising from these studies indicate the importance of imitating the endothelial
microenvironment as closely as technically possible to in vivo conditions, in particular with

regard to flow-induced shear stress.

1.7.8 Integrins

Integrins are heterodimeric adhesion receptor proteins formed by the non-covalent pairing of
a and P subunits at the plasma membrane. Each subunit is a type I transmembrane glycoprotein
composed of a relatively large extracellular domain, and a short cytoplasmic tail with the
exception of the B4 subunit (Hynes 1987, Ruoslahti et al. 1987, Hynes 1992, Giancotti et al.
1999, Hynes 2002). Mammalian cells contain 18 a- and 8 B-subunits leading to a combination of
at least 24 different heterodimers that have been identified thus far. Cell-cell and cell-ECM
adhesion is mediated by the binding interaction of the extracellular domain of integrins to diverse
protein ligands and the subsequent conformational changes in the cytoplasmic tail leading to the
initiation of cellular signaling events and ultimately the translation into dynamic cellular
responses, such as cell spreading, migration and cell survival or apoptosis. The short cytoplasmic
tails of heterodimeric integrins interact directly with intracellular ligands through which the
receptors connect with signaling pathways and cytoskeletal networks (Ruoslahti et al. 1987,
Gehlsen et al. 1988, Ruoslahti et al. 1994, Giancotti et al. 1999, Critchley 2000, Geiger et al.
2000, Liu et al. 2000, Brakebusch et al. 2003, Calderwood 2004).

The majority of integrins recognize extracellular matrix proteins. Similarly, extracellular
matrix proteins (e.g., fibronectin, laminins, collagen, vitronectin) have a binding affinity toward
integrins (Hynes 1987). Integrins have the inherent ability to signal through the cell membrane in
a bidirectional manner. The extracellular domain of integrins relays signals from within the cell

and is termed inside-out-signaling, whereas the binding of extracellular matrix proteins elicits
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signals from the cellular microenvironment that are further transmitted into the cell, designated

as outside-in-signaling (Smyth et al. 1993, Williams et al. 1994, Giancotti et al. 1999).

The vascular endothelium expresses several members of the integrin family, including the
receptors for fibronectin, laminin and collagen. In order for endothelial cells to be capable and
recognize a wide array of extracellular matrix proteins under a variety of physiological and
pathophysiological settings, they express several different integrins. For example, the
fibronectin-specific receptors, ovf1 and asP1 are abundantly expressed in quiescent endothelial
cells, whereas the avfB3-vitronectin receptor is expressed exclusively during angiogenic events
while the antagonist inhibiting the a3 function results in apoptosis of proliferating endothelial
cells (Brooks et al. 1994, Matter et al. 1998, Short et al. 1998, Matter et al. 2001, Liao et al.
2015). Other vitronectin-binding integrins expressed by the endothelium are o3, owPs and avfe
(Cheresh 1987, Klein et al. 1993, Friedlander et al. 1995, Christofidou-Solomidou et al. 1997).
The angiogenic integrins ovP3 and avpBs are expressed in endothelial cells and play a pivotal role
in endothelial cell survival (Brooks et al. 1994, Brooks et al. 1995, Friedlander et al. 1995,
Friedlander et al. 1996). Integrin o3 is responsible for transmitting survival signals that result in
the inhibition of p53 activity and suppression of the bax apoptosis pathway in endothelial cells

(Stromblad et al. 1996).

Ample evidence exists implicating flow-induced shear stress in the activation of integrins.
(Tzima et al. 2005, Tzima et al. 2006, Hahn et al. 2009, Collins et al. 2012, Conway et al. 2013).
Fluid shear stress causes conformational changes of integrins triggering their activation. Once
flow-induced integrin activation is in place, endothelial cells subjected to laminar flow align their
orientation toward the direction of the flow. Furthermore, shear stress-induced integrin activation
also mediates the activation of NF-kB (Tzima et al. 2001, Tzima et al. 2002, Tzima et al. 2003).
A mechanosensory complex comprised of PECAM-1 (activates Src), VE-cadherin and
VEGFR-2 (activates PI3K) has been described. PI3K induces integrin activation via a conserved
pathway (Hughes et al. 1998). The events leading to integrin activation occur within 15 s from

the onset of fluid shear stress (Lu et al. 1997). The cytoplasmic domain of PECAM-1 binds Src
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directly and activates it. Following, VE-cadherin transmits this signal to PI3K. Studies using
PECAM-1" mouse models revealed that these mice are impaired with regard to F-actin
organization and activation of the NF-kB pathway. These findings suggest the importance of the
complex comprised by PECAM-1, VEGFR-2 and PI3K in fluid shear stress-activated endothelial
cells (Tzima et al. 2005).

1.7.9 Vesciculo-vacuolar organelles

Similarly to caveolae, vesciculo-vacuolar organelles (VVOs) mediate transcytosis in the
vascular endothelium. VVOs represent focal collections of membrane-bound vesicles and
vacuoles. They represent the major route of extravasation of macromolecular substances at sites
of increased vascular permeability (Dvorak et al. 1996, Brown et al. 1997, Dvorak et al. 1999,
Aird 2007). VVOs are abundant in the venular endothelium where they occupy a substantial
portion (16—18%) in the cytoplasm (Dvorak et al. 1996, Feng et al. 1996, Feng et al. 1999). In
normal endothelium, they permit only minimally the entry and passage of macromolecular

tracers (Kohn et al. 1992, Feng et al. 1996).

1.7.10 Tyrosine kinase receptors

Tyrosine kinases represent a family of enzymes with the intrinsic ability to phosphorylate
tyrosine residues, therefore providing a modality for signal transduction across the plasma
membrane mediating diverse cell signaling events, including cell proliferation, migration,
survival and apoptosis. The human genome expresses approximately 90 tyrosine kinases,
including 58 receptor tyrosine kinases (RTKs). RTKs are transmembrane proteins comprised of
an extracellular ligand-binding domain and cytoplasmic tyrosine kinase domains (Partanen et al.
1992, Manning et al. 2002, Drake et al. 2014). Once a ligand binds to the extracellular domain,
RTKSs are activated resulting in their dimerization or oligomerization (Ullrich et al. 1990, Drake
et al. 2014). Selective activation of the RTKs, vascular endothelial growth factor receptor-1
(VEGFR-1) and vascular endothelial growth factor receptor-2 (VEGFR-2) in conjunction with
gene silencing have revealed that VEGFR-2 is the major receptor in the vascular endothelium

transducing VEGF signals (Holmes et al. 2007, Sawamiphak et al. 2010). Sawamiphak et al.
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showed that ephrin-B2 controls VEGFR-2 internalization and signaling. Internalization of
VEGFR-2 it turn, is crucial for activation and downstream signaling of the receptor
(Sawamiphak et al. 2010). This interaction between the bi-directionally signaling Eph receptors
and ephrin ligands and VEGFR-2 is yet another demonstration of the intricacy of endothelial
mechanosensing combining a plethora of different intra-, and extracellular components that act
in concert to converse biomechanical stimuli into biochemical signaling. Polypeptide growth
factors and hormones, including epithelial growth factor (EGF), insulin, insulin growth factor-1
(IGF-1), platelet-derived growth factors (PDFG-A, PDGF-B), fibroblast growth factors (FGFs)
are among the several ligands binding RTKs (Heldin et al. 1990, Ullrich et al. 1990). Tyrosine
kinase with immunoglobulin and epidermal growth factor homology domain-2 is one of the
major endothelial-specific receptor tyrosine kinases expressed primarily in endothelial cells
(Partanen et al. 1992, Kontos et al. 2002). Clinical and animal studies have revealed that Tie-2
and its corresponding ligand angiopoietin-2 (Ang-2) participate in neovascularization at sites of
vascular endothelium subjected to injury (Jones et al. 2001, Chong et al. 2004, Lee et al. 2004,
Shyu et al. 2004, Kim et al. 2006). The same complex (Ang-2 and Tie-2) assists in enhancing
endothelial tube formation, cell migration and survival of umbilical cord blood derived EPCs
(Hildbrand et al. 2004, Gill et al. 2005, Brindle et al. 2006, Shyu 2006). Tie-2 has already been
implicated in shear stress-mediated regulation of vascular endothelium via interactions in a
complex comprised by PI3K, protein kinase B (PKB) and AKT (Lee et al. 2003, Yang et al.
2012). TNFa, a major cytokine implicated in endothelial inflammation and septic events has
been shown to cleave the endothelial RTK Tie-1 resulting in the release of a soluble extracellular
domain and an endodomain fragment (Yabkowitz et al. 1997, Yabkowitz et al. 1999, Kontos et
al. 2002). Ang-2, the ligand of the RTK Tie-2, similarly to the adhesion protein P-selectin, is
stored in endothelial Weibel-Palade bodies and upon stimulation rapidly released (Fiedler et al.
2004). Despite the fact that both Ang-2 and P-selectin are stored in endothelial Weibel-Palade
bodies, which constitute the principal endothelial storage granules of the proagulant vWF, they
are mutually exclusive and have been shown to be stored in separate granules (Wagner 1993,

Hop et al. 2000, Fiedler et al. 2004).
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1.8 Small GTPases

1.8.1 Introduction

The discovery of small GTPases can be traced back to 1982 when RAS genes encoding
small G proteins that remained in their active state due to mutational defects, were discovered in
human cancers (Cox et al. 2010). These mutations resulted in Ras proteins with compromised
capability of hydrolyzing the bound guanosine-5'-triphosphate (GTP) nucleotide and thus,
allowing the Ras proteins to remain in their active conformation for a prolonged time duration

(Barbacid 1987, Bos 1989).

This discovery triggered a large-scale sequencing of cancer genomes leading to the
identification of more than 500 cancer genes (Vogelstein et al. 2013). However, the three most
frequently mutated oncogenes in human cancers remain the three RAS genes (HRAS, KRAS and
NRAS). The frequency of RAS mutations in the lung, colon and pancreatic cancers, among the
most lethal cancers, has spurred vivid research efforts in the development of RAS inhibitors.
Despite an intense concerted effort focused on the development of inhibitory drug compounds,
no effective RAS inhibitors have been approved thus far, further cultivating the perception that
RAS oncoproteins are a non-druggable cancer target. On the other hand, therapeutic advances
achieved by means of signal transduction in mutation-induced activated G proteins, offered a
revived impetus toward realizing the grave importance of GTPases and their role in health and

disease (Takai et al. 2001, Thompson 2013, Cox et al. 2014).

Small GTPases have been compared to molecular switches with major impact in the
regulation of diverse cellular processes, including cell proliferation, differentiation, cytoskeletal
organization, and intracellular membrane trafficking (Brummelkamp et al. 2002). The Ras
superfamily is most commonly subdivided into five distinct subfamilies: (i) Ras, (i1) Rho, (iii)
Rab, (iv) Arf and (v) Ran (Vetter 2014). The assignment of individual small GTPases to a
specific subfamily is based on sequence similarity among the member proteins of the Ras
superfamily. Despite the fact that different small GTPases exhibit variations in their intracellular

localization and independently of the subfamily they belong to, they all share a common
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structural feature, namely the G domain. The G domain is responsible for the association and the

high affinity toward GTP and guanosine-5'-diphosphate GDP (Vetter et al. 2001).

The GTP-bound structural conformation is biologically active triggering the initiation of
cellular functions by interaction and activation of their respective effectors. Small GTPases
alternate between the inactive GDP- and active GTP-bound conformation (Figure 1.13). In their
GTP-bound state, small GTPases are biologically active and trigger cellular function to be
initiated by interacting and activating their associated effectors (Vetter et al. 2001, Li et al. 2004,
Bos et al. 2007, Cox et al. 2010, Vetter 2014).

The majority of small G proteins exhibit a strong affinity toward either the GDP or GTP
nucleotide. In fact, their affinity lies in the lower picomolar (10°'?) to the nanomolar (10°) range
(Freymann et al. 1999, Bos et al. 2007). The high affinity between G proteins and GDP or GTP
is inversely proportional to their respective dissociation rate, which is expectedly slow with a
half-life on the order of one or more hours. Small G proteins acquire their activated status by
exchanging the associated GDP with GTP. However, biochemical pathways in cellular
processes, requiring the activation of small GTPases, occur within a few minutes or seconds.
Hence, the naturally very slow occurring dissociation of GDP would not be supportive for the
required timescale that many cellular processes depend on. Hence, the exchange of GDP for GTP
depends on the activity of GEFs (Bos et al. 2007). The importance of GEFs in assisting small G
proteins to acquire their active state becomes even more evident when considering that GEFs
accelerate the exchange reaction by several orders of magnitude rendering them of inextricable
importance (Vetter et al. 2001). This explains why GEFs play a major role in different aspects of
biological signaling, interfering by induction, inhibition, or modulation of their catalytic activity

(Bos et al. 2007).

The question arises as to the mechanisms that GEFs employ in order to induce successfully
dissociation of the bound GTP nucleotide from the small G protein. Nucleotides (GDP and GTP)
associate with small G proteins by binding covalently implying that there is a binding site on

small G proteins that accommodates the binding of nucleotides. GEFs target the
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nucleotide-binding sites of small G proteins. The conformational modifications result in
conformational changes with significantly reduced affinity for either GDP or GTP. It is
noteworthy to address that G proteins exhibit comparable affinities toward GDP and GTP
without a clear preference for either one of them. The lack of preference by small G proteins or
their respective GEFs toward either one of the available nucleotides (GDP or GTP) may cause
some confusion as to why the ratio of small G proteins bound to GTP appears to be significantly
higher that GDP-bound small G proteins at each given time in the cell. The explanation is
provided by a study that investigated the interactions between the GEF of the small G protein
Ran, RCC1 and the small G protein Ran itself. In general, the complexes that can be formed
between a small G protein, either one of the two available guanosine nucleotides GDP or GTP
and the respective GEF are termed binary and ternary. The affinities exhibited in the binary
complex formed either between Ran and GDP/GTP or between Ran and the RCC1 are very high.
Conversely, the affinities in binary complexes formed between a GDP- or GTP-bound Ran
toward either GTP or GDP are very low. Similarly, in the ternary complex formed by a GDP-, or
GTP-bound Ran and the RCC1, the affinity toward the GEF (RCC1) is very low. Consequently,
the association of a GEF with its respective small G protein weakens its affinity for either GDP
or GTP nucleotides and inversely, a GDP- or GTP-bound small G protein exhibits a weaker
affinity toward its respective GEF protein (Bos et al. 2007). Another important insight into the
function of small G proteins affects the cellular and tissue content in GDP and GTP. In fact,
mammalian cells and tissues contain GTP at an approximately tenfold higher concentration
compared to GDP. Typical values range from 0.3 to 0.5 mM for GTP, whereas the concentration
of GDP lies between 0.03 and 0.06 mM (Traut 1994, Vetter et al. 2001). This explains why the
cellular content of GTP-bound G proteins is significantly higher than GDP-bound small GTPases
(Bos et al. 2007). Although G-binding proteins alternate between their active GTP-, and
GDP-bound conformations, they can also remain in an unbound state with no GTP-, and
GDP-bound nucleotides. However, the latter has been reported to be rarely the case (L1 et al.

2004).
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The canonical features of small GTPases, members of the Ras superfamily, require small
GTPases to cycle between a GTP-bound active state and a GDP-bound inactive state. The
exchange of GDP for GTP is facilitated by guanosine nucleotide exchange factors (GEFs) while
the transition to the inactive GDP-bound state is achieved by GTP hydrolysis, facilitated by
GTPase-activating proteins (GAPs) (Trahey et al. 1987, Gibbs et al. 1988, Chardin et al. 1993,
Egan et al. 1993, Boriack-Sjodin et al. 1998, Donovan et al. 2002).

GTP hydrolysis causes for the GTPases to transition from the active to their inactive
conformation resulting in the exchange of GTP for GDP. A GDP-bound small GTPase exhibits
low affinity for its effectors that it would typically associate and interact with in its active
GTP-bound state (Gilman 1987, Rybin et al. 1996, Antonny et al. 2001, Li et al. 2002). The
duration of the GTP-bound active conformation allows under normal conditions for the cellular
processes to be initiated so that the cellular functions are performed properly. The biological

significance of GTP hydrolysis lies in the deactivation of G proteins (Goody 2003).

In pathophysiological cases where small GTPases are mutationally activated, the impairment
of the catalyzing capabilities of GAPs that assist in the GTP hydrolysis and ultimately
dissociation from GTP, leads to persistently active small GTPases (Bos et al. 2007). In an effort
to replicate the successful employment of ATP inhibitors as effective antagonists of protein
kinases, the quest for GTP inhibitors rendering GTPases inactive was undertaken. Although the
parallel appears at first sight intriguing, a better understanding of the binding affinities in the
case of ATP and GTP provides clarity as to why inhibitors competing with GTP have not
brought the expected results. ATP molecules bind protein kinases at affinity levels in the
millimolar range (107). On the other hand, GTP binds GTPases at nanomolar to picomolar
affinities rendering the discovery of effective inhibitors a highly complex task (Freymann et al.
1999, Bos et al. 2007, Cox et al. 2014). In a different approach, the effort to synthesize or
discover small molecules imitating the function of GAPs was undertaken without any promising

results (Stephen et al. 2014).
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1.8.2 Small GTPases in sepsis

Eukaryotic GTPases have been identified as substrates for a number of distinct bacterial
toxins with ADP-ribosyltransferase capabilities. Diphtheria toxin, cholera toxin and pertussis
toxin have been among the first bacterial toxins recognized for their notorious ability to disrupt
GTPase activity in cellular function. Diphtheria toxin was reported to act upon the heterotrimeric

GTPase elongation factor-2 by ADP-ribosylation (Honjo et al. 1968).

Intriguingly, the inherent capability of bacterial toxins to posttranslationally modify proteins
is not limited to heterotrimeric GTPases but extends to include small GTPases as well. Small
GTPases belonging to the Ras and Rho subfamilies have also been implicated as targets of
ADP-ribosyltransferase activity by bacterial toxins (Aktories et al. 1989, Aktories et al. 1989,
Aktories et al. 1992).

C3-like transferases constitute a family of enzymes with the ability to ADP-ribosylate all
three isoforms of the Rho subfamily (RhoA, RhoB, and RhoC). RhoA, RhoB, and RhoC have
been reported to offer excellent substrate targets for ADP-ribosylation while other members of
the Rho subfamily have been shown to be poor substrates (Just et al. 1992). C3-like transferases
ADP-ribosylate the three Rho isoforms at their asparagine 41 residue, which is located in close
vicinity of the effector region for RhoA, RhoB and RhoC, rendering them biologically inactive
(Aktories et al. 1987, Kjoller et al. 1999, Just et al. 2001, Aktories et al. 2004). The underlying
molecular mechanisms of inactivation remain enigmatic. Nonetheless, even when the Rho
isoforms are targeted by C3-like transferases and after undergoing ADP-ribosylation, they still
exhibit a partial potency to interact with some of their effectors. One such effector protein of the

Rho isoforms is protein kinase N (Sehr et al. 1998).

Interestingly, ADP-ribosylation of Rho GTPases does not seem to have a major impact on
their ability to bind to GDP or GTP nucleotides. In addition, RhoA, RhoB and RhoC maintain
their intrinsic or GAP-induced GTPase activity.
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C3-like transferases acting upon mammalian cells have been reported to induce dramatic
actin cytoskeletal rearrangements (Chardin et al. 1989, Paterson et al. 1990, Wiegers et al. 1991).
Even more dramatically, the primary effect of C3-like transferases leads to the loss of both actin
stress fibers and integrin adhesion plaques. Since actin stress fibers and integrin adhesion plaques
have been implicated in the regulation of endothelial permeability, it becomes evident, that

C3-like transferases indirectly exert permeability-regulating features via small GTPases.

LPS, the component on the outer membrane of Gram-negative bacterial walls has been
implicated as one of the major molecules involved in the initiation of sepsis and severe sepsis
(Medzhitov 2001). C3-transferase has been shown to participate in the blockage of tyrosine
phosphorylation and contractile mechanisms in response to LPS (Essler et al. 2000, Hippenstiel
et al. 2000). However, in vivo evidence thus far with regard to the role of Rho kinase inhibition
remains controversial (Lundblad et al. 2004, Tasaka et al. 2005). Inactivation of Rac1 has been
shown to correlate with the onset of LPS-induced barrier dysfunction. The activation of RhoA as

a result of LPS occurs delayed compared to Racl (Schlegel et al. 2009).

Sphingosine-1-phosphate (S1P), a barrier function protective agent and known activator of
Racl prevented the formation of lung edema in a different study, suggesting that Racl
inactivation is involved in LPS-induced endothelial barrier dysfunction (Coimbra et al. 2006,

Bogatcheva et al. 2009, Schlegel et al. 2009).

LPS-induced inactivation of Racl and RhoA correlated with barrier dysfunction, although
RhoA appeared activated at a later time point than Rac1 (Schlegel et al. 2009). A different study
reported that S1P blocked lung edema. Since it has been established that S1P activates Racl it
can be concluded that inactivation of Racl in response to LPS is one of the primary actors in
LPS-induced endothelial barrier dysfunction (Peng et al. 2004). Furthermore, LPS-induced
inactivation of Racl has been shown to be cAMP-dependent (Coimbra et al. 2006, Bogatcheva et
al. 2009, Schlegel et al. 2009).
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The cytokine TNFa that is intimately related to the onset and progression of sepsis and
severe sepsis. RhoA and Rho kinase-dependent barrier dysfunction have been reported
previously. However, this study was challenged by other reports stating that Rho kinase
inhibition did not effectively attenuate TNFa mediated increases in endothelial permeability.
Independently of the contradictory results, the main point lies in the fact that all these studies
were conducted under static cell culture conditions pointing to the importance of imitating as
closely as possible physiologically relevant fluid shear stress conditions especially when

studying small GTPases and the endothelium (McKenzie et al. 2007, Schlegel et al. 2009).

TNFa has been reported to decrease significantly activity of the small GTPase Racl
(Schlegel et al. 2009). Inactivity of Racl induced by TNFa resulted in reduced endothelial
cAMP levels attributed to activation of phosphodiesterases (Koga et al. 1995, Seybold et al.
2005, Schlegel et al. 2009). Furthermore, it has been reported that CNF-1 induced activation of
Rho GTPases blocks TNFa mediated endothelial barrier dysfunction (Schlegel et al. 2009).
Hence, a decrease in endothelial cAMP levels resulting in Rac1 inactivation rather than RhoA

activation have an additive effect in TNFo and LPS mediated endothelial barrier dysfunction.

Thrombin, a coagulant factor, has also been implicated in endothelial barrier function
modulation. The G-protein coupled thrombin receptor protease-activated receptor-1 (PAR-1)
results in a rapid increase in cytosolic Ca*>" levels. RhoA, in its turn, is activated upon PAR-1
receptor ligation, confirming the hypothesis that RhoA and Rho kinase are directly implicated in
endothelial barrier dysfunction (Mehta et al. 2001, Mehta et al. 2006, Vandenbroucke et al. 2008,
Beckers et al. 2010).

VEGF, platelet-activating factor (PAF), histamine and bradykinin have been reported to be
directly implicated in intracellular Ca>" level increases that, in turn, lead to increased endothelial
permeability (Sun et al. 2006). VEGF has been associated to both RhoA and Rac1 signaling.
RhoA, for example, mediated endothelial permeability increases in coronary venules both in

vitro and in vivo (Waschke et al. 2004). However, other studies reported that RhoA activation
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was not required for augmenting permeability in endothelial venules (Gavard et al. 2006, Gavard

et al. 2008).

1.8.3 Small GTPases and vascular permeability

Due to their vast implication in cell signaling pathways it comes as no surprise that small G
proteins are involved in the regulation of endothelial permeability. Rho GTPases have been
implicated in the modification of endothelial barrier function by directly acting upon constituents
of junction complexes (Kim et al. 2009). It is well-established that endothelial barrier-
destabilizing mediators, such as VEGF, thrombin, or TNFa induce tyrosine-phosphorylation of
VE-cadherin, B-catenin, or p120-catenin (Garcia et al. 1986, Lampugnani et al. 1992, Lum et al.
1996, Dejana et al. 2008). Studies in cultured endothelial cells have revealed that, in response to
VEGF, Racl induces phosphorylation of VE-cadherin. Phosphorylation of VE-cadherin leads to
recruitment of B-arrestin, which in turn, results in endocytosis of junction complex components
leading ultimately to increased permeability (Gavard et al. 2006). Besides adherens junctions,
small GTPases act upon tight junction components. The adaptor protein ZO-1, one of the major
components of tight junction complexes, has been shown to undergo changes in its localization
induced by constitutively active or inactive Racl mutants (Baumer et al. 2009). Furthermore,
immunofluorescent assays revealed that ZO-1 and claudin-5 expression in endothelial
monolayers were reduced following treatment with thrombin, histamine, or LPS (Wojciak-

Stothard et al. 2001, Schlegel et al. 2009).
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Endothelium

Figure 1.1

Structural components of blood vessels

Blood vessels are comprised of several structural components. The tunica externa is present on
the outermost layer. Following further toward the lumen site, the tunica media and subsequently
the tunica intima are formed. Endothelial cells form a thin monolayer lining the innermost of

blood vessels.
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Endothelial cells
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Interstitial fluid

Figure 1.2

Endothelial cleft is the major site regulating permeability

The endothelial cleft is where adherens and tight junction complex constituents are located.

Paracellular permeability is primarily regulated in this compartment of endothelial cells.

61



\ _ o
plakoglobin ‘- a-catenin
v-
p120-catenin —__ /\
\)’
=

e M
L

Plasma membrane

Cytopiasm

OO \VE-cadherin
%
v <g8

oo Interendothelial space

IS

=
p120-catenin /O'
B-catenin — ./ o-catenin

F-actin —

Plasma membrane I

Cytoplasm

Figure 1.3

VE-cadherin structure

VE-cadherin is located at sites of adherens junction complexes. It binds on its extracellular
domain with VE-cadherins of adjacent endothelial cells. At its cytoplasmic tail, it binds

p120-catenin (juxtamembrane) and B-catenin or plakoglobin. B-Catenin and plakoglobin are
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mutually exclusive meaning that if VE-cadherin binds to B-cadherin, then plakoglobin is
excluded from this site. B-Catenin, in turn, binds to a-catenin that associates the VE-cadherin

complex to the actin filaments.
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Figure 1.4

ECIS principle of function

A small electrode surrounded by a larger counter-electrode form an RC circuit in series. The

ECIS measurement takes place within the surface area of the small electrode.
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ECIS gold-film electrode
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Figure 1.5

Basic functional principle of ECIS

The electrical current flows unobstructed in the absence of cells. The cell culture growth medium

functions as the electrolyte.
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Figure 1.6

Electrical current flowing through a cell monolayer

Endothelial cells are seeded onto the ECIS slide and start adhering and spreading. As endothelial
cells form a monolayer, the electrical current flowing beneath the substrate is restricted and must
flow through the spacing formed by adjacent endothelial cells (interendothelial spacing) or at

higher probing frequencies, through individual endothelial cells.
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Figure 1.7

Transendothelial electrical resistance

ECIS monitors in real-time electrical resistivity of endothelial cells, known as transendothelial
electrical resistance that is used to describe endothelial permeability. Transendothelial electrical

resistance is inversely proportional to permeability.
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ECIS gold-film electrode

Figure 1.8

The ECIS parameter alpha

Alpha (a) is associated with the mean radius () of endothelial cells and their height (%) from the
underlying substrate. This quantity is derived based on the ECIS model using electrical

resistivity, impedance and capacitance values as have been determined experimentally.
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Figure 1.9

Membrane capacitance

ECIS monitors capacitance values of endothelial membranes in real-time during acquisition. The

capacitance values offer an indication of the tightness of the monolayer.
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Figure 1.10

Structure of mitochondria
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Figure 1.11

Endothelial glycocalyx

Adjacent endothelial cells form a monolayer lining the innermost of blood vessels, where they
regulate vascular permeability. Blood flows on the apical side of the endothelium. The
endothelial monolayer separates blood from the underlying tissues and interstitial space on the
basal side of endothelial cells. Interstitial fluid is located on the basal side. On the apical side, the

endothelial glycocalyx layer can be distinguished.
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Figure 1.12

Endothelial glycocalyx in human coronary endothelial cells

SEM micrographs of human coronary endothelial cells. (A) Endothelial cells forming a
monolayer. Their surface is covered by the endothelial glycocalyx. The scale bar corresponds to
1 um. (B) The endothelial glycocalyx on the surface of human coronary endothelial cells
(HCAEC:S) can be clearly distinguished. The scale bar corresponds to 500 nm.
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Figure 1.13

Small GTPase cycling between active GTP-bound and inactive GDP-bound state

Small GTPases function as molecular switches and transition between an active GTP-bound state
to an inactive GDP-bound state stimulated by GEFs and GAPs. Small GTPase members of the
RAS superfamily of small GTPases are stimulated by different GEFs and GAPs. Here, GEFs and

GAPs that have been implicated to interact with R-Ras are shown.
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Species LPS [pg/kg] Reaction

0.004 Severe immunoreaction
15 Septic shock
125 - 1250 Slight immunoreaction
10-15 Slight fever (short duration)
10000 - 20000 LDso
25000 - 60000 LDioo
Table 1.1

Sepsis animal models

References

(Suffredini et al. 1989,
Suffredini et al. 1989, van
Deventer et al. 1990, Martich et
al. 1991)

(Sauter et al. 1980, Taveira da
Silva et al. 1993)

(Sheagren et al. 1967)

(Wolff et al. 1965, Sheagren et
al. 1967, Mathison et al. 1988)
(Berczi et al. 1966, Kim et al.
1966, Clark 1982)

(Golenbock et al. 1987, Schiffer
et al. 2002)

(Schaedler et al. 1961, Glode et
al. 1976, McCuskey et al. 1984)
(McCuskey et al. 1984)

(Berczi et al. 1966, Adler et al.
1979, Clark 1982)

(Reddin et al. 1966, Goldfarb et
al. 1983, Cobb et al. 1995)
(Goodwin et al. 1952, Clark
1982)

Animal models used for studying sepsis and severe sepsis. Discrepancies in the tolerance levels

between human and other animal species toward pathogenic factors pose an additional degree of

complexity in the quest for novel therapeutic compounds against sepsis.
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CHAPTER 2
The R-Ras and FLNa complex regulates tumor necrosis factor alpha-mediated vascular

permeability under fluid shear stress
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Abstract

Tumor necrosis factor alpha (TNFa) is an essential regulator of inflammatory processes in
immune-related conditions including sepsis, septic shock and cancer. Following the invasion of
pathogenic microorganisms, the host immune system responds by releasing TNFa in an effort to
contain and eradicate the infection. In sepsis and septic shock, an overproduction of TNFa and
other cytokines leads to the creation of an immune overreaction, a condition termed cytokine
storm. During the onset of infection in sepsis, TNFa has been implicated as one of the major
regulators of the host immune response. Overproduction of TNFa leads to tissue injury and in

the case of septic shock to multiple organ failures.

Currently, there are no established treatments for sepsis or septic shock and despite a
concerted effort to use TNFa as a pharmaceutical target, the drug compounds available induce
severe side-effects in terms of immune responses and tumorigenesis. This stands to reason
considering the key role that TNFa plays in the host immune system. In previously published
work, our laboratory identified a complex formed by the small GTPase R-Ras and the
cytoskeletal protein FLNa. The R-Ras/FLNa complex was shown to be essential in the

maintenance of endothelial barrier integrity under static in vitro cell culture conditions.

Various attempts thus far have been undertaken to study endothelial cells as their crucial
role in the regulation of immune responses and tumor metastasis has been recognized and
established. The overwhelming majority of the published work has studied endothelial cells
under static cell culture conditions. However, it is well-established that endothelial cells forming
the innermost lining of blood vessels are constantly exposed to hemodynamic forces. Fluid shear
stress acting upon endothelial cells across the entire circulatory system modify endothelial

function.

In an effort to imitate and approximate physiologically relevant conditions under in vitro
controlled parameters we investigated the effects of TNFa on primary microvascular endothelial

cells under fluid shear stress conditions. Our results show that the complex formed by a
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constitutively active GTP-bound state of the small GTPase R-Ras and the cytoskeletal protein
FLNa reverses TNFa-mediated increases in endothelial permeability. A constitutively active
form of R-Ras acts in a protective manner against the permeability-inducing potential of TNFa.
Primary human dermal endothelial cells maintain the integrity of their barrier function in fluid

shear stress conditions while being challenged with the TNFa cytokine.
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2.1 Introduction

2.1.1 Cytokines

Cytokines are secreted by several cell types and are involved in a plethora of cellular
processes, such as cell survival, proliferation, and differentiation. They are also an integral part
of the immune system and are pivotal in the host response. Cytokines are a family of small
signaling proteins secreted by a variety of cells including macrophages, lymphocytes and
endothelial cells. They are integral in the maintenance of homeostasis. Nonetheless, excessive
production of cytokines initiates tissue injury that may lead to organ dysfunction. During sepsis,
excessive release of cytokines into the circulation triggers a systemic inflammatory process that
very often is accompanied by single or multiple organ failures. TNFa, IL-1p, IL-6, and IL-8 are
the four cytokines that have been associated with the sepsis syndrome. During the pathogenesis
of sepsis, cytokines are released leading to a cytokine cascade. The cytokine cascade is initiated
when a pathogenic invasion challenges the immune system. Gram-negative cell wall bacterial
endotoxin induces the production and secretion of proximal cytokines, including TNFa and IL-1.
Proximal cytokines, stimulate the production of distal cytokines, such as IL-6 and IL-8. This
vicious cycle of an excessive production and release of cytokines leads to a disturbance and

perpetuation of the inflammatory response (Blackwell et al. 1996).

TNFua is a pleiotropic cytokine essential in acute and chronic inflammation, anti-tumor
responses, sepsis and septic shock (Palladino et al. 2003, Schulte et al. 2013). It is primarily
secreted by leukocytes, in particular, mononuclear phagocytes, T-lymphocytes and mast cells
(Tracey et al. 1994). Mononuclear phagocytes synthesize TNFa largely in response to invading
pathogens (e.g., LPS). T-cells secrete TNFa following antigen recognition. Mast cells
constitutively synthesize TNFa storing it for rapid release in response to an infection. Although,
under physiological conditions, circulating TNFa levels exhibit values less than 1 pg/mL, during

the onset of gram-negative sepsis these levels can rapidly rise beyond 100 pg/mL (Debets et al.

1989).
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Human TNFa is synthesized as a 26-kDa protein and expressed on the plasma membrane.
Following expression of newly synthesized TNFa on the plasma membrane, it is subsequently
cleaved in the extracellular domain by matrix metalloproteinases. TNFa cleavage leads to the
release of a mature soluble 17 kDa protein. Both the cell-associated and secreted forms of TNFa

require trimerization in order to acquire biological activity (Kriegler et al. 1988).

TNFa exerts its biological activity through binding to either one of two structurally distinct
membrane-associated receptors, TNFa receptor-1 (TNFR-1) and TNFa receptor-2 (TNFR-2).
Both TNFR-1 and TNFR-2 are transmembrane glycoproteins. The extracellular domains of the
two TNFa receptors share structural and functional homology. Conversely, TNFR-1 and
TNFR-2 exhibit significant differences in their intracellular domains. TNFR-1 and TNFR-2
transduce their signals through both overlapping and distinct signaling pathways. One of the
major differences distinguishing the intracellular domains of the two receptors is the presence of
a death domain in TNFR-1, whereas TNFR-2 lacks this domain. TNFR-1 has been implicated in
the pro-inflammatory and shock-inducing properties of TNFa. TNFR-1 deficient mice exhibit an
extraordinary resistance to endotoxin-induced lethality, whereas mice deficient of TNFR-2

continue to respond to endotoxin (Evans et al. 1994, Josephs et al. 2000).

The TNFa signaling cascade with regard to TNFR-1 is initiated by its binding to the
extracellular domain of the receptor. Binding of TNFa to TNFR-1 results in conformational
changes that lead to the recruitment of TNFR-associated via death domain protein (TRADD) to
the cytoplasmic domain of TNFR-1. TRADD, in its turn, recruits the receptor interacting
protein-1 (RIP-1), a serine/threonine kinase, to the complex formed by the cytoplasmic domain
of TNFR-1 and TRADD. The newly formed complex consisting of TNFR-1, TRADD and RIP-1
(also termed signalosome), triggers various kinase cascades leading to the activation of NF-«xB, a

transcription factor and activator protein-1 (AP-1) (Martin et al. 2002, Pober et al. 2007).

The TNFa-mediated sequence of pro-inflammatory events results in the leakage of plasma

proteins from the blood into the interstitial space. More importantly, it induces the reorganization
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of actin and tubulin destabilizing tight and adherens junctions formed by adjacent endothelial
cells (Pober et al. 1987, Petrache et al. 2003). Although, loss of endothelial barrier integrity in
response to TNFa is mediated partly due to NF-«xB, the precise mechanisms, and involved

protein complexes are elusive (Clark et al. 2007).

Due to the implication of TNFa in the inflammatory host response, there has been a directed
effort in developing pharmacological compounds capable of inhibiting TNFa and thereby

inactivating its downstream signaling events.

Monoclonal TNFa antibodies (e.g., adalimumab, certolizumab, pegol, golimumab and
infliximab) associate to membrane-bound TNFa. On the other hand, fusion proteins (e.g.,

etanercept) target soluble circulating TNFa (Gottlieb 2007, Tracey et al. 2008).

In both cases, whether targeting membrane-associated TNFa or free circulating TNFa, the
ultimate target is to suppress downstream inflammatory mediators and contain the inflammatory
process. Although TNFa inhibitors appear to contain selectively downstream singling that may
compromise host defense mechanisms, they have been implicated in adverse side-effects
expressed in the form of a worsening inflammatory reaction or tumorigenesis. These undesirable
side-effects could be possibly due to the essential role that TNFa plays in host defense and as a
tumor suppressor (Raza 2000, Kirman et al. 2004, Gottlieb 2007).

2.1.2 The cytoskeletal scaffold protein filamin A and its role in mechanotransduction and
mechanosensing
FLNa is a large cytoplasmic protein with important functions in cross-linking cortical actin
filaments to form three-dimensional structures rendering mechanical stability to cells. FLNa null
and point mutations are involved in a broad range of developmental malformations in the brain,
bones, limbs and other organs suggesting that FLNa is a versatile signaling scaffold protein. It
interacts with a vast array of more than 90 signaling proteins that have been reported thus far,

indicating its importance and diversity (Ehrlicher et al. 2011, Nakamura et al. 2011).
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The FLNa polypeptide chain (Figure 2.1) has a molecular mass of 280 kDa consisting of an
amino-terminal actin-binding domain (ABD) followed by a rod-like domain of 24
immunoglobulin repeats (Nakamura et al. 2011). Structurally, the immunoglobulin repeats form
anti-parallel B-sheets, interrupted by two flexible loops forming hinge structures (Hartwig et al.
1975, Wang et al. 1975, Gorlin et al. 1990, Feng et al. 2006). The FLNa protein is an extended
homodimer comprising two identical subunits. It dimerizes via the last carboxyl-terminal repeat
allowing it to acquire a V-shaped three-dimensional structure essential to its diverse
multifunction (Weihing 1988, Gorlin et al. 1990, Feng et al. 2006). The actin-binding domains
and FLNa repeats 1-15 are designated ‘rod domain 1°, whereas FLNa repeats 16-23 are
designated ‘rod domain 2°. FLNa rod domain 1 along with the actin-binding domains form a
linear structure that allows binding to actin filaments. FLNa rod domain 2 on the other hand does
not interact with actin filaments and contains the binding sites for FLNa interacting protein

partners (Ehrlicher et al. 2011).

Actin filaments (F-actin) are concentrated at the cell periphery. Its dynamic remodeling is
attributed with cellular functions as crucially important as cell translocation, morphological
changes and more importantly resistance to mechanical forces from the immediate
microenvironment (Matsudaira 1994, Discher et al. 2005). F-actin performs these tasks in
conjunction with its interacting partners of which FLNa is the most potent. Cellular FLNa
expression is essential for normal development; a fact that is supported by the observations that
FLNa deletions or point mutations lead to congenital anomalies and death (Robertson et al. 2003,
Robertson 2005, Feng et al. 2006, Ferland et al. 2006, Hart et al. 2006, Kyndt et al. 2007). Cells
lacking FLNa expression exhibit impaired locomotion and resistance against mechanical stress

(Flanagan et al. 2001, Kainulainen et al. 2002).

Moreover, FLNa is involved in integrin signaling indicating its essential role in cell
signaling and mechanotransduction. By bridging integrins, submembrane actin filaments and
signal transduction molecules, FL.Na has an enormous ability to regulate cellular activities

including actin polymerization (Stossel et al. 2001). Furthermore, FLNa has been reported to be
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phosphorylated affecting the way it interacts with its partnering proteins but most importantly
influencing its association with GTPases (Yada et al. 1990, Ueda et al. 1992). Numerous
serine/threonine protein kinases have been shown to induce phosphorylation of filamins,
including protein kinase A, PKC, Ca**/calmodulin-dependent protein kinase II and p90
ribosomal S6 kinase (Wallach et al. 1978, Kawamoto et al. 1984, Chen et al. 1989, Ohta et al.
1996, Jay et al. 2000, Stossel et al. 2001). FLLNa has been reported to associate with several of
the Rho family small GTPases, whereas Ral binds FLNa in a GTP-dependent manner (Marti et
al. 1997, Ohta et al. 1999, Bishop et al. 2000). Cdc42, RhoA and Racl have been reported to
bind FLNa constitutively. Intriguingly, trio, a guanine nucleotide exchange factor for Rho family
GTPases, binds FLNa directly. The direct interaction of GEFs with FLNa suggests that Rho
GTPases can bind to FLNa through their GEFs leading to their activation. In addition, this
interaction may regulate the spatial organization of actin assembly (Bellanger et al. 2000, Stossel

etal. 2001).

FLNa is involved in the regulation of various pathologies either directly or indirectly
through its interacting signaling proteins. Hemizygous males exhibiting FLNa mutations die in
utero. The ones who survive after birth, suffer from cardiac malformations and often die
postnatally due to rupture of blood vessels (Eksioglu et al. 1996, Fox et al. 1998, Guerrini et al.
2004). Furthermore, mutations in FLNa are associated with cardiac valvular anomalies and are

vulnerable to premature strokes or vascular disorders (Moro et al. 2002).

Feng et al. showed that FLNa-null mice die at midgestation due to hemorrhage originating
from abnormal vessels. More importantly, it has been shown that FLNa-null vascular endothelial
cells exhibit decreased function at cell-cell contacts and in particular adherens junctions,
suggesting the importance of FLNa in the maintenance of endothelial barrier integrity (Feng et

al. 2006).

The essential role of FLNa in the vascular endothelium is also demonstrated by the

endothelial cell-specific molecule-2 (ECSM-2), a surface protein exclusively expressed by
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endothelial cells. ECSM-2 interacts directly with FLNa. The complex formed by ECSM-2 and
FLNa has been implicated in the regulation of endothelial chemotaxis and tube formation by

actin cytoskeleton modulation (Armstrong et al. 2008).

Vascular endothelium is the primary target of metastasizing cells. Hence, the finding that
FLNa is involved in the pathogenesis of cancer metastasis is not surprising. Caveolin-1, yet
another interacting protein partner of FLNa, promotes PI3K/AKT-mediated phosphorylation of
FLNa at serine 2152 (S2152) in human breast cancer cells (Ravid et al. 2008).

The role of FLNa in mechanotransduction events under fluid shear stress is evident through
its direct binding to B1-integrin resulting in a stiffening of cell monolayers and hence, allowing
them to exhibit an improved resistance to fluid shear stress. FLNa-null cells subjected to fluid
shear stress do not exhibit changes in their mechanoelastic composition with regard to stiffness
and thus show an impaired resistance toward fluid shear stress (Glogauer et al. 1998, Stossel et
al. 2001). Understandably, the mechanoprotective function of FLNa is essential in vascular
endothelium that remains constantly exposed to fluid shear stress due to hemodynamic forces in
the blood vessels. Mechanical factors from the immediate cellular microenvironment exerting
force on FLNa may result in a stretching conformation of FLNa with the direct implication of
allowing binding interfaces of FLNa to become available for interaction with binding partners.
Consequently, FLNa interacting proteins are recruited to the site of FLNa leading to spatial

rearrangements (Kainulainen et al. 2002, Nakamura et al. 2007).

FLNa translocation from the plasma membrane proximity to submembrane or cytoplasmic
regions leads to actin redistribution and the formation of gaps in endothelial monolayers,
indicating the essential role of this protein in the regulation of endothelial barrier function
(Hastie et al. 1997, Wang et al. 1997). More importantly, FLNa has been shown to associate with
the small GTPase R-Ras via FLNa repeat 3 (Gawecka et al. 2010). The interaction of this
R-Ras/FLNa complex is essential in the maintenance of endothelial barrier function under static

cell culture conditions (Griffiths et al. 2011). The ability of FLNa to recruit
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membrane-associated proteins (e.g., pl90RhoGAP) and render them inactive indicates that FLNa
plays a pivotal role in the regulation of vascular endothelial permeability. The multifaceted
nature of FLNa becomes even more evident when considering its capabilities to move cleaved

fragments to the cell nucleus where it targets nuclear receptors (Mammoto et al. 2007, Bedolla et

al. 2009).

In the current study, we examined the R-Ras/FLNa complex under fluid shear stress
conditions at physiologically relevant levels in the microvasculature. We have determined that
maintaining the linkage between the small GTPase R-Ras and the cytoskeletal FLNa intact,
maintains barrier integrity. Furthermore, TNFa-induced loss of barrier function led to an
increased endothelial permeability that could be reversed by a constitutively active form of
R-Ras. Conversely, dominant negative R-Ras was not capable of rescuing TNFa-induced barrier
dysfunction. We performed a sequence of experimental permutations by employing a
constitutively active R-Ras, a dominant negative R-Ras, a FLNa construct lacking the repeat 3
(e.g., R-Ras binds to FLNa repeat 3) and R-Ras constructs with patient mutations. Endothelial
cells were challenged with TNFa while simultaneously subjected to fluid shear stress. Our

results point to the identification of the TNFa inhibitory properties of active GTP-bound R-Ras.

2.1.3 The small GTPase R-Ras

The GTPase R-Ras is a member of the Ras family acting as a molecular switch by cycling
between an inactive GDP- and an active GTP-bound state (Figure 2.2) (Lowe et al. 1987, Lowe
et al. 1987, Wittinghofer et al. 1996). Together with TC21 and M-Ras they form the Ras
subfamily including TC21 (R-Ras2) and M-Ras (R-Ras3) (Reuther et al. 2000). R-Ras exhibits
close structural similarity to other members of the Ras family. However, its function is distinct
from the prototypic Ras proteins (K-, H-, N-Ras) (Sawada et al. 2012). Furthermore, while point
mutations in K-, H- and R-Ras have been reported to occur in human cancers, R-Ras mutations
do not exhibit a similar transformative effect suggesting that R-Ras is weakly oncogenic (Lowe

et al. 1987, Marte et al. 1997, Bos 1998, Vojtek et al. 1998, Pylayeva-Gupta et al. 2011).
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Nonetheless, the forced expression of constitutively active R-Ras led to substantial increases
in growth and invasiveness of a specific cervical cancer cell line (Rincon-Arano et al. 2003,
Mora et al. 2007). Overwhelming evidence shows that R-Ras has a negative inhibitory effect on
cancer cells including proliferation, migration and cell cycle progression in in vitro cell culture
conditions (Song et al. 2014). Distinct from K- and H-Ras, R-Ras lacks the ability to activate
Raf-1 (a serine/threonine-protein kinase) and RalGDS (a Ras-specific GEF) (Ehrhardt et al.
2002, Linnemann et al. 2002, Kim et al. 2012).

Despite the significant homology between R-Ras and H-Ras, the two G proteins exhibit
opposite effects with regard to cell-extracellular matrix adhesion (Sethi et al. 1999, Cole et al.

2003). They also show significant divergent C-terminal sequences (Saez et al. 1994).

Furthermore, the N-terminus of R-Ras is a region of great sequence diversity. In particular,
R-Ras contains a unique 26 amino acid sequence at the N-terminus rich in glycine and proline
(Holly et al. 2005). R-Ras enhances the affinity and avidity of integrins and thus, induces a
stronger integrin-mediated cell adhesion, whereas H-Ras has an inhibitory effect on integrin
activity (Zhang et al. 1996, Hughes et al. 1997). The ability of R-Ras to exert control over
integrin activation is regulated in part by phosphorylation. The Eph receptor, EphB2,
phosphorylates R-Ras primarily on its tyrosine residue 66 (Y66), located in the effector binding
domain of R-Ras (Zou et al. 1999). The primary if not single Src phosphorylation site for R-Ras
is Y66. Nonetheless, binding of Src to R-Ras is not dependent on phosphorylation at Y66 (Zou et
al. 2002). This phosphorylation event results in the R-Ras impairment to activate integrins. In
addition, cell-extracellular matrix adhesion is impaired when EphB2 is activated (Zou et al.
1999). EphA2 is also one of the Eph receptors reported to downregulated integrin-mediated cell
adhesion (Miao et al. 2000). R-Ras and H-Ras also have a differential effect on cell
differentiation. R-Ras contains a Src homology-3 (SH3) domain binding proline motif site
required for its integrin-activating function, an attribute that constitutes this small G protein

different from other members of the Ras family of GTPases (Zou et al. 1999, Wang et al. 2000,
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Zou et al. 2002, Sawada et al. 2015). Furthermore, Eph receptors and Src have the ability to
phosphorylate R-Ras (Zou et al. 1999, Wang et al. 2000, Zou et al. 2002).

In vivo R-Ras is expressed in primary endothelial cells, mural cells (smooth muscle cells and
pericytes) of small arterioles and arteries. It can also be expressed in cancers of epithelial origin,
such as in breast, cervical and gastric cancer (Komatsu et al. 2005, Nishigaki et al. 2005, Sawada

et al. 2012, Gao et al. 2014, Song et al. 2014).

Deletion of R-Ras expression enhances angiogenesis in tumor implants, whereas this
enhancement rendered tumor vessels incapable of maturation as characterized by severe

deformation and functional vessel impairment (Komatsu et al. 2005, Sawada et al. 2012).

The Matter group has previously shown that R-Ras associates with the cytoskeletal protein
FLNa by a yeast-two-hybrid screening. GST-filamin fusion proteins that corresponded to three
different regions of FLNa confirmed that R-Ras binds to FLNa through the GST fusion protein
corresponding to FLNa repeat 1-10 but not the other remaining two regions. These finding
supports that R-Ras forms a complex with FLNa (Figure 2.1) by binding directly to its repeat 3
(Gawecka et al. 2010).

The Matter group went on to show that the interaction of R-Ras with the cytoplasmic protein
FLNa is essential for the maintenance of endothelial barrier integrity, whereas loss of the
interaction between R-Ras and FLNa leads to barrier dysfunction by increasing VE-cadherin
phosphorylation at Y731 and Src phosphorylation at Y416. Furthermore, R-Ras and FLNa

associate at the endothelial plasma membrane in quiescent arterial cells (Griffiths et al. 2011).

Inhibition of Src by its chemical inhibitor, PP2, restored endothelial permeability by
blocking dominant negative R-Ras mediated barrier dysfunctions. GTP loading of R-Ras is a
requirement for the small GTPases to exert its stabilizing function on endothelial barrier
function, whereas loss of R-Ras activity promotes vascular permeability through increased Src

activity (Griffiths et al. 2011).
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2.2 Materials and Methods

2.2.1 Cell Culture

Primary human dermal microvascular endothelial cells (HDMVECs; Cell Applications, San
Diego, CA) were cultured in MCDB 131 basal medium (Sigma Aldrich, St. Louis, MO). The
basal medium was supplemented with 0.5 ng/mL human recombinant vascular endothelial
growth factoriss (WWEGFi6s), 20 ng/mL human recombinant insulin growth factor (hIGF-R?;
SAFC, Lenexa, KS), 10 ng/mL human fibroblast growth factor (hFGF; Peprotech, Rocky Hill,
NJ), 5 ng/mL human recombinant epithelial growth factor (hEGF; Peprotech, Rocky Hill, NJ), 1
pg/mL ascorbic acid (Sigma Aldrich, St. Louis, MO), 0.2 pg/mL hydrocortisone (Sigma Aldrich,
St. Louis, MO), 0.125 pg/mL amphotericin (Sigma Aldrich, St. Louis, MO), 5 pg/mL gentamicin
(Life Technologies, Waltham, MA), and 5% fetal bovine serum (FBS; Life Technologies,
Waltham, MA). HDMVECs were kept in tissue culture-treated petri dishes that were previously
coated with a solution of 0.25% porcine gelatin (Sigma Aldrich, St. Louis, MO) at 37 °C in a
humidified cell incubator atmosphere (5% COz, 95% air).

2.2.2 Plasmids constructs

Human R-Ras (R-Ras), human FLNa (FLNa), human wild type R-Ras (WT R-Ras) and their
mutants, constitutively active R-Ras (CA R-Ras), dominant negative R-Ras (DN R-Ras), hFLNa
3 repeat deletion (FLNaA3) and hFLNa repeat 3 alone (FLNaRP3) have been described
previously (Zhang et al. 1996, Wang et al. 2000, Zou et al. 2002, Komatsu et al. 2005).

2.2.3 siRNA knockdown of R-Ras and FLNa

siRNA-mediated gene knockdown in HDMVECs was performed using the Amaxa
nucleofector II device and the Dharmacon smartpool siRNAs targeting R-Ras, FLNa or the
combination of both R-Ras and FLNa. For electroporation purposes only HDMVECs at a
confluency level of approximately 70% and subjected to ten or fewer passages were used. Cells
were washed with 30 mM HBSS and removed enzymatically from the culture dishes by applying
0.025% Trypsin and 0.1 mM EDTA. Following trypsinization, the reaction was neutralized with
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TNS, the cell solution centrifuged for a duration of 7 min at 180xg and the cell number
determined. Cell pellets were suspended in 100 uL. of a nucleofector solution (Lonza) and mixed
with 100 nM of R-Ras siRNA, FLNa siRNA or both R-Ras siRNA and FLNa siRNA.
HDMVEC:s transfected with siGENOME non-targeting siRNAs at a final concentration of

100 nM were used as controls. The solution was transferred to an electroporation cuvette and
subjected to electroporation using the Amaxa nucleofection program S-005. Immediately after
electroporation, 500 uL of pre-equilibrated complete culture medium was added to the
electroporation cuvette and the cells allowed to incubate for 15 min within a cell incubator. For
immunostaining assays, the transfected cells were seeded onto ibidi flow chambers; for
immunoblotting assays we used glass slides pre-coated with human fibronectin; and finally, for

TEER assays, HDMVECs were seeded onto the ECIS flow chamber arrays.

2.2.4 Permeability-inducing treatment

HDMVECs were activated by subjecting cell monolayers to the cytokine and known
permeability-inducing factor TNFa at a final concentration of 50 ng/mL. TNFa was added at the
specified concentration to the complete HDMVECs medium and the solution was allowed to
equilibrate in the flow apparatus setting for 5-10 min prior to immunoblotting,
immunohistochemical or transendothelial electrical resistance (TEER) assays. Following,
endothelial cell monolayers were subjected to fluid shear stress at 2 dyn/cm? for 15 min at 37 °C

in a humidified cell incubator atmosphere (5% CO2, 95% air).

2.2.5 Fluid shear stress

Fluid shear stress levels applied to the endothelial cells were controlled using a peristaltic
pump (Masterflex, Vernon Hill, IL). The wall shear stress, 7w (dyn/cm?) exerted onto the
endothelial monolayer as a function of the measured volumetric flow rate, O (mL/min) was

calculated by applying Poiseuille’s formula (Poiseuille 1830):
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where 7y is the wall shear stress in dyn/cm?, O, the volumetric flow rate in mL/min, y, is the

dynamic viscosity in Pa-s, a, is the channel width and 4, is the channel height.

2.2.6 Electrical Cell Impedance Spectroscopy

Endothelial permeability was determined using the electrical cell-impedance sensing (ECIS;
Applied BioPhysics, Troy, NY) methodology as has been described previously (Keese et al.
1990, Giaever et al. 1991, Giaever et al. 1993, Wegener et al. 2000). ECIS flow chamber slides
(Figure 2.3A) (F8x10E PC; Applied Biophysics, Troy, NY) were pre-coated with a 10 mM
L-cysteine solution for 15 min at RT to stabilize the gold electrodes and subsequently washed
three times with molecular grade distilled water. Following, the L-cysteine pre-treated
gold-electrode slides were coated with a human fibronectin solution at 75 pg/mL concentration
(BD Biosciences, San Jose, CA) for 1 h at RT. HDMVECs were seeded onto the slides at a
concentration of 1.2 x 10° cells/mL and allowed to grow to confluency for 48 h at 37 °C in a
humidified cell incubator atmosphere (5% COz, 95% air). ECIS allows for the data acquisition to
be conducted in a wide spectrum of frequencies (Wegener et al. 2000). In the current study, we
probed among other frequencies for 4,000 Hz (TEER) and 64,000 Hz (capacitance). For the
duration of the fluidic exposure of the HDMVECs monolayers, impedance (measured in Ohms;
Q), resistance (measured in Ohms; Q) and capacitance (measured in nF) were recorded in
real-time at the specified frequencies. The statistical evaluation of the ECIS data was performed
using one-way ANOVA in conjunction with the Tukey correction of confidence intervals and
significance algorithm for a set of at least three data samples. The statistical data evaluation was

performed using Prism version 6.04 (GraphPad Software, La Jolla, CA).

2.2.7 Immunohistochemistry

HDMVECs plated on ibidi flow p-Slide VI %4 channels (Figure 2.3B) (Ibidi, Munich,
Germany) were subjected to flow-induced shear stress as described above. Immediately after
completion of the flow assays, cells were fixated in 4% paraformaldehyde and 0.3% sucrose for
10 min at 37 °C, washed 3x in PBS (10 mM; pH 7.4), permeabilized (0.3% TritonX-100, 5 min
at RT), and blocked for 30 min at 37 °C in 10 mM PBS (pH 7.4) with 10% normal goat serum,
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0.25% Triton X-100, 0.1% Tween 20, 2% glycine and 0.02% NaNs. Following blocking,
HDMVECs were incubated with a primary antibody targeted against the tight junction protein
Z0-1 for 1 h at 37°C. After three washing steps with 0.1% BSA and 0.1% Tween 20 in PBS,
cells were incubated for 1 h at 37 °C in Alexa Fluor® anti-rabbit 488 goat anti-rabbit IgG (H+L)
secondary antibody (Life Technologies, Waltham, MA). Following secondary incubation and
after three washing steps in PBS for 5 min each, cells were incubated with rhodamine phallodin
(Life Technologies, Waltham, MA) for 1 h at 37°C, washed 3x with PBS, incubated with DAPI
(4',6-diamidino-2-phenylindole; Life Technologies, Waltham, MA) for 5 min at RT and mounted
with mounting media (Ibidi, Munich, Germany). Images were collected on a Leica TCS SP5

confocal scanning laser microscope (Leica, Wetzlar, Germany) at a magnification of 200x.

2.2.8 Immunoblotting

Positively charged rectangular glass slides (Thermo Fisher, Waltham, MA) were rinsed with
ethanol and air-dried, sterilized in a steam-autoclave, placed in a 100 mm sterile petri dish and
coated with a 15 pg/ml human fibronectin solution (hFN; BD Biosciences, San Jose, CA)
overnight at 4 °C. The hFN solution was removed, and HDMVEC suspensions were seeded onto
the slides at a concentration of 1.2 x 10° cells/ml. Cells were grown to confluency for 48 h at 37
°C (5% COz2, 95% air). For immunoblotting assays, endothelial cells were subjected to fluidic
shear stress at a shear stress of 2 dyn/cm? (Figure 2.4A and B) with a parallel flow chamber
apparatus (GlycoTech, Gaithersburg, MD). Immediately after fluid exposure, HDMVEC whole
cell lysates were prepared using a kinase lysis buffer consisting of 20 mM HEPES (pH 7.4), 150
mM NacCl, 50 mM KF, 50 mM B-glycerolphosphate, 2 mM EGTA (pH 8.0), I mM Na3VOsu,
10% glycerol, 1% Triton X-100, a protease inhibitor cocktail (Roche Diagnostics, Basel,
Switzerland) and a phosphatase inhibitor cocktail (Pierce Scientific, Rockford, IL). Clearing of
cell lysates was achieved by centrifugation at 16,000 rpm for 10 min at 4 °C. Samples of cell
lysates were subjected to the Bradford protein assay (Bio-Rad Laboratories, Hercules, CA) to
determine total protein concentration. Equal protein concentrations of HDMVEC lysates were

subjected to run on a 12% SDS-PAGE gel and transferred to nitrocellulose membranes (Bio-Rad
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Laboratories, Hercules, CA) and immunoblotted. Membranes were blocked for 1 h at RT with
blocking buffer (3% BSA in 0.1% PBS-T) and incubated with antibodies directed against either
VE-Cadherin (AbCam, Cambridge, United Kingdom), phospho-VE cadherin Y685 (ECM
Biosciences, Versailles, KY), phospho-VE cadherin Y731 (Life Technologies, Waltham, MA),
Src (AbCam, Cambridge, United Kingdom), phsopho-Src Y416 (Cell Signaling Technology,
Danvers, MA), SHPT2 (Santa Cruz Biotechnology, Dallas, TX), tubulin (AbCam, Cambridge,
United Kingdom) or B-actin (Sigma-Aldrich, St. Louis, MO). Membranes were washed and
incubated with horseradish peroxidase-conjugated secondary antibodies (Bio-Rad, Hercules, CA)
for 1 hr at RT. Immunoblots were developed by ECL Plus (Pierce Scientific, Rockford, IL) and
the Konica Minolta SRX-101A processor (Konica Minolta, Wayne, NJ). Densitometry of
Western blots was performed using ImageJ (Schneider et al. 2012).

2.2.9 Src inhibition via PP2 inhibitor
Endothelial cell monolayers were pretreated with the pharmacological inhibitor of Src, PP2
at a concentration of 1 pM or the carrier diluent DMSO for 1 h prior to fluid-induced shear stress

assays.

2.2.10 Immunoprecipitation and kinase activation analysis

Glutathione S-transferase (GST) fusion proteins containing the R-Ras binding domain
(RBD) were used to precipitate GTP-loaded R-Ras as described previously (Smith et al. 2001,
Harper et al. 2008, Harper et al. 2011). To examine R-Ras activation following fluid shear stress
exposure, HDMVECs were transfected with 3x Flag-tagged WT R-Ras (3 pg), allowed to grow
to confluency for 48 h and finally subjected to flow-induced shear stress. To examine the
activation of endogenous R-Ras, HDMVECs were seeded onto the flow chamber glass slides and
allowed to grow to confluency for 48 h. Following, the glass slides were mounted onto the flow
apparatus, and the HDMVEC monolayers were subjected to shear stress at 2 dyn/cm? with
normal culture media or stimulated with 50 ng/mL TNFa. Subsequently, the cells were harvested
and whole cell lysates prepared. Cell lysates were subjected to GST-R-Ras-RBD agarose
pulldown with end-to-end rotation at 4 °C for 2 h. The GST-R-Ras-RBD agarose pellets were
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recovered after extensive washing, and levels of GTP-bound R-Ras were determined by

immunoblotting with anti-R-Ras monoclonal antibody.
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2.3 Results

2.3.1 Loss of direct interaction between R-Ras and FLNa promotes vascular permeability
in endothelial cells subjected to fluid shear stress

The observation that FLNa null mice suffer from severe vascular deficits, such as dilated
vasculature, hemorrhage, and edema suggested to us that FLNa is an important regulator in the
vascular barrier function. Human coronary artery endothelial cells (HCAECs) show a prominent
loss of barrier function when the linkage between R-Ras and FLNa is not intact. In static in vitro
conditions the interaction between R-Ras and FLNa is crucial for maintaining barrier function
and loss of this interaction leads to significant increases in endothelial permeability (Griffiths et
al. 2011). Since vascular endothelial cells remain constantly exposed to fluid shear stress under
in vivo conditions, we were interested in investigating whether the direct interaction between the
small GTPase R-Ras and the cytoskeletal protein FLNa would be altered under flow-induced
shear stress condition. HDMVEC monolayers where expression of R-Ras, FLNa or both R-Ras
and FLNa was reduced by siRNA knockdown prior to exposure to flow shear stress,
demonstrated a remarkable decrease in TEER (Figure 2.5; TEER and endothelial permeability
are inversely related) compared to the scrambled siRNA (p <0.0001). HDMVECs, where R-Ras
expression was knocked down via siRNA exhibited barrier dysregulation (1981 £ 9.46 Q) when
exposed to fluid shear stress (2 dyn/cm?), endothelial monolayers with reduced FLNa expression
(2169 £ 99.46 Q), HDMVECs with siRNA-induced knockdown of both R-Ras and FLNa
demonstrated a disruption in barrier integrity comparable to HDMVECs with reduced R-Ras
expression (1986 + 25.45 ). HDMVEC:s that were challenged with the cytokine TNFa showed
clear signs of barrier dysfunction, whereas permeability was the highest among all studied cases
(1973 £24.24 Q). The baseline for control cells was determined by exposing normal HDMVECs
to fluid shear stress (2 dyn/cm?). The respective control TEER baseline values were at 2683 +
19.24 Q after 15 min from the onset of fluid shear stress. As hypothesized, the interactive
relationship between R-Ras and FLNa continues to be of pivotal importance when approximating
in vivo conditions by exposing primary endothelial monolayers to fluid shear stress. HDMVECs

are capillary endothelial cells exposed to laminar flow shear stress less than 6 dyn/cm? under in
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vivo conditions. Therefore, in all experimental settings, HDMVECs were exposed to laminar
fluid shear stress at 2 dyn/cm? for15 min in physiological conditions at 37 °C and a humidified

cell culture incubator (95% relative humidity, 5% CO2).

After confirming the importance of R-Ras and FLNa interaction in the maintenance of
barrier function integrity under fluid shear stress conditions, we sought to examine whether
flow-induced shear stress within the physiological regime of shear stress levels observed under
in vivo conditions would induce any disturbances to endothelial adherens junctions. For this
reason, HDMVECs exposed to fluid shear stress were subsequently immunostained for
VE-cadherin, a prominent constituent protein in adherens junction complexes. Induction of fluid
shear stress at 2 dyn/cm? did not induce any disturbances to the expression pattern of
VE-cadherin for normal HDMVEC:s (Figure 2.6) as can be seen in endothelial monolayers

transfected with control scrambled siRNA.

Formation of actin stress fibers was expected and confirmed (F-actin staining) as fluid shear
stress causes actin rearrangement and the formation of stress fibers even under physiological
conditions. The stress fibers form rather at the cellular periphery compared to pathophysiological
cases where R-Ras, FLNa or both R-Ras and FLNa protein expression was knocked down using
siRNA. In the latter case, stress fiber formation appears increased. The stress fibers are thick and
diffusely distributed across the entire surface of endothelial cells. Similarly, in the case of
HDMVEC:s activated through TNFa-mediated inflammation, the formation of stress fibers is
evident. VE-cadherin appears undisturbed and continuous at the cell periphery in the case of
HDMVEC:s transfected with scrambled siRNA. Endothelial cells where the linkage between
R-Ras and FLNa was interrupted via transfection with R-Ras siRNA, FLNa siRNA or both
R-Ras and FLNa siRNA exhibited obvious interruptions in the staining pattern of VE-cadherin
(Figure 2.6). VE-cadherin appeared in thick stripes, discontinuous and with an evident

zipper-formation suggesting that the endothelial monolayer was compromised.
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The immunostaining confirms the previously obtained TEER results about the compromised
barrier function of endothelial monolayers where R-Ras and FLLNa interaction is disrupted. These
cells exhibited increased permeability as indicated by the inversely proportionate TEER values

(Figure 2.6).

2.3.2 Loss of the R-Ras binding site at FLNa repeat 3 promotes vascular permeability in
endothelial cells under fluid shear stress
It has been shown previously that R-Ras binds to the FLNa repeat 3 (Griffiths et al. 2011).
Therefore, lack of FLNa 3 repeat would block R-Ras from binding to FLNa leading to barrier
dysfunction and cause increased permeability similar to HDMVECs when R-Ras or FLNa or

both R-Ras and FLNa expression was knocked down.

We tested this hypothesis with a FLNa construct that had its repeat 3 deleted (FLNaA3).
HDMVECs were transfected by electroporation with p3xFlag FLNaA3 or the control p3xFlag
empty vector (EV). FLNa knockdown promoted endothelial permeability (2086 + 125.9 Q)
indicating a compromised barrier integrity. Endothelial monolayers where endogenous FLNa
was knocked down by means of siRNA and FLLNaA3 re-expressed, exhibited a vastly
compromised barrier function with increased permeability (1831 + 70.51 Q) as compared to the

FLNa knockdown case (Figure 2.7; p < 0.05).

Furthermore, we wanted to study the effects of a compromised R-Ras/FLLNa complex when
HDMVECs were not only subjected to fluid shear stress but also treated with TNFa (50 ng/mL)
simultaneously. HDMVECs were transfected with the FLNaA3 construct allowing for the
expression of FLNa lacking its repeat 3, the binding site of R-Ras. Endothelial monolayers
exhibited increased permeability greater than permeability values received for HDMVECs
transfected with EV, or HDMVECs challenged with TNFa (50 ng/mL) under fluid shear stress
conditions (Figure 2.7; p < 0.01).

Further, we were interested in any possible cytoskeletal reorganizations as a result of the

missing interaction between R-Ras and FLNa using FLNaA3. HDMVEC:s transfected with the
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same constructs that were used for the TEER/ECIS assays were immunostained targeting
VE-cadherin. Similarly to the previous assay (Figure 2.8), flow-induced shear stress alone did
not influence expression of VE-cadherin in control cells with the formation of some minimal
stress fibers at the cell periphery (Figure 2.8). As seen in the previous TEER/ECIS assays (FLNa
knockdown) HDMVECs with transfection-induced expression of FLNaA3 did not rescue
endothelial barrier integrity due to the lack of FLNa repeat 3 and hence, due to the lack of
R-Ras/FLNa association. Compatible with the permeability-induced phenotype, endothelial
monolayers (FLNa siRNA + FLNaA3) exhibited discontinuous patterns of VE-cadherin with
zipper-like structures (Figure 2.8). Thick stress fibers diffusely expressed on the entire cell
surface suggesting that endothelial permeability was vastly compromised. Similar patterns for
VE-cadherin and the stress fibers were observed for HDMVEC:s transfected with FLNaA3 and
then exposed to TNFa or HDMVECs exposed to TNFa at 50 ng/mL for 15 min simultaneously
with exposure to fluid shear stress at 2 dyn/cm?. VE-cadherin appeared discontinuous with thick
and zipper-like formations typical for loss of barrier integrity. The actin (stained with phalloidin)

exhibited thick stress fibers that covered the entire cell surface.

2.3.3 Constitutively active R-Ras rescues endothelial monolayer
R-Ras is a small GTPase acting as a molecular switch through its binding affinity to GDP or
GTP. The Matter group has previously reported the significance of the interaction between

R-Ras and FLNa in regulating vascular endothelial permeability (Griffiths et al. 2011).

In the current study, we aimed at approximating in vivo physiological flow conditions in
well-defined in vitro assays by exposing endothelial monolayers to fluid shear stress. As has
been demonstrated thus far the interaction between R-Ras and FLNa plays a pivotal role in the
regulation of endothelial permeability under physiologically relevant fluid shear stress
conditions. The question that arises is whether it is the active or inactive state of R-Ras that
through the binding to FLNa constitutes this interaction so vitally important for the maintenance

of barrier integrity. In order to answer this question we proceeded with two different R-Ras
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constructs, a constitutively active R-Ras (CA R-Ras) and a dominant negative R-Ras

(DN R-Ras).

Both the CA R-Ras and DN R-Ras have been described previously (Spaargaren et al. 1994,
Zhang et al. 1996, Keely et al. 1999). The constitutively active R-Ras remains in its active
GTP-bound state and stays continuously active while the dominant negative R-Ras is constantly

bound to GDP and remains in an inactive state.

HDMVECs were transfected with R-Ras siRNA causing a reduction of endogenous levels of
R-Ras. Re-expression of active or inactive GTP-, or GDP-bound R-Ras respectively was
performed by transfecting either construct into HDMVECs. HDMVECs transfected with the
CA R-Ras exhibited a remarkable recovery. Indeed, CA R-Ras is capable of rescuing barrier
function in endothelial monolayers (Figure 2.9). CA R-Ras transfected HDMVECs exhibited
TEER values at similar levels as seen in the control cells transfected with the EV. HDMVECs
transfected with DN R-Ras showed an increase in endothelial permeability comparable to
HDMVEC:s treated with the cytokine TNFa for 15 min at a concentration of 50 ng/mL (Figure
2.9).

We sought to confirm changes in barrier integrity by immunostaining (Figure 2.10).
HDMVEC monolayers previously transfected with R-Ras siRNA combined with either
CA R-Ras or DN R-Ras respectively were stained for VE-cadherin via an anti-VE-cadherin
antibody and actin using pahalloidin. HDMVECs where CA R-Ras was expressed, exhibited a
pattern compatible with a compromised permeability phenotype due to the zipper formation of
VE-cadherin (Figure 2.10). Nonetheless, VE-cadherin appeared continuous with minimal
disturbances (Figure 2.10). Similarly, actin stress fibers although thicker that in control cells,
appeared mostly at the cell periphery. Endothelial monolayers transfected with DN R-Ras
showed all signs of a permeability-compromised phenotype. VE-cadherin was clearly

discontinuous, and thick stress fibers appeared covering the entire cell surface (Figure 2.10).
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These results suggest that it is the GTP-bound active state of R-Ras that plays a prominent
role in maintaining barrier integrity. Next, we sought to confirm this via GTPase activation
assays. HDMVECs under static conditions and endothelial monolayers exposed to fluid shear
stress at 2 dyn/cm? were harvested and subjected to the activity assay (Figure 2.11A). While
HDMVECs maintained some levels of GTP-bound R-Ras, endothelial monolayers exposed to

fluid shear stress exhibited a marked increase in activity levels of R-Ras.

The same tendency was confirmed by means of TEER/ECIS when comparing HDMVECs
under static and flow-induced shear stress conditions (Figure 2.11B). Endothelial monolayers
exposed to fluid shear stress exhibited higher TEER values than statically cultured HDMVECs at
statistically significant levels (p < 0.001). This is in agreement with previously published work
showing that flow-induced shear stress causes a transient increase in TEER and therefore a
reduction in permeability as TEER and permeability are inversely proportionate (DePaola et al.
2001). This stands to reason considering the hemodynamic forces endothelial cells are exposed
to in their native microenvironment iz vivo and the fact that junction complexes are activated

when cells move from a quiescent into an activated state.

2.3.4 Constitutively active R-Ras blocks TNFa-mediated vascular permeability

The comparison between static HDMVECs and cell monolayers exposed to flow-induced
shear stress revealed that R-Ras exhibits significantly higher GTP-bound levels when
monolayers are exposed to fluid shear stress. Pro-inflammatory cytokines of which TNFa is one
of the most prominent, activate endothelial cells under static or fluid shear stress conditions. The
effect of TNFa on endothelial barrier integrity under flow-induced shear stress seemed at this

point a very intriguing question to ask.

Consequently, we were interested in determining the activity levels of R-Ras in quiescent
versus cytokine-activated endothelial cells when monolayers were exposed to fluid shear stress
conditions. Flow-induced shear stress induced a dramatic increase of GTP-bound R-Ras

compared to HDMVEC monolayers exposed to the same levels of shear stress and challenged
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with TNFa (Figure 2.12A). A subsequent densitometric quantification of the R-Ras activation
assay revealed a clear discrepancy between quiescent and TNFa activated endothelial

monolayers (Figure 2.12B).

Higher GTP-bound R-Ras levels translated into higher TEER values and thus, stronger
barrier function (Figure 2.12C). Indeed, when endothelial monolayers were exposed to fluid
shear stress at physiologically relevant levels of what is observed in capillary vascular
endothelial cells in vivo, monolayers that were in a rather quiescent state exhibited much higher
TEER values at statistically significant levels when compared to endothelial monolayers exposed
simultaneously to fluid shear stress and TNFa. This suggests that not only does R-Ras play a
prominent role in stabilizing endothelial barrier function under fluid induced shear stress
conditions but it is its active GTP-bound state that acts protectively and maintains barrier
function and integrity. The real-time TEER values acquired by means of ECIS were highly

supportive of this observation.

We further explored the role of active GTP-bound or inactive GDP-bound R-Ras in cell
populations where endogenous R-Ras was knocked down by siRNA. In addition we challenged
endothelial cells with TNFa and subjected them to fluid shear stress. HDMVECs, where
endogenous R-Ras levels were reduced by R-Ras siRNA transfection, showed a recovery in their
barrier function when CA R-Ras was expressed compared to controls (R-Ras siRNA + EV). In
fact, their TEER is slightly higher than the respective baseline control values (Figure 2.13).
These very promising results indicated to us that indeed, CA R-Ras was capable of rescuing
TNFa challenged endothelial cells even without the presence of endogenous R-Ras. Expression
of DN R-Ras was not able to rescue endothelial barrier function and stayed at comparable levels

with HDMVECs exposed to TNFa (Figure 2.13).

Confocal imaging confirmed the findings that were observed by TEER/ECIS. HDMVEC
monolayers were transfected with R-Ras siRNA and either CA R-Ras or DN R-Ras.

VE-cadherin patterns were compatible with control cells. The staining appeared continuous with

100



a slight zipper-like structure (Figure 2.14). Stress fiber formation after fluid shear stress exposure
was observed at slightly higher levels than in control cells. Conversely, DN R-Ras transfected
endothelial cells exhibited discontinuous VE-cadherin patterns and prominent formation of thick

actin stress fibers diffused across the entire cell surface (Figure 2.14).

2.3.5 Constitutively active R-Ras exerts its barrier-protective properties only in the
presence of FLNa repeat 3

HDMVECs were transfected with constitutively active R-Ras (CA R-Ras) and dominant
negative R-Ras (DN R-Ras). CA R-Ras expressed in TNFa-treated endothelial cells restored
their vascular barrier function. FLNaRP3 that was re-expressed in endothelial cells treated with
TNFa failed to restore barrier integrity despite the presence of endogenous FLNa. This may
indicate that the presence of FLNa repeat 3 alone (FLNaRP3) binds up endogenous R-Ras in an
inhibitory manner preventing the complex formed between R-Ras and FLNa to perform its

protective role in the maintenance of endothelial barrier integrity (Figure 2.15).

2.3.6 R-Ras mutations lead to a phenotype associated with the RASopathy spectrum of
vascular malfunctions and malignancies

The role of R-Ras mutations associated with disease is attributed to a constitutively active
GTP-bound state. Aberrant R-Ras function has been demonstrated to cause disturbances in signal
transduction via the RAF/MEK/ERK signaling cascade and the PI3K/AKT pathway (Flex et al.
2014). We prepared two previously characterized R-Ras mutants, the R-Ras G39Dup and R-Ras
V55M and investigated their effect on endothelial barrier integrity. In all cases endogenous
levels of R-Ras and FLNa were intact and HDMVECs were transfected with the R-Ras mutants.
Subsequently, 48 h later endothelial monolayers were exposed to fluid shear stress with real-time
TEER/ECIS data acquisition. HDMVEC:s transfected with the mutant R-Ras constructs, G39Dup
and V55M respectively, showed significantly lower values for TEER compared to the control
cells (p <0.0001) although they maintained some level of barrier integrity as permeability was

markedly less than cells treated with TNFa (Figure 2.16).
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Since mutants induce their deleterious effects through maintaining GTPases in a
constitutively active state, we compared the TEER values of the mutants in endothelial cells
transfected with the constitutively active R-Ras (CA R-Ras). HDMVECs transfected with
CA R-Ras manifested TEER values at similar levels to control cells (transfected with the EV)
and remained at statistically higher levels than the R-Ras mutants. This suggests that although
mutant R-Ras implicated in a variety of RASopathies cannot be maintained in an active state at

all times, it may remain primarily active.

Confocal imaging of HDMVECs monolayers of cells previously transfected with the R-Ras
mutants and subsequently exposed to fluid shear stress manifested signs of a permeability
phenotype (Figure 2.17). VE-cadherin was discontinuous in both cases and exhibited the
zipper-like formation around the cell periphery. Similarly, actin stress fiber appeared thick and

presented themselves across the entire cell surface.

2.3.7 The pharmacological Src inhibitor PP2 blocks vascular permeability

The pharmacological Src inhibitor PP2 was used to block TNFa-mediated endothelial
permeability. HDMVECs transfected with CA R-Ras and treated for 1 h with PP2 at 1 uM not
only maintained baseline barrier function but exhibited TEER values higher than control cells
despite the fact that the monolayers was challenged with TNFa (Figure 2.18). Hence, CA R-Ras,
as shown here in previous assays, acts protectively in favor of barrier function but when
combined with the Src inhibitor that prevents VE-cadherin phosphorylation especially under
fluid shear stress then this combination seemss to have an additive effect on the stabilization of
endothelial barrier function. Endothelial cells transfected with DN R-Ras (and treated with PP2)
exhibited a barrier dysregulation at slightly higher levels than control cells that were not treated
with PP2 but were exposed to TNFa at the same concentration (50 ng/mL) (Figure 2.18). This
indicated that activity of R-Ras is a key determinant of endothelial barrier maintenance. Loss of
R-Ras function promotes endothelial permeability most likely by increased Src activity that has
been previously reported to phosphorylate VE-cadherin, a prominent member of endothelial

adherens junctions with a crucial role in the regulation of paracellular permeability.
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HDMVEC:s transfected with the mutant FLNaA3, treated with PP2 for 1 h at 1 uM and
challenged with TNFa for 15 min while under flow-induced shear stress, showed a markedly
increase in permeability significantly higher than control cells transfected with EV or cells
transfected with only the mutant FLNaA3 (Figure 2.19). Conversely, HDMVECs transfected
with FLNaRP3 and then treated with PP2 appeared to maintain a stable barrier function contrary
to the mutant FLNaA3 that did not (Figure 2.20).

2.3.8 FLNaRP3 blocks barrier function recovery

Adherent to previous findings by the Matter group that R-Ras binds to FLNa repeat 3 we
wanted to elaborate further on this and prepared a FLNa construct comprised by only repeat 3
(FLNaRP3). FLNaRP3, the binding site between FLNa and R-Ras induced similar anomalies as
were observed in endothelial cells with FLNa siRNA knockdowns shown previously under static
conditions or in the current study under physiologically relevant flow-induced shear stress levels.
Conversely, since R-Ras interacts with FLNa via its repeat 3 (deletion of repeat 3 compromises
barrier integrity), would re-expression of FLNaRP3 maintain barrier integrity? In order to
examine this question, a mutant FLNa was developed that expressed solely FLNa repeat 3
(FLNaRP3). HDMVECs were transfected with the control (EV), FLNaRP3 and both FLNaRP3
and FLNa siRNA simultaneously. When endogenous FLNa was knocked down by siRNA,
expression of FLNaRP3 did not rescue endothelial permeability with TEER at similar levels
compared to endothelial cells transfected with FLNaRP3 and subsequently exposed to TNFa or
HDMVEC:s treated with TNFa alone (Figure 2.21).

Immunostaining of endothelial monolayers after exposure to fluid induced shear stress
confirmed the observations acquired through our TEER/ECIS assays. HDMVECs with
endogenous levels of FLNa reduced via FLNa siRNA and expression of FLNaRP3 exhibited
clear signs of the leaky endothelial phenotype. VE-cadherin staining appeared with
discontinuities and exhibited zipper-like structures with thick stress fibers diffusely distributed
along the endothelial cell surface (Figure 2.22). Considering that VE-cadherin is expressed at

sites of adherens junction complexes and that it is one of the primary regulators of paracellular
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permeability in endothelial cells, the phenotype of a compromised VE-cadherin expression
pattern confirms the trend that had been previously observed in the TEER/ECIS assays (Figure
2.21). These results suggest that FLNaRP3 does not rescue endothelial barrier function. On the
contrary, expression of FLNaRP3 in HDMVECs induces permeability. This could be due to the
fact that the cytoskeletal FLNa interacts with more than 80 reported proteins and that loss of
endogenous levels of FLNa compromise signaling cascades involving other permeability-related
factors (Nakamura et al. 2011). Furthermore, FLNaRP3 was abundantly expressed and,
therefore, had to bind up endogenous R-Ras. Binding of R-Ras to FLNaRP3 alone does not
transduce any intracellular signaling further downstream since these binding events happen in
close proximity to the plasma membrane where the small GTPase R-Ras is located after
activation. FLNaRP3 does not contain its actin binding domain (ABD) and, therefore, is
incapable of providing any mechanical stabilization to the cellular framework further

contributing to a compromised endothelial barrier function.
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2.4 Discussion

We showed that TNFa-mediated endothelial dysfunction accompanied by increased
permeability could be inhibited by constitutively active R-Ras. Intriguingly, even in the case
where microvascular endothelial cells are subjected to TNFa treatment under fluid induced shear
stress conditions, constitutively active R-Ras is capable of rescuing barrier integrity within a few
minutes from the onset of fluid shear stress. Independently of the GTP-, or GDP-bound R-Ras,
the presence of intact FLNa including its repeat 3 (the binding site of R-Ras) is crucial for the
formation of the R-Ras/FLNa complex. Only then, active GTP-bound R-Ras can exert its

protective mechanism on endothelial barrier integrity.

The underlying molecular mechanisms remain still elusive. It has been shown previously
that loss of the interaction between the R-Ras and FLNa leads to VE-cadherin phosphorylation, a
prominent constituent protein of adherens junctions (Griffiths et al. 2011). VE-cadherin
phosphorylation by Src may trigger internalization of VE-cadherin in a manner similar to
VEGF-mediated internalization of VE-cadherin (Wallez et al. 2008). Perhaps active GTP-bound
R-Ras pulls FLNa in close proximity to the plasma membrane. Considering that FLNa repeat 3
lies closely to the actin-binding domain of FLNa, R-Ras could potentially cause cytoskeletal
rearrangements across the plasma membrane favoring the maintenance of barrier integrity. By
pulling FLNa toward the membrane, R-Ras indirectly causes F-actin to translocate closer to the

membrane compensating for internalized VE-cadherin.

Furthermore, it has been shown that R-Ras inhibits the internalization of VEGFR-2 in
cultured endothelial cells allowing for the VEGFR-2 signaling cascade to proceed in a
VEGF-dependent manner. Constitutively active R-Ras causes a decrease in VEGFR-2 tyrosine
phosphorylation triggered by the binding of its ligand, whereas dominant negative R-Ras results
in increased VEGFR-2 tyrosine phosphorylation upon binding of the receptor ligand (Sawada et
al. 2015). The major VEFGR-2 tyrosine phosphorylation residues that trigger endothelial cells to
respond to VEGF stimulation are Y951 (kinases insert domain), Y1054 and Y1059 (kinase
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domain), Y1175 and Y1214 (C-terminal tail of receptor) (Takahashi et al. 2001, Matsumoto et al.
2005, Holmes et al. 2007).

Hughes et al. described a mechanosensory complex comprised of PECAM-1 (a known Src
activator), VE-cadherin and VEGFR-2 (an activator of PI3K) (Hughes et al. 1998). Under fluid
shear stress, the PECAM-1/VE-cadherin/VEGFR-2/PI3K complex could get activated allowing
for Src to phosphorylate VE-cadherin, an observation previously confirmed for human coronary
artery endothelial cells (Griffiths et al. 2011). It has also been demonstrated that PI3K is an
effector that R-Ras shares with other members of the Ras family suggesting that PI3K interacts
with R-Ras during the PECAM-1/VE-cadherin/VEGFR-2/PI3K signaling cascade.

Here we show that the complex formed between R-Ras and FLNa is essential for the
maintenance of endothelial barrier integrity under fluid shear stress conditions. HDMVECs with
knocked down R-Ras, FLLNa or the combination of R-Ras and FLNa exhibited a barrier
dysregulation with increased endothelial permeability at comparable levels with activated

TNFa-treated endothelial cells.

In particular, constitutively active R-Ras is capable not only to maintain endothelial barrier
integrity but in an intriguing way to rescue barrier function of TNFa-treated endothelial cells.
Dominant negative R-Ras promoted vascular permeability in the presence and absence of TNFa

in endothelial monolayers subjected to fluid shear stress.

In order for constitutively active R-Ras to exert its positive function on barrier integrity, it is
necessary for the FLNa repeat 3 to be present. In the case of the FLNa construct missing its
repeat 3, we demonstrated that constitutively active R-Ras fails to bind to FLNa and thereby
lacks the ability to block vascular permeability.

Moreover, fluid shear stress results in the activation of R-Ras. Normal HDMVECs subjected
to fluid shear stress at physiologically relevant levels exhibited increased activity of R-Ras

compared to quiescent HDMVECs under static cell culture conditions. Similarly, when
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TNFa-treated endothelial monolayers were subjected to fluid shear stress, it caused a significant
reduction of R-Ras activity levels suggesting that R-Ras and TNFa act upon overlapping

signaling pathways.

Our work indicates that R-Ras and active R-Ras, in particular, have the potential to offer
new insights into the regulation of vascular permeability. TNFa-mediated vascular dysfunction
plays an adverse role in the pathogenesis of sepsis and the onset of inflammation with very
limited success in understanding the underlying molecular processes. Our work attempts to
contribute to a better understanding of the R-Ras and FLNa regulation of vascular permeability

under physiologically relevant fluid shear stress conditions.
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2.5 Figures
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Figure 2.1

R-Ras associates with FLNa at repeat 3

R-Ras associates directly with the cytoskeletal protein FLNa at its repeat 3 (Gawecka et al.

2010). Loss of this interaction has been implicated in barrier dysfunction and increased

109



endothelial permeability (Griffiths et al. 2011). The FLNa polypeptide chain has a molecular
mass of 280 kDa. It consists of an amino-terminal actin-binding domain (ABD) followed by a
rod-like domain of 24 immunoglobulin repeats. The actin-binding domain and FLNa repeats
1-15 are designated ‘rod domain 1°, whereas FLNa repeats 16-23 are designated ‘rod domain 2.
FLNa rod domain 2 does not interact with actin filaments and contains the binding sites for the
majority of the FLNa interacting protein partners. There are two hinge regions between FLNa
repeat 15 and 16 and between FLNa repeat 23 and 24. The dimeric structure of FLNa rearranges

actin filaments in orthogonal structures.
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Figure 2.2

R-Ras is a small GTPase cycling between GTP and GDP

The small GTPase R-Ras is activated by exchange of GDP for GTP stimulated by guanosine
exchange factors (GEFs; green) and inactivated by exchanging GTP for GDP via hydrolysis
stimulated by GTPases activating proteins (GAPs; red). R-Ras is regulated by specific GEFs and
GAPs. The GEFs that have been implicated to associate with R-Ras are RasGRF, C3G,
CalDAG-GEFI, CalDAG-GEFII and CalDAG-GEFIIL. RRasGAP is the only GAP that has been
linked to R-Ras thus far (Yamashita et al. 2000, Takaya et al. 2007).
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Figure 2.3

ECIS and Ibidi flow chamber slides

(A) ECIS gold-film flow chamber slide. The flow channel has a height of 0.4 mm and a length of
25 mm. The array connectors in the front of the slide are attached to the ECIS instrument. The
slide is equipped with eight small electrodes along the axial length of the flow channel. Each
electrode acquires real-time electrical resistivity, impedance and capacitance. Tubing going in
and out of the chamber reservoirs are connected to a peristaltic pump and allow for the cell
culture medium to circulate continuously for the duration of the flow assays. (B) The Ibidi flow
chamber slide consists of six independent channels. The height of each channel comprises 0.4
mm. Tubing connected to the slide runs through a peristaltic pump propelling the cell culture
medium through the flow channels and thereby subjecting endothelial monolayers to fluid shear

stress.
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Figure 2.4

Ibidi flow chamber slide

(A) Endothelial cells are seeded onto fibronectin-coated glass slides. The silicon gasket (green) is
placed between the glass slide with the endothelial monolayer and a vacuum lid. The vacuum lid
is equipped with four inlets. Two of them serve as the flow inlet and outlet respectively, and the
remaining two are connected to a vacuum source allowing for the setup to remain in place during
fluid shear stress assays. (B) A schematic representation of the setup as described previously.
The glass slide accommodates the endothelial monolayers, and the gasket is placed on top of the

glass slides allowing for the vacuum lid to be mounted to the setup.
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Figure 2.5

Loss of R-Ras and FLNa protein expression promotes vascular permeability under
fluid shear stress conditions

The small GTPase R-Ras is expressed at various degrees across the vascular endothelium
(Komatsu et al. 2005). Endogenous R-Ras and FLNa associate in arterial and microvascular
endothelial cells forming a complex that protects vascular permeability (Griffiths et al. 2011).

HDMVECs were transfected with R-Ras or FLNa siRNA individually or with R-Ras and FLNa
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siRNAs combined. Transendothelial electrical resistance (TEER; measured in Ohms at a
frequency of 4 kHz) of HDMVECs with scrambled siRNA or siRNA(s) directed against R-Ras,
FLNa or R-Ras/FLNa or treated with the pro-inflammatory cytokine TNFa. Loss of R-Ras or
FLNa or R-Ras/FLNa promotes vascular permeability under fluid shear stress conditions.
Endothelial monolayers were subjected to fluid shear stress at 2 dyn/cm? for 15 min. HDMVECs
with R-Ras or FLNa knockdowns exhibited increased permeability as indicated by the decreased
TEER values (**** p <0.0001). TNFa-mediated vascular permeability on HDMVECs was also
assessed (**** p <0.0001; relative to scrambled siRNA). Note that vascular permeability and
TEER are inversely proportional. Real-time measurements of electrical resistance were
conducted at a frequency of 4,000 Hz. The respective data points of electrical resistance at 15

min are depicted.
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Figure 2.6

Loss of the R-Ras and FLNa complex alter cytoskeletal rearrangements in HDMVECs
subjected to fluid shear stress

HDMVECs with knocked down R-Ras, FLNa or R-Ras/FLNa or treated with the

pro-inflammatory cytokine TNFa were allowed to grow into monolayers on fibronectin-coated

Ibidi flow chamber slides and subjected to fluid shear stress at 2 dyn/cm? for 15 min.

Subsequently cells were fixated and immunostained with Alexa 594-phalloidin (red),

anti-VE-cadherin antibody (green) and counterstained with DAPI (blue). Open arrowheads point
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to VE-cadherin gaps formed in monolayers with knocked down R-Ras, FLNa or R-Ras/FLNa or
treated with TNFa. Scale bars correspond to 20 um. Results are representative of at least three

independent experiments. The confocal images were acquired at a magnification of 200x.
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Figure 2.7

R-Ras interacts with FLNa via direct binding to its repeat 3

R-Ras forms a complex with FLNa by directly associating with FLNa repeat 3 (Griffiths et al.
2011). Transendothelial resistance (TEER) values for HDMVECs with endogenous FLNa and
re-expressed FLNa lacking repeat 3 (FLNaA3), knocked down FLNa (FLNa siRNA), knocked
down FLNa with re-expressed FLNaA3 (FLNa siRNA + FLNaA3), endogenous FLNa with
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re-expressed FLNaA3 and treated with TNFa (FLNaA3 + TNFa) or HDMVECs treated with
TNFa only. TEER values are compared to quiescent endothelial cells expressing scrambled
siRNA. Cell monolayers were exposed to flow-induced shear stress and the respective TEER
values acquired. In the case of the mutant FLNaA3, R-Ras was incapable of binding to FLNa and
hence, TEER values appeared decreased. In the case of HDMVECs with knocked down FLNa,
re-expression of FLNaA3 does not rescue vascular permeability (* p < 0.05). TNFa-treated
endothelial cells with endogenous FLLNa protein expression and re-expression of FLNaA3 exhibit
higher TEER than HDMVEC:s treated with TNFa alone (** p <0.01). Real-time measurements
of electrical resistance were conducted at a frequency of 4,000 Hz. The respective data points of

electrical resistance at 15 min are depicted.
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Figure 2.8

The association of R-Ras with FLNa maintains endothelial barrier integrity in

HDMVECSs under fluid shear stress

Confocal imaging of HDMVEC monolayers with knocked down FLNa, knocked down FLNa
and re-expressed FLNaA3 (FLNa siRNA + FLNaA3), endogenous FLNa and re-expressed
FLNaA3 treated with TNFa (FLNaA3 + TNFa) or HDMVECs treated with TNFa only. Cells

were grown on fibronectin-coated Ibidi flow chamber slides and subjected to fluid shear stress at
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2 dyn/cm? for 15 min prior to fixation. HDMVECs were immunostained with Alexa
594-phalloidin (red), anti-VE-cadherin antibody (green) and counterstained with DAPI (blue).
Open arrowheads point to VE-cadherin gaps due to lack of association of R-Ras to FLNa. Closed
arrowheads indicate the formation of stress fibers. The scale bars correspond to 20 pm. Results
are representative of at least three independent experiments. Confocal micrographs were

acquired at a magnification of 200x.
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Figure 2.9

Constitutively active R-Ras restores endothelial barrier function under fluid shear

stress

Transendothelial electrical resistance (TEER) of HDMVECs with knocked down R-Ras (R-Ras
siRNA), knocked down R-Ras and re-expressed constitutively active R-Ras (CA R-Ras + R-Ras
siRNA), knocked down R-Ras and re-expressed dominant negative R-Ras (DN R-Ras + R-Ras
siRNA), and HDMVEC:s treated with TNFa alone (TNFa). Endothelial monolayers were grown
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to confluency on fibronectin coated ECIS flow chamber slides and subjected to fluid shear stress
at 2 dyn/cm? for 15 min. Control cells were transfected with the empty vector (EV) or were
challenged with TNFa at 50 ng/mL. Barrier integrity in HDMVECs with knocked down R-Ras is
lost in the case where DN R-Ras is re-expressed but restored when CA R-Ras is re-expressed
(**** p <0.0001). Real-time measurements of electrical resistance were conducted at a

frequency of 4,000 Hz. The respective data points of electrical resistance at 15 min are depicted.
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Figure 2.10

Constitutively active R-Ras restores endothelial barrier integrity under fluid shear
stress conditions

Confocal imaging of HDMVEC monolayers after a 15 min exposure to fluid shear stress at 2
dyn/cm?. Cells were grown on Ibidi flow chamber slides, exposed to flow-induced shear stress
and subsequently fixated and stained with Alexa 594-phalloidin (red), anti-VE-cadherin antibody
(green) and counterstained with DAPI (blue). HDMVEC:s transfected with constitutively active
R-Ras (CA R-Ras) were able to restore permeability back to baseline values despite reduced

endogenous R-Ras protein levels. VE-cadherin in these cells appears continuous with some
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minimal formation of stress fibers. Open arrowheads point to VE-cadherin gaps, and closed
arrowheads indicate stress fiber formation. The scale bars correspond to 20 pm. Results are
representative of at least three independent experiments. Confocal micrographs were acquired at

a magnification of 200x.
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Figure 2.11
Fluid shear stress activates the small GTPase R-Ras

(A) R-Ras activation assay comparing activity levels of the small GTPase R-Ras under static cell
culture and fluid shear stress conditions. When HDMVECs are subjected to fluid shear stress,
R-Ras activity is significantly augmented. (B) Transendothelial electrical resistance (TEER)
assays for HDMVECs under static culture conditions compared to endothelial monolayers
subjected to flow-induced shear stress at 2 dyn/cm? for 15 min. Fluid shear stress results in
increased TEER values indicating that shear stress blocks vascular permeability. Note that TEER
and vascular permeability are inversely proportional. Real-time measurements of electrical
resistance were conducted at a frequency of 4,000 Hz. The respective data points of electrical

resistance at 15 min are depicted.
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Figure 2.12
TNFa results in decreased R-Ras activity under fluid shear stress conditions

(A) R-Ras activity assay revealing that when endothelial monolayers are exposed to fluid
shear stress, activity levels of R-Ras are increased in the absence of the pro-inflammatory
cytokine TNFa. HDMVECs subjected to fluid shear stress in the presence of TNFa exhibit
decreased R-Ras activity. (B) Densitometric analysis of R-Ras activity assay. (C)
Transendothelial electrical resistance (TEER) assays for HDMVECs exposed to flow-induced
shear stress. Quiescent endothelial cells (non-activated) are compared to TNFa-treated
(activated) HDMVECs. TNFa leads to barrier dysfunction indicated by increased vascular
permeability (low TEER values). Note that vascular permeability and TEER are inversely
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proportionate. Real-time measurements of electrical resistance were conducted at a frequency of

4,000 Hz. The respective data points of electrical resistance at 15 min are depicted.
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Figure 2.13

Constitutively active R-Ras restores TNFo-mediated endothelial dysfunction under

fluid shear stress conditions

HDMVECs were transfected with constitutively active R-Ras (CA R-Ras) and dominant
negative R-Ras (DN R-Ras). Subsequently endogenous R-Ras expression levels were reduced by
means of sSiIRNA. CA R-Ras restores barrier integrity when R-Ras expression levels are reduced

by siRNA and endothelial cells are challenged with TNFa. HDMVEC monolayers were exposed
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to fluid shear stress at 2 dyn/cm?. Control cells were transfected with the empty vector (EV) or
were treated with TNFa at 50 ng/mL. Real-time measurements of electrical resistance were
conducted at a frequency of 4,000 Hz. The respective data points of electrical resistance at 15

min are depicted.
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Figure 2.14

Active R-Ras rescues endothelial barrier integrity under fluid shear stress conditions

Confocal imaging of HDMVEC monolayers. Cells were grown on fibronectin-coated Ibidi flow
chamber slides, exposed to flow-induced shear stress at 2 dyn/cm? and subsequently fixated and
immunostained with Alexa 594-phalloidin (red), anti-VE-cadherin antibody (green) and
counterstained with DAPI (blue). HDMVEC:s transfected with constitutively active R-Ras

(CA R-Ras) and reduced levels of endogenous R-Ras were able to restore permeability back to

baseline values even when cells were stimulated with TNFa. VE-cadherin in these cells appears
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continuous with some minimal formation of stress fibers. Open arrowheads point to VE-cadherin
gaps, and closed arrowheads indicate stress fiber formation. The scale bars correspond to 20 um.

Results are representative of at least three independent experiments. Confocal micrographs were

acquired at a magnification of 200x.
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Figure 2.15

Constitutively active R-Ras depends on the presence of FLNa repeat 3 under fluid

shear stress conditions

HDMVEC:s transfected with constitutively active R-Ras (CA R-Ras) and dominant negative
R-Ras (DN R-Ras) in the presence of reduced R-Ras by siRNA. CA R-Ras rescues HDMVECs
despite reduced endogenous R-Ras protein expression levels and re-expressed FLNa with repeat

3 only (FLNaRP3). CA R-Ras expressed in TNFa-treated endothelial cells restores their vascular
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permeability. FLNaRP3 re-expressed in endothelial cells treated with TNFa fails to maintain
barrier integrity. Monolayers were exposed to fluid shear stress at 2 dyn/cm? for 15 min. Control
cells were transfected with the empty vector (EV) or treated with TNFa at 50 ng/mL. Real-time
measurements of electrical resistance were conducted at a frequency of 4,000 Hz. The respective

data points of electrical resistance at 15 min are depicted.
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Figure 2.16

R-Ras with patient mutations fails to maintain vascular permeability under fluid shear
stress conditions

HDMVEC:s transfected with R-Ras constructs with patient mutations in the presence of reduced
R-Ras are compared with regard to vascular permeability. Constitutively active R-Ras rescues

inflamed (activated) endothelial monolayers in cells with knocked down endogenous R-Ras.
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Monolayers were exposed to fluid shear stress at 2 dyn/cm?. Control cells were transfected with
the empty vector (EV) or were stimulated with TNFa at 50 ng/mL. Real-time measurements of
electrical resistance were conducted at a frequency of 4,000 Hz. The respective data points of

electrical resistance at 15 min are depicted.
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Figure 2.17

R-Ras with patient mutations leads to endothelial dysfunction under fluid shear stress

Confocal imaging of HDMVEC monolayers after a 15 min exposure to fluid shear stress at 2
dyn/cm?. Cells were grown on Ibidi flow chamber slides, exposed to flow-induced shear stress
and subsequently fixated and stained with Alexa 594-phalloidin (red) and anti-VE-cadherin
antibody (green). Endothelial cell monolayers were counterstained with DAPI (blue).
HDMVECs were transfected with R-Ras (patient mutations) constructs G39DUP and V55M.

VE-cadherin in these cells appears continuous with some minimal formation of stress fibers.
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Open arrowheads point to VE-cadherin gaps, whereas closed arrowheads indicate stress fibers.
The scale bars correspond to 20 um. Results are representative of at least three independent

experiments. Confocal micrographs were acquired at a magnification of 200x.
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Figure 2.18

The pharmacological Src inhibitor PP2 blocks vascular permeability under fluid shear

stress conditions

Src was blocked by its pharmacological inhibitor PP2 in confluent HDMVEC monolayers.
Endothelial cells transfected with the empty vector (EV) and treated with PP2 (EV + PP2), with
re-expressed wild type R-Ras (WT R-Ras) and treated with PP2 (WT R-Ras + PP2) and with
R-Ras knockdown (R-Ras siRNA) and treated with PP2 (R-Ras siRNA + PP2) were able to
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maintain vascular permeability at similar levels with no significant difference to the control
HDMVEC:s transfected with the EV alone. Cells with re-expressed constitutively active R-Ras
(CA R-Ras) treated with PP2 and subjected to TNFa (CA R-Ras + PP2 + TNFa) under fluid
shear stress at 2 dyn/cm? for 15 min blocked vascular permeability. HDMVECs with
re-expressed dominant negative R-Ras (DN R-Ras) treated with PP2 and TNFa (DN R-Ras +
PP2 + TNFa) exhibited increased permeability when compared with the TNFa control (TNFa)
and significantly higher when compared to CA R-Ras (**** p < 0.0001). Endothelial cells with
re-expressed WT R-Ras treated with PP2 and TNFa (WT R-Ras + PP2 + TNFa) showed
elevated vascular permeability at similar levels with the TNFa control (TNFa). Real-time
measurements of electrical resistance were conducted at a frequency of 4,000 Hz. The respective

data points of electrical resistance at 15 min are depicted.
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Figure 2.19

The pharmacological inhibitor PP2 is not sufficient to rescue TNFo-treated

HDMVECSs under fluid shear stress

HDMVECs with re-expressed FLNa with repeat 3 lacking (FLNaA3), with re-expressed FLNaA3
treated with PP2 and the pro-inflammatory cytokine TNFa (FLNaA3 + PP2 + TNFa) and with
re-expressed FLNaA3 and treated with TNFa (FLNaA3 + TNFa) were subjected to fluid shear
stress at 2 dyn/cm? for 15 min. Endothelial cells with re-expressed FLNaA3 maintained their

barrier integrity due to the presence of endogenous FLNa. Note that endogenous FLNa protein
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expression was unaltered. HDMVECs with re-expressed FLNaA3 challenged with TNFa at

50 ng/mL under fluid shear stress exhibited increased permeability independently of the
pharmacological Src inhibitor PP2. Endothelial cells with re-expressed empty vector (EV) were
used as a control. All experiments were performed at a minimum of three experiments. Real-time
measurements of electrical resistance were conducted at a frequency of 4,000 Hz. The respective

data points of electrical resistance at 15 min are depicted.
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Figure 2.20

The pharmacological Src inhibitor PP2 is not sufficient to rescue endothelial barrier

function under fluid shear stress

HDMVECs with re-expressed FLNa repeat 3 alone (FLNaRP3), with re-expressed FLNaRP3
treated with PP2 and the pro-inflammatory cytokine TNFa (FLNaRP3 + PP2 + TNFa) and with
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re-expressed FLNaRP3 and treated with TNFo (FLNaRP3 + TNFa) were subjected to fluid shear
stress at 2 dyn/cm? for 15 min. The pharmacological Src inhibitor (FLNaRP3 + PP2 + TNFa)
protects barrier integrity compared to the control case in the absence of PP2 (FLNaRP3 + TNFa)
at statistically significant levels (*** p <0.001). Endothelial cells with re-expressed empty
vector (EV) were used as a control. All experiments were performed at a minimum of three
experiments. Real-time measurements of electrical resistance were conducted at a frequency of

4,000 Hz. The respective data points of electrical resistance at 15 min are depicted.
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Figure 2.21

FLNaRP3 does not rescue HDMVEC barrier function under fluid shear stress

HDMVECs with re-expressed FLNa repeat 3 alone (FLNaRP3), with knocked down FLNa by
siRNA (FLNa siRNA), with reduced endogenous FLNa protein expression by siRNA and with
re-expressed FLNaRP3 (FLNa siRNA + FLNaRP3) and with re-expressed FLNaRP3 and treated
with the pro-inflammatory cytokine TNFa (FLNaRP3 + TNFa) were subjected to fluid shear
stress at 2 dyn/cm? for 15 min. HDMVECs with knocked down FLNa and re-expressed
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FLNaRP3 exhibit increased vascular permeability. Note that TEER and vascular permeability are
inversely proportional. Endothelial cells with re-expressed empty vector (EV) were used as
control. All experiments were performed at a minimum of three experiments. Real-time
measurements of electrical resistance were conducted at a frequency of 4,000 Hz. The respective

data points of electrical resistance at 15 min are depicted.
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Figure 2.22

FLNaRP3 does not prevent cytoskeletal rearrangements in HDMVECs under fluid

shear stress

HDMVECs with knocked down FLNa by siRNA (FLNa siRNA), with knocked down FLNa by
siRNA (FLNa siRNA) and re-expressed FLNa repeat 3 alone (FLNa siRNA + FLNaRP3) and

with re-expressed FLNaRP3 and treated with the pro-inflammatory cytokine TNFa (FLNaRP3 +
TNFa) were subjected to fluid shear stress at 2 dyn/cm? for 15 min. HDMVECs with knocked

down FLNa and re-expressed FLNaRP3 exhibit increased vascular permeability. Cells were
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grown on Ibidi flow chamber slides, exposed to flow-induced shear stress and subsequently
fixated and stained with Alexa 594-phalloidin (red) and anti-VE-cadherin antibody (green).
Endothelial cell monolayers were counterstained with DAPI (blue). HDMVECs with
re-expressed empty vector (EV) were used as a control. All experiments were performed at a
minimum of three experiments. VE-cadherin in these cells appears continuous with some
minimal formation of stress fibers. Open arrowheads point to VE-cadherin gaps, whereas closed
arrowheads indicate stress fibers. The scale bars correspond to 20 um. Results are representative
of at least three independent experiments. Confocal micrographs were acquired at a

magnification of 200x.
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CHAPTER 3
A real-time TEER-based screening assay under flow-induced shear stress for identifying
drug-specific inhibition of cytokine-mediated vascular permeability
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3.1 Abstract

Vascular leakiness is a hallmark of inflammation, cancer, diabetes, and sepsis. It is also a
key complication of cytokine and monoclonal antibody therapies. Increased vascular leak
promotes fluid accumulation in tissues, causes an enhanced inflammatory response and induces
fibrosis. Over time, this may lead to multiple organ failure and death. No therapies are available
for blocking vascular leak in sepsis or other diseases. Currently, there are few methods to assess
the vascular permeability effects of known drugs and novel therapeutic leads in a physiologically
relevant yet rapid and low-cost manner. We report here a real-time transendothelial electrical
(TEER)-based screening assay under flow-induced shear stress to identify drug-induced
inhibition of cytokine-mediated vascular leak. Primary human dermal microvascular endothelial
cell (HDMVEC) monolayers were subjected to flow-induced shear stress, treated with vascular
permeability-inducing agents and assessed for permeability changes using electrical-cell
impedance sensing. We report that the vasoactive agent histamine, the cytokine interleukin-1f3
and thrombin promote endothelial leakiness in endothelial monolayers exposed to flow-induced
shear stress. Selective antagonists, clemastine and methylprednisolone, blocked histamine-,
cytokine- or thrombin-mediated endothelial permeability in endothelial monolayers exposed to
physiological shear stress. Our findings demonstrate the utility of a physiologically relevant
platform that measures rapid changes in endothelial permeability in response to therapeutic leads

under flow-induced shear stress in real-time.
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3.2 Introduction

The regulation of endothelial cell-cell junctions is crucial in maintaining barrier integrity
and loss of these junctions promotes dysregulated permeability, which is a major contributing
factor to morbidity and mortality in a number of diseases including sepsis (Blum et al. 1997,
Dejana et al. 1999, Bazzoni et al. 2004, Dejana et al. 2009, Zhang et al. 2010). Endothelial tight
junctions and adherens junctions are regulators of endothelial barrier function because they
modulate paracellular diffusion. Tight junctions are composed of transmembrane proteins
including the claudin and junctional adhesion molecule (JAM) family that link the membrane to
the cytoskeleton to control endothelial barrier function (Lampugnani 2012). ZO-1 is an adaptor
protein that binds components of tight junctions and the actin cytoskeleton (Tornavaca et al.
2015). Vascular endothelial cadherin (VE-cadherin) is a major structural component of adherens

junctions that controls endothelial permeability.

Vascular permeability occurs upon loss of endothelial cell adherens junction integrity
thereby inducing the formation of small gaps between endothelial cells. Phosphorylation of
VE-cadherin at Tyr 685 and Tyr 731 promotes vascular leakiness in vivo and in vitro
(Lampugnani et al. 2007, Dejana et al. 2009, Gavard 2009). A number of signaling pathways
induce VE-cadherin phosphorylation including cytokines (Potter et al. 2005) and Src (Daniel et
al. 1997, Esser et al. 1998, Wright et al. 2002, Lin et al. 2003). We reported previously that loss
of a direct interaction between the cytoskeletal protein filamin A with the small GTPase R-Ras
induces VE-cadherin phosphorylation at Tyr 658 promoting vascular permeability of endothelial
monolayers under static conditions (Griffiths et al. 2011). Permeability-inducing agents
including thrombin and histamine also promote endothelial leakiness by activating signaling
pathways that regulate tight junctions, adherens junctions and the cytoskeleton (Aghajanian et al.

2008).

In vivo, the endothelium is continually exposed to blood flow that imparts hemodynamic
forces among which the most prominent is fluid-induced shear stress. The endothelium responds

to shear stress by converting the effect of shear stress into intracellular signals that regulate
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endothelial barrier function and vascular leak (Davies et al. 1984, Levesque et al. 1985, Davies et
al. 1993, Davies 1995, Pries et al. 1996, Galbraith et al. 1998, Resnick et al. 2003, Bacabac et al.
2005, Li et al. 2005, McCann et al. 2005, Fry et al. 2012, Conway et al. 2013, Uzarski et al.
2013). Recently it was reported that shear stress-induced activation of Src regulates VE-cadherin
phosphorylation in vivo (Orsenigo et al. 2012). The effects of shear stress on modulating

endothelial permeability are not yet completely understood.

Drug-induced changes in vascular leak are mainly assessed by measuring passive diffusion
rates of probes conjugated with fluorochromes such as fluorescein isothiocyanate (FITC) when it
moves through an endothelial monolayer or by using an electrical cell-impedance sensing (ECIS)
based approach; both of which are performed primarily under static state conditions. We have
developed a physiologically relevant in vitro TEER-based approach whereby HDMVEC
monolayers are subjected to flow-induced shear stress in conjunction with real-time TEER
measurements acquired by ECIS. In this manner in vivo hemodynamic shear stress that exists
within the vasculature are taken into account in measuring drug effects on barrier function and

subsequent changes in vascular permeability.

We demonstrate that physiological flow-induced shear stress linked to real-time TEER
based analysis provides a rapid assessment of endothelial barrier integrity and subsequent
changes in permeability. We assessed changes in endothelial leakiness under flow-induced shear
stress in response to the permeability-inducing histamine, IL-1f and thrombin. We then tested
whether specific permeability antagonists (clemastine or methylprednisolone) blocked
permeability-inducing agents that mediate endothelial permeability when exposed to shear stress.
Our data points to a physiologically relevant platform that rapidly measures endothelial barrier

function and changes in endothelial permeability under flow-induced shear stress in real-time.
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3.3 Materials and Methods

3.3.1 Cell Culture

Primary HDMVECs (Cell Applications, San Diego, CA) were cultured in MCDB 131 basal
medium (Sigma Aldrich, St. Louis, MO) supplemented with 0.5 ng/mL human recombinant
vascular endothelial growth factor (hWVEGFi6s), 20 ng/mL human recombinant insulin growth
factor (hIGF-R?; SAFC, Lenexa, KS), 10 ng/mL human fibroblast growth factor (hFGF;
Peprotech, Rocky Hill, NJ), 5 ng/mL human recombinant epithelial growth factor (Peprotech,
Rocky Hill, NJ), 1 pg/mL ascorbic acid (Sigma Aldrich, St. Louis, MO), 0.2 pg/mL
hydrocortisone (Sigma Aldrich, St. Louis, MO), 0.125 pg/mL amphotericin (Sigma Aldrich, St.
Louis, MO), 5 pg/mL gentamicin (Life Technologies, Waltham, MA) and 5% fetal bovine serum
(FBS; Life Technologies, Waltham, MA). HDMVEC s were cultivated in tissue culture-treated
dishes that were previously coated with 0.25% porcine gelatin (Sigma Aldrich, St. Louis, MO).
Cells were kept at 37 °C in a humidified cell incubator atmosphere (5% CO2, 95% air).

3.3.2 Permeability-inducing and antagonist treatment

Control HDMVECs were treated with the drug carrier DMSO (Sigma-Aldrich, St. Louis,
MO), CLE (Santa Cruz Biotechnology, Dallas, TX) or MPS (Santa Cruz Biotechnology, Dallas,
TX) alone for 16 h at a final concentration of 5 pM. Following the pretreatment with either
DMSO, CLE or MPS, endothelial cells were stimulated with either 5 uM histamine, 20 ng/mL
IL-1PB or 20 U/mL thrombin for 15 min while exposed to fluidic shear stress at 2 dyn/cm?.

3.3.3 Fluid shear stress

Fluid shear stress levels applied to the endothelial cells were controlled using a peristaltic
pump (Masterflex, Vernon Hill, IL). The wall shear stress, 7w (dyn/cm?) exerted onto the
endothelial monolayer as a function of the measured volumetric flow rate, O (mL/min) was

calculated by applying Poiseuille’s formula (Poiseuille 1830, Orsenigo et al. 2012):

. = S0u

v ah?

(3.1)
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where 7y is the wall shear stress in dyn/cm?, O, the volumetric flow rate in mL/min, y, is the

dynamic viscosity in Pa-s, a, is the channel width and 4, is the channel height.

3.3.4 Electrical Cell Impedance Spectroscopy (ECIS)

Endothelial permeability was determined using the electrical cell-impedance sensing (ECIS;
Applied BioPhysics, Troy, NY) methodology as has been described previously (Keese et al.
1990, Giaever et al. 1991, Giaever et al. 1993, Wegener et al. 2000). ECIS flow chamber slides
(F8x10E PC; Applied Biophysics, Troy, NY) were pre-coated with a 10 mM L-cysteine solution
for 15 min at RT allowing for the gold electrodes to be stabilized. After the cysteine treatment,
the ECIS flow chamber slides were washed three times with molecular grade distilled water.
Following, the L-cysteine pre-treated gold-electrode slides were coated with a human fibronectin
solution at 75 pg/mL concentration (BD Biosciences, San Jose, CA) for 1 h at RT. HDMVECs
were seeded onto the slides at a concentration of 1.2 x 10° cells/mL and allowed to grow to
confluency for 48 h at 37 °C in a humidified cell incubator atmosphere (5% COz2, 95% air). ECIS
allows for the data acquisition to be conducted in a wide spectrum of frequencies (Wegener et al.
2000). For the duration of the fluidic exposure of the HDMVEC monolayers, impedance (£2),

resistance (2) and capacitance (nF) were recorded in real-time at defined frequencies.

3.3.5 Immunoblotting

Positively charged rectangular glass slides (Thermo Fisher, Waltham, MA) were rinsed in
ethanol and air-dried, sterilized in a steam-autoclave, placed in a 100 mm sterile petri dish and
coated with a 15 pg/ml human fibronectin solution (hFN; BD Biosciences, San Jose, CA)
overnight at 4 °C. hFN solution was removed, and HDMVEC suspensions were seeded onto the
slides at a concentration of 1.2 x 10° cells/ml. Cells were grown to confluency for 48 h at 37 °C
(5% CO2, 95% air). For immunoblotting assays, endothelial cells were subjected to fluidic shear

stress at 2 dyn/cm? with a parallel flow chamber apparatus (GlycoTech, Gaithersburg, MD).

Immediately after fluid exposure, HDMVEC whole cell lysates were prepared using a kinase
lysis buffer consisting of 20 mM HEPES (pH 7.4), 150 mM NaCl, 50 mM KF, 50 mM
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B-glycerolphosphate, 2 mM EGTA (pH 8.0), 1 mM NaszVOs, 10% glycerol, 1% Triton X-100, a
protease inhibitor cocktail (Roche Diagnostics, Basel, Switzerland) and a phosphatase inhibitor
cocktail (Pierce Scientific, Rockford, IL). Clearing of cell lysates was achieved by centrifugation
at 16,000 rpm for 10 min at 4 °C. Samples of cell lysates were subjected to the Bradford protein
assay (Bio-Rad Laboratories, Hercules, CA) to determine total protein concentration. Equal
protein concentrations of HDMVEC lysates were subjected to run on a 12% SDS-PAGE gel,
transferred to nitrocellulose membranes (Bio-Rad Laboratories, Hercules, CA) and

immunoblotted.

Membranes were blocked for 1 h at RT with blocking buffer (3% BSA in 0.1% PBS-T) and
incubated with antibodies directed against either VE-cadherin (AbCam, Cambridge, United
Kingdom), phospho-VE cadherin Y685 (ECM Biosciences, Versailles, KY), phospho-VE
cadherin Y731 (Life Technologies, Waltham, MA), Src (AbCam, Cambridge, United Kingdom),
phsopho-Src Y416 (Cell Signaling Technology, Danvers, MA), SHPT2 (Santa Cruz
Biotechnology, Dallas, TX), tubulin (AbCam, Cambridge, United Kingdom) or B-actin
(Sigma-Aldrich, St. Louis, MO). Membranes were washed and incubated with horseradish
peroxidase-conjugated secondary antibodies (Bio-Rad, Hercules, CA) for 1 hr at RT.
Immunoblots were developed by ECL Plus (Pierce Scientific, Rockford, IL) and the Konica
Minolta SRX-101A processor (Konica Minolta, Wayne, NJ). Densitometry of Western blots was
performed using ImageJ (Schneider et al. 2012).

3.3.6 Immunohistochemistry

HDMVECs plated on ibidi flow p-Slide VI%* channels (Ibidi, Munich, Germany) were
subjected to flow-induced shear stress as described above. Immediately after completion of the
flow assays, cells were fixated in 4% paraformaldehyde and 0.3% sucrose for 10 min at 37 °C,
washed 3x in PBS (10 mM; pH 7.4), permeabilized (0.3% TritonX-100, 5 min at RT), and
blocked for 30 min at 37 °C in 10 mM PBS (pH 7.4) with 10% normal goat serum, 0.25% Triton
X-100, 0.1% Tween 20, 2% glycine and 0.02% NaNj3. Following blocking, HDMVECs were

incubated with a primary antibody targeted against the tight junction protein ZO-1 for 1 h at
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37 °C, after three washing steps with 0.1% BSA and 0.1% Tween 20 in PBS, cells were
incubated for 1 h at 37 °C in Alexa Fluor® anti-rabbit 488 goat-anti-rabbit [gG (H+L) secondary
antibody (Life Technologies, Waltham, MA). Following secondary incubation and after three
washing steps in PBS for 5 min each, cells were incubated with rhodamine phallodin (Life
Technologies, Waltham, MA) for 1 h at 37°C, washed 3x with PBS, incubated with DAPI
(4',6-diamidino-2-phenylindole; Life Technologies, Waltham, MA) for 5 min at RT and mounted
with mounting media (Ibidi, Munich, Germany). Images were collected on a Leica TCS SP5

confocal scanning laser microscope (Leica, Wetzlar, Germany) at a magnification of 200x.
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3.4 Results

3.4.1 TEER-based analysis of cytokine-induced endothelial permeability under
flow-induced shear stress

To confirm that transendothelial electrical resistance (TEER)-based analysis is a reliable
method to rapidly monitor changes in endothelial permeability under shear stress and to validate
the experimental system, we assessed barrier function via TEER with simultaneous shear stress
exposure. TEER and permeability are inversely proportional. A decrease in TEER values
indicates an increase in endothelial permeability. Human dermal microvascular endothelial cell
(HDMVEC) monolayers exposed to shear stress and treated with the vascular
permeability-inducing cytokine IL-1p demonstrated a 2-fold increase in permeability compared
to non-treated control monolayers also exposed to shear stress (Figure 3.1A; **** p <0.0001).
Histamine (Figure 3.1B; **** p <(0.0001) and thrombin (Figure 3.1C; **** p <0.0001) also
significantly induced permeability in HDMVEC monolayers exposed to shear stress compared to
controls. Comparing impedance measurements between different sets of HDMVECs
demonstrated that the qualitative analysis of TEER was consistent and comparable between
separate experiments. These findings point to the utility of TEER-based analysis under shear

stress to monitor permeability changes within an endothelial monolayer.

3.4.2 Quantifying the inhibition of cytokine-induced endothelial permeability by specific

antagonists under flow-induced shear-stress

TEER-based analysis is primarily used to measure changes in endothelial permeability under

static conditions where an endothelial monolayer is not exposed to shear stress (Kustermann et
al. 2014). The utility of TEER-based quantitation to measure the efficacy of a drug or novel
compound to block cytokine-induced permeability in an endothelial monolayer exposed to
flow-induced shear stress has not been evaluated. Therefore, we next assessed whether
TEER-based analysis under shear stress conditions may be a viable detection method to measure
inhibition of vascular leak by selective antagonists. We tested whether cytokine-mediated

endothelial permeability under shear stress might be inhibited with anti-permeability antagonists

157



as measured by TEER. Both IL-1p and thrombin-mediated leakage were completely abrogated
by treatment of HDMVEC monolayers with either clemastine (CLE) or methylprednisolone
(MPS; Figure 3.1A, C, D and F; **** p <0.0001) under shear stress. Treatment of HDMVEC
monolayers with the histamine-antagonist CLE, which acts on the histamine H1 receptor,
significantly blocked histamine-mediated permeability in endothelial monolayers exposed to
flow-induced shear stress compared to vehicle control endothelial monolayers also exposed to

shear stress (Figure 3.1B; **** p <0.0001).

Treatment of confluent HDMVEC monolayers with MPS inhibited histamine-induced
permeability as measured by TEER analysis in endothelial monolayers exposed to shear stress
(Figure 3.1E; **** p <0.0001). Moreover, barrier integrity as a function of TEER was
significantly increased in HDMVEC monolayers treated with either drug alone (Figure 3.1A - F).
Our data suggests that TEER may rapidly evaluate changes in endothelial barrier integrity and
endothelial permeability in endothelial monolayers exposed to flow-induced shear stress. These
measurements suggest rapid analysis of endothelial monolayer permeability with TEER

monitoring when monolayers are also exposed to flow-induced shear stress.

3.4.3 Endothelial cells exhibit high levels of viability despite exposure to flow-induced
shear stress conditions

Endothelial cell death may negatively impact barrier function and increase endothelial
permeability. Therefore, we tested if HDMVEC monolayers exposed to either vasoactive agents
or antagonists exhibited changes in viability under shear stress. Cell viability was not altered by
treatment, and cell viability remained at approximately 95% for all HDMVEC monolayers tested
under shear stress conditions (Figure 3.1G). We found that HDMVEC monolayers remain viable
when exposed to shear stress in the presence of histamine, IL-1p or thrombin (Figure 3.1G);
similarly, HDMVECs exhibit high degrees of viability when treated with either vehicle control
(DMSO), CLE or MPS (Figure 3.1G). These findings suggest that the observed changes in
endothelial monolayer permeability measured by TEER were due specifically to the treatments

applied to the monolayer and not to a loss of endothelial cell viability.
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3.4.4 Fluid shear stress does not induce morphological or topological variations on tight
junction complexes of endothelial cells

Physiological flow-induced shear stress acts on constituents of endothelial tight junction
complexes (Colgan et al. 2007). We, therefore, investigated the role of physiological
flow-induced shear stress (2 dynes/cm?) on HDMVEC tight junctions and cytoskeletal
rearrangement. In agreement with Colgan et al. we found that tight junctions did not exhibit
morphological changes in HDMVEC monolayers under flow-induced shear stress conditions as
determined by the staining pattern of the tight junction adapter protein ZO-1 (Fig 2A control
row) (Colgan et al. 2007). ZO-1 links tight junctions to the actin cytoskeleton (Yamazaki et al.
2008, Fanning et al. 2009, Van Itallie et al. 2009). We demonstrate that under physiological
flow-induced shear stress ZO-1 is localized to endothelial cell membranes between adjacent cells
(Figure 3.2A; control row). Moreover, moderate actin stress fibers developed under
physiological shear stress (Figure 3.2 and Figure 3.4; control rows), confirming previous reports
that in endothelial monolayers, flow-induced shear stress promotes actin rearrangement as

detected by actin stress fiber formation (Malek et al. 1996, Noria et al. 2004).

3.4.5 Under shear stress conditions, the permeability-inducing agents (histamine, IL-1p
and thrombin) promote redistribution of the tight junction adapter protein ZO-1 and
increase actin stress fiber formation

Because addition of permeability-inducing agents such as histamine, IL-1p and thrombin
alter the staining pattern of tight junction proteins and promote cytoskeletal rearrangement under
static conditions, we next examined whether the staining pattern of ZO-1 might be affected and if
cytoskeletal reorganization occurred upon treatment with these classical permeability-inducing

agents when endothelial monolayers were exposed to shear stress (Galbraith et al. 1998).

Treatment of HDMVEC monolayers with histamine, IL-1p or thrombin altered ZO-1
localization at cellular borders showing a disruption in ZO-1 continuity and induction of gap-like
areas at points of endothelial cell-cell contacts (Figure 3.2, Figure 3.3 and Figure 3.4). These

changes are indicative of increased endothelial permeability. Untreated HDMVEC monolayer
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controls displayed ZO-1 staining as a strong cell border signal with a continuous line of varied
thickness (Figure 3.2, Figure 3.3 and Figure 3.4; control row). Note that in endothelial
monolayers flow itself induces minimal stress fiber formation (Figure 3.2, Figure 3.3 and Figure
3.4) as previously described (Malek et al. 1996, Noria et al. 2004); however shear stress-induced
actin rearrangement does not promote endothelial permeability as determined by TEER analysis
(Figure 3.1). We found that increased stress fiber formation occurred in HDMVEC monolayers
treated with histamine, IL-1p or thrombin and exposed to shear stress compared to controls

(Figure 3.2, Figure 3.3 and Figure 3.4).

3.4.6 Treatment of endothelial monolayers with the selective antagonists clemastine and
methylprednisolone inhibited cytokine-mediated rearrangement of ZO-1 and reduced
stress fiber formation

We next assessed whether treatment of endothelial monolayers with the antagonists CLE or

MPS would block permeability-inducing agent-mediated changes in ZO-1 localization and stress

fiber formation. Indeed, in endothelial monolayers exposed to shear stress and treated with CLE

or MPS, prior to inducing permeability, ZO-1 localization remained at cellular borders with a

line of ZO-1 continuity similar to controls (Figure 3.2, Figure 3.3 and Figure 3.4). Gap-like areas

in ZO-1 staining were reduced in the drug treated monolayers exposed to both a

permeability-inducing agent and shear stress. These findings confirm our ECIS-based TEER data

(Figure 3.1) suggesting that the antagonists CLE and MPS block endothelial monolayer

permeability under shear stress conditions by inhibiting ZO-1 redistribution and actin

rearrangement that occur upon treating the monolayer with a permeability-inducing agent.

3.4.7 Under fluid shear stress conditions treatment with the permeability-inducing agents
histamine, IL-1$ and thrombin promotes phosphorylation of VE-cadherin at tyrosine
residues 685 and 731

VE-cadherin is an adhesion junction protein that regulates endothelial cell permeability in
vitro and in vivo (Lampugnani et al. 1995, Ali et al. 1997, Wright et al. 2002). In vitro studies

under static conditions have demonstrated that tyrosine phosphorylation of VE-cadherin occurs
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in endothelial monolayers treated with classical permeability-inducing agents (histamine, IL-1§
and thrombin) (Lum et al. 1996, Andriopoulou et al. 1999, Baldwin et al. 2001, Keller et al.
2003, Vandenbroucke et al. 2008, Gabay et al. 2010, Griffiths et al. 2011). It is this increase in
phosphorylation at Y685 and Y731 that promotes endothelial cell permeability in vitro and in
vivo (Turowski et al. 2008). Therefore, we next examined whether histamine, IL-1 or thrombin
treatment altered VE-cadherin phosphorylation when HDMVEC monolayers were exposed to
shear stress. We found that phosphorylation at both Y685 and Y731 was significantly increased
in HDMVEC:s treated with IL-1p (Figure 3.5B and D), histamine (Figure 3.5A and D), or
thrombin (Figure 3.5C and F) exposed to shear stress compared to untreated cells also exposed to
shear stress (Figures SA - F). These results suggest that upon physiological shear stress the
endothelium responds to histamine, IL-1f and thrombin-mediated endothelial permeability by
increasing VE-cadherin phosphorylation. Thus, phosphorylation of VE-cadherin at Y685 and

Y731 contributes to endothelial cell permeability under shear stress conditions.

3.4.8 The histamine antagonist clemastine blocks permeability-inducing agent-mediated
VE-cadherin phosphorylation

We demonstrated by TEER analysis under shear stress conditions that treatment of
HDMVECs with the histamine antagonist, CLE, significantly blocked histamine-mediated
endothelial permeability compared to the vehicle control (Figure 3.1D). Therefore, we next
assessed whether CLE inhibited vascular permeability under shear stress conditions via classical
VE-cadherin permeability-signaling. Pre-incubation of endothelial monolayers with CLE, 10 h
before histamine was added, fully inhibited VE-cadherin phosphorylation at Y685 and Y731
(Figure 3.5 A). Moreover, CLE also blocked VE-cadherin phosphorylation at these sites
mediated by IL-1p or thrombin (Figure 5B - C) suggesting that CLE blocks endothelial
permeability by inhibiting VE-cadherin phosphorylation.
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3.4.9 Under shear stress conditions, treatment with a permeability-inducing agent
promotes phosphorylation of Src at Y416

The non-receptor tyrosine kinases of the Src family are mediators of vascular leak. Src
signaling is required for VE-cadherin phosphorylation in response to permeability-inducing
agents in vitro (Andriopoulou et al. 1999, Baumeister et al. 2005, Weis et al. 2005, Wallez et al.
2007, Gong et al. 2008, Gavard 2009). Recently, Orsenigo et al. reported that Src activation is
required for shear-induced phosphorylation of VE-cadherin in vivo (Orsenigo et al. 2012). We
found that Src phosphorylation at Y416 increased upon treatment with histamine, IL-1p or
thrombin under shear stress (Fig 6A-C). The levels of the SH2-containing phosphotyrosine
phosphatase (SHP2) that regulates c-Src activation by controlling CSK access to Src kinases
(Vaidyanathan et al. 2007) did not change in response to shear stress or when treated with a
permeability-inducing agent. These findings demonstrate that endothelial monolayers treated
with a permeability-inducing factor and exposed to shear stress increase vascular permeability by

activation of VE-cadherin and Src.

3.4.10 Clemastine blocks permeability-inducing agent-mediated increase in Src
phosphorylation at Y416

Finally, we assessed whether CLE, an antagonist of vascular leak, could block histamine,
IL-1P or thrombin-mediated Src phosphorylation in endothelial monolayers exposed to shear
stress. Incubation of endothelial monolayers with CLE 10 hours before addition of histamine
significantly inhibited Src phosphorylation at Y416 (Figure 3.6A), suggesting that CLE
effectively blocks histamine-induced vascular leak, which we also detected by TEER analysis
(Figure 3.1), by inhibiting Src and consequently VE-cadherin phosphorylation (Figure 3.5A and
D). Moreover, CLE blocked downstream phosphorylation signaling events mediated by IL-13
(Figure 3.6B) or thrombin (Figure 3.6C) suggesting that its inhibitory mode of action is at least,
in part, through blocking the classical vascular permeability pathway of VE-cadherin and Src
signaling. SHP2 expression levels did not change in response to exposure to shear stress or

permeability-inducing agents (Figure 3.6D - F). Taken together, the findings of our study provide
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validation of the utility of impedance analysis under physiological flow-induced shear stress as a

novel platform for screening potential permeability inhibitors.
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3.5 Discussion
We demonstrate the utility of a TEER-based in vitro platform that takes into account
physiological shear stress on endothelial monolayers within a rapid, efficient and real time assay

(Figure 3.7).

We show in this study that TEER measurements of endothelial monolayers exposed to shear
stress can rapidly detect permeability-inducing agent-mediated leakiness as well as compounds
that block permeability. Our model system may be applied to speedily and accurately measure

the effects of known or novel compounds on cytokine-mediated endothelial permeability.

Our data indicate the permeability-inducing agents histamine, IL-1f and thrombin promoted
permeability of endothelial monolayers exposed to physiological shear stress. The histamine
specific antagonist, CLE, significantly blocked histamine-mediated permeability in endothelial
monolayers within our flow-induced shear stress model system (Gschwandtner et al. 2008,
Johansen et al. 2008, Johansen et al. 2011, Apolloni et al. 2014). Histamine-induced endothelial
permeability was also abrogated by the non-specific antagonist MPS. This small
anti-inflammatory steroid molecule acts by blocking the biosynthesis of inflammatory mediators
including prostaglandins and leukotrienes. Recently, Kustermann et al. reported that
histamine-mediated permeability is abrogated by both CLE and MPS under static conditions
(Kustermann et al. 2014). Our data confirms the ability of these antagonists to block endothelial
monolayer permeability and adds the novel finding that exposure to physiological shear stress
did not alter their efficacy. Histamine, IL-1p and thrombin-mediated permeability were blocked
by these antagonists as well suggesting that induction of permeability may activate a specific

permeability signal transduction pathway in endothelial cells.

Endothelial cell tight junctions are key components of barrier function and regulate
permeability. Tight junctions consist of several types of transmembrane proteins and cytosolic
proteins that link the membrane to the actin cytoskeleton (Lampugnani 2012). Dysregulation of

tight junctions leads to a decrease in barrier function and increases vascular leak. To determine
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the effects of shear stress and the ability of antagonists to inhibit leakiness mediated by
permeability-inducing agents we examined the localization of the tight junction adapter protein
Z0-1. ZO-1 forms a complex with tight junction proteins including JAM and claudin family
members and also binds to F-actin (Nitta et al. 2003, Lamagna et al. 2005, Cooke et al. 2006,
Severson et al. 2009, Peddibhotla et al. 2013). Our data demonstrated that in endothelial
monolayers exposed to shear stress ZO-1 remained at the cell borders whereas upon treatment
with a permeability-inducing agent ZO-1 became punctate with gap-like regions. We also found
that endothelial cell exposure to physiological shear stress initiated minimal actin stress fibers,
which is in agreement with Tojkander et al. (Tojkander et al. 2012). It is important to note that
initiation of shear stress did not alter barrier function or increased vascular permeability in the
endothelial monolayers as determined by TEER/ECIS analysis. Treatment of endothelial
monolayers with the permeability-inducing agents, histamine, IL-1p and thrombin, promoted

increased actin stress fiber formation that correlated with increased endothelial permeability.

Phosphorylation of VE-cadherin at Y685 and Y731 increases endothelial permeability under
static conditions (Griffiths et al. 2011). In endothelial monolayers exposed to shear stress
VE-cadherin phosphorylation at these two sites was not increased; however phosphorylation of
VE-cadherin at Y685 and Y731 occurred upon treatment with a permeability-inducing agent
such as histamine, IL-1p and thrombin. We have previously reported that cytokine-induced
endothelial permeability under static conditions increased phosphorylation of VE-cadherin at
Y731 (Griffiths et al. 2011). We report here that under shear stress conditions, cytokine-induced
permeability increases VE-cadherin phosphorylation at both Y731 and Y685 suggesting that
physiological shear stress may affect endothelial response to permeability-inducing agents.
Recently, Orsenigo et al. found that in vivo phosphorylation of VE-cadherin is modulated by
hemodynamic forces and that phosphorylation of VE-cadherin at Y685 occurs in veins but not in
arteries (Orsenigo et al. 2012). Such specific changes in VE-cadherin phosphorylation may be
due to endothelial responses to shear stress exposure, suggesting that testing compounds that

block cytokine-mediated vascular leak in endothelial monolayers under shear stress conditions
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may be a more physiologically relevant method than testing endothelial monolayers under static

conditions.

Src activity plays a role in VE-cadherin mediated vascular permeability. Indeed, Src
deficient mice demonstrate a significant decrease in vascular leak and VE-cadherin
phosphorylation upon treatment with a permeability-inducing agent (Eliceiri et al. 2002, Ha et al.
2008). Recently, an in vivo analysis of Src activation determined that Src phosphorylation is
required for shear stress-induced VE-cadherin phosphorylation in mice (Orsenigo et al. 2012).
Our data indicates that permeability-inducing agents activate Src in endothelial monolayers
exposed to physiological shear stress. Phosphorylation of Src at Y416 was increased upon
treatment with permeability-inducing agents (histamine, IL-1f and thrombin) and could be
blocked with the permeability inhibiting compounds CLE and MPS. PECAM-1 binds directly to
Src and this complex is required for Src activation in endothelial monolayers exposed to shear
stress conditions, suggesting a shear stress-sensing mechanism that regulates vascular leak in
endothelial cells (Tzima et al. 2005). Taken together, our data supports the recent in vivo reports
that a shear-sensing mechanism may regulate VE-cadherin phosphorylation and subsequent
endothelial permeability (Tzima et al. 2005). Thus, our novel platform in which endothelial cells
exposed to shear stress and TEER/ECIS measurements in real-time may provide a more
physiologically and ultimately clinically relevant method to identify lead compounds that block

vascular permeability.
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3.6 Figures
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Figure 3.1
Impedance-based measurements of vascular leakage under flow-induced shear stress

conditions

Impedance based analysis for vascular leakage in endothelial monolayers induced by IL-1f,
histamine and thrombin exposed to flow-induced shear stress at 2 dyn/cm?. (A-F) Treatment with
IL-1B, histamine or thrombin promotes vascular permeability and the antagonists, clemastine

(CLE) or methylprednisolone MPS (MPS) block it. TEER measurements on HDMVEC
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monolayers treated with IL-18, histamine (HIS), thrombin (THR) or control (DMSO) or
pre-treated with the antagonists CLE or MPS. TEER levels (y-axis) are the mean electrical
resistance in Q = SD corrected for the resistance of a naked well. ****p < 0.0001 by the
student’s t-test. (G) Cell viability analysis (%) of permeability-inducing agents, antagonists and
controls after flow-induced shear stress. Treatments and flow-induced shear stress did not affect
cell viability compared with untreated controls. Each bar represents the mean £ SD (n=3 for each
case). Real-time measurements of electrical resistance were conducted at a frequency of 4,000

Hz. The respective data points of electrical resistance at 15 min are depicted.
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Figure 3.2

The antagonists CLE and MPS block histamine-induced cytoskeletal protein

rearrangement in HDMVEC monolayers exposed to shear stress

Cells were grown on fibronectin-coated glass coverslips, exposed to flow-induced shear stress
conditions (2 dyn/cm?), fixed and stained with Alexa Fluor 555 phalloidin (red color) and an
Alexa Fluor 488 anti-ZO-1 antibody (green color). Closed arrowheads indicate moderate stress
fiber formation. Open arrowheads point to the gaps in ZO-1 staining that occur upon treatment
with the permeability-inducing agent histamine. Treatment with antagonists (A) CLE or (B)
MPS reduced histamine-mediated stress fiber formation and ZO-1 staining gaps between cells.
DAPI was used to counterstain nuclei (blue color). Scale bars correspond to 20 um. Results are

representative of three or more independent experiments.
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Figure 3.3

The antagonists CLE and MPS block IL-1B-induced cytoskeletal protein rearrangement in
HDMVEC monolayers exposed to shear stress

Cells were grown on fibronectin-coated glass coverslips, exposed to flow-induced shear stress
conditions (2 dyn/cm?), fixed and stained with Alexa Fluor 555 phalloidin (red color) and an
Alexa Fluor 488 anti-ZO-1 antibody (green color). Closed arrowheads indicate moderate stress
fiber formation. Open arrowheads point to the gaps in ZO-1 staining that occur upon treatment
with the permeability-inducing agent IL-1p. Treatment with antagonists (A) CLE or (B) MPS
reduced IL-1B-mediated stress fiber formation and ZO-1 staining gaps between cells. DAPI was
used to counterstain nuclei (blue color). Scale bars correspond to 20 um. Results are

representative of three or more independent experiments.
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Figure 3.4

The permeability-inducing agents IL-1p3, histamine or thrombin promote VE-cadherin
phosphorylation at Y731 and Y685 in HDMVEC monolayers exposed to shear stress and
pre-treatment with the antagonists CLE and MPS block it.

Cells were grown on fibronectin-coated glass coverslips, exposed to flow-induced shear stress
conditions (2 dyn/cm?), fixed and stained with Alexa Fluor 555 phalloidin (red color) and an
Alexa Fluor 488 anti-ZO-1 antibody (green color). Closed arrowheads indicate moderate stress
fiber formation. Open arrowheads point to the gaps in ZO-1 staining that occur upon treatment
with the permeability-inducing agent IL-10. Treatment with antagonists (A) CLE or (B) MPS
reduced thrombin-mediated stress fiber formation and ZO-1 staining gaps between cells. DAPI
was used to counterstain nuclei (blue color). Scale bars correspond to 20 pum. Results are

representative of three or more independent experiments.
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Figure 3.5

The permeability-inducing agents IL-1[3, histamine or thrombin promote VE-cadherin
phosphorylation at Y731 and Y685 in HDMVEC monolayers exposed to shear stress and
pre-treatment with the antagonist CLE blocks it.

Quantitative analysis of Western blots of HDMVEC monolayers treated with the
permeability-inducing agents IL-1f, histamine or thrombin, or pre-treated with the antagonist
clemastine (CLE) alone or pre-treated with CLE prior to addition of IL-1f, histamine or
thrombin. (A-C) VE-cadherin Y731 and total VE-cadherin were quantitated from Western blots.
Relative intensity of pVE-cadherin (Y731)/tVE-cadherin was determined. * p < 0.05; **p <
0.01; ***p < 0.001 (Student’s ¢ test). The values represent the average of three independent
experiments. (D-F) VE-cadherin Y685 and total VE-cadherin were quantitated from Western
blots. Relative intensity of pVE-cadherin (Y685)/tVE-cadherin was determined. * p < 0.05;
*ExE p < 0.0001 (Student’s ¢ test). The values represent the average of three independent

experiments.
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Permeability-inducing agents IL-18, histamine or thrombin increase Src phosphorylation

at Y416 and pre-treatment with the antagonist CLE blocks it.

Quantitative analysis of Western blots of HDMVEC monolayers treated with

permeability-inducing agents IL-1f, histamine or thrombin, the antagonist CLE alone or

pre-treated with CLE prior to addition of IL-1p3, histamine or thrombin. (A-C) Quantitation of

Western blots detecting phosphorylated Src (Y416) and total Src. Relative intensity of

pSrc(Y416)/tSrc was determined. *p < 0.05 (Student’s ¢ test). The values represent the average

of three independent experiments. (D-F) SHP2 protein levels were quantitated by Western blot

analysis. Tubulin was used as a loading control. Relative intensity of SHP2/Tubulin were

measured. **p < 0.01; ****p < (0.0001 (Student’s # test). The values represent the average of

three independent experiments.
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Figure 3.7

A flow-induced shear stress impedance TEER-based in vitro platform to identify inhibitors of

vascular permeability in real time.
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APPENDIX A

Infectious Biofilms and Sepsis
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Abstract

Immuno-compromised patients (e.g., cancer, sepsis) such as those undergoing cancer
chemotherapy are highly susceptible to bacterial infections leading to biofilm matrix formation.
This surrounding biofilm matrix acts as a diffusion barrier that actively binds up antibiotics and
antibodies, thereby promoting resistance to treatment. Developing non-invasive imaging
methods that detect the presence of a biofilm matrix in the clinic are needed. The use of
ultrasound in conjunction with targeted contrast agents may provide detection of early stage
biofilm matrix formation and facilitate optimal treatment options prior to the development of an

established biofilm matrix.

Ligand-targeted ultrasound contrast agents were investigated as a novel method for
pre-clinical non-invasive molecular imaging of early and late stage biofilms. These agents were
used to target, image and detect Staphylococcus aureus biofilm matrix formation in vitro.
Binding efficacy was assessed on early to late stage biofilm matrices with respect to their
increasing biomass ranging from 3.126 x 10° + 427 ultrasound contrast agents per mm? of
biofilm surface area within the first 12 h to 21.985 x 10 + 855 at 96 h per mm? of biofilm matrix
surface area. High-frequency acoustic microscopy was used to ultrasonically detect targeted
contrast agents bound to a biofilm matrix and to assess biofilm matrix mechanoelastic physical
properties. Acoustic impedance data demonstrated that biofilm matrices exhibit impedance
values (1.9 MRayl) close to human tissue (ranging from 1.35 MRayl to 1.85 MRayl for soft
tissues). Moreover, the acoustic signature of mature biofilm matrices were evaluated in terms of
integrated backscatter (0.0278 mm™ x sr! to 0.0848 mm™' x sr'!) and acoustic attenuation

profiling (3.9 Np/mm for bound agents; 6.58 Np/mm for biofilm alone).

Early diagnosis of biofilm matrix formation is a key challenge in treating cancer patients
with infection-associated biofilms. In this study, we report for the first time a combined optical
and acoustic evaluation of infectious biofilm matrices. We demonstrate that the acoustic
impedance of biofilms is similar to the impedance of human tissues, making in vivo imaging and

detection of biofilm matrices difficult. We report that the combination of ultrasound and targeted
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contrast agents can be used as a way to enhance biofilm imaging and early detection. Our
findings suggest that the combination of targeted ultrasound contrast agents (UCAs) and
ultrasound can be used as a novel molecular imaging technique for the timely detection of early
to late biofilm formation. Finally, we show that high-frequency acoustic microscopy provides

sufficient spatial resolution for quantification of biofilm mechanical and elastic properties.
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Introduction

Biofilm-related sepsis has been linked to medical implants (Kennedy et al. 2010). Bacterial
biofilms are three-dimensional extracellular matrices composed of carbohydrates, proteins and
exopolysaccharides (Liu et al. 1994, Allison et al. 1998, Costerton et al. 1999, Wingender et al.
1999, Strathmann et al. 2002, Hall-Stoodley et al. 2004) that develop on solid-liquid or solid-air
interfaces in the body (Costerton et al. 1999, Davey et al. 2000). Biofilms consist of bacterial
cells and matrix proteins. The majority of biofilms contain 10% or less of bacterial cells and over
90% matrix (Flemming et al. 2010). Biofilm matrices are highly conserved dynamic structures.
Initiation of a biofilm matrix occurs by a transient interaction of bacteria with a surface followed
by an adhesive stage that allows for microcolony formation and a subsequent growth and
maturation stage. The complexity of biofilms allows bacteria cells to survive a multitude of
environments and promotes cell dispersion to colonize new areas. These matrices may form on
medical devices or fragments of dead tissue (Lambe et al. 1991, Costerton et al. 1999, Kaplan
2005, Harris et al. 2006, Baldassarri et al. 2007). Clinically, biofilms may occur during
chemotherapy and infectious diseases such as endocarditis (Sullam et al. 1985, Caldwell et al.

2002, Donlan et al. 2002, Petti et al. 2003, Hall-Stoodley et al. 2004).

Biofilm-associated infections are resistant to treatment and recur even after repeated
antibiotic therapy. One primary issue is that established biofilm matrices act as diffusion barriers
and actively bind up antibiotics and antibodies thereby providing increased resistance. Overall
killing bacteria that are surrounded by a microbial biofilm require up to1000 times higher
concentrations of antibiotics than those without a surrounding biofilm (Nickel et al. 1985,
Allison et al. 1995, Stewart et al. 2001, Parsek et al. 2003). Thus, detecting, treating and

inhibiting biofilm formation inside the body is a key medical challenge.

Moreover, in the clinical setting antibiotic therapy efficacy is decreased in the presence of an
established biofilm making early detection critical. For example, infective endocarditis may
occur due to chronic infection, has a poor prognosis and is associated with high mortality rates

(Caldwell et al. 2002, Donlan et al. 2002, Furuya et al. 2003, Petti et al. 2003). Indeed, there are
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significant diagnostic challenges for endocarditis that are attributed to the inaccessibility of
intra-cardiac biofilms and the non-specific nature of the clinical symptoms (Durack et al. 1994).
Although echocardiography permits non-invasive detection of biofilms (Baddour et al. 2005) it
has significant limitations in the detection of early biofilm matrix formation. In addition, clinical
diagnosis primarily occurs after biofilm matrices are fully established, thereby significantly
decreasing available treatment options. Therefore, early detection is a crucial component of
diagnosis; however no current diagnostic methodology is available that clearly delineates early

and late stage matrices.

Ultrasound is an effective method for imaging biofilms in vitro (Good et al. 2006, Holmes et
al. 2006, Kujundzic et al. 2007, Shemesh et al. 2007, Vaidya et al. 2014). One method used to
enhance biofilm detection is the addition of UCAs (encapsulated gas bubbles), which provide a
unique acoustic scattering signature thereby significantly enhancing imaging capabilities (Sbeity
et al. 2013). Furthermore, linking a ligand to a contrast agent’s outer membrane aids in UCAs
binding to tissue and is crucial in delineating disease specific regions from surrounding healthy
tissue (Klibanov et al. 1999, Klibanov 2006, Klibanov 2007, Klibanov 2009, Anderson et al.
2011, Unnikrishnan et al. 2012).

In this study, ligand-targeted UCAs were used as a novel method for pre-clinical
non-invasive molecular imaging of early and late stage biofilms. These agents were used to
target and detect Staphylococcus aureus (S. aureus) biofilm formation. Binding efficacy was
assessed on established biofilms as a function of surface area. A combination of acoustic and
optical microscopy was used to quantify the mechanical and structural properties of a
three-dimensional biofilm matrix. We show that high-frequency scanning acoustic microscopy
(SAM) provides sufficient high spatial resolution for imaging and quantification of biofilm

thickness and mechanoelastic properties.
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Materials and Methods

Bacterial strains and cultivation of biofilms
We used a penicillin-resistant mutant of S. aureus. S. aureus and coagulase-negative

staphylococci account for the majority of device-related infections (Baddour et al. 2003).

S. aureus cultures were stored frozen at -80 °C in 10% glycerol and 90% tryptic soy broth
(TSB, T8907, Sigma-Aldrich, St. Louis, USA) solution dissolved in sterile ultrapure water (Alfa
Aesar, Ward Hill, MA, USA).

A vial of frozen bacterial culture was thawed at room temperature (RT) and added to 250
mL of TSB. The inoculum was propagated and incubated overnight on an incubator shaker at 37
°C and 160 rotations per minute (RPMs). The bacterial cultures were harvested after
standardization to an optical density at 600 nm (ODeoo) of 0.05 relative to the TSB culture
medium (Beckman Coulter, Inc., Fullerton, CA, USA).

Biofilm assays were conducted by adding three milliliters of the standardized bacterial
culture solution to the pre-treated 35 mm glass (World Precision Instruments, Inc., Sarasota, FL,
USA) and polystyrene petri dishes (Greiner Bio-One, Monroe, NC, USA). Glass and polystyrene
petri dishes were treated in a previous step with Collagen IV (BD Biosciences, San Jose, CA,
USA) for twenty minutes and rinsed in three washing steps with sterile distilled water. Prior to
the addition of the inoculum, a 22 x 22 mm sterile micro cover glass (VWR International, LLC,
West Chester, PA, USA) was placed into each of the polystyrene petri dishes. The glass and
polystyrene petri dishes were then kept inside an incubator shaker at 37 °C and 120 RPMs for up

to 96 hours without replacement and addition of fresh culture medium in the interim.

Lectins, antibodies and immunofluorescence

Fluorescently-labeled lectins, concanavalin A (conA; binds to a-Man, a-Glc) (Goldstein et
al. 1978, Strathmann et al. 2002) and wheat germ agglutinin (WGA; binds to (B-GlcNAc)2 and
NeuNAc; Sigma-Aldrich Corp., St. Louis, MO, USA) (Goldstein et al. 1978, Strathmann et al.
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2002) conjugated with FITC were used for the visualization of carbohydrate-containing
extracellular polymeric substances in biofilms of S. aureus (Table A.1 ) (Goldstein et al. 1978,
Strathmann et al. 2002). Stock solution of ConA at a concentration of 1 mg/mL in 0.1 M sodium
bicarbonate (pH 8.3) and WGA at a concentration of 1 mg/mL in phosphate buffered saline
(PBS; pH 7.4) were prepared, aliquoted and stored at -20 °C. Prior to use, thawed portions of
ConA and WGA aliquots were diluted with 0.1 M sodium bicarbonate (pH 8.3) and PBS (pH

7.4) respectively to a lectin final concentration of 10 pg/mL.

The blue-fluorescent nucleic acid stain 4’,6-diamidino-2-phenylindole, dihydrochloride
(DAPI, Sigma-Aldrich Corp., St. Louis, MO, USA) was used to visualize bacterial cell
distribution in the biofilms. A DAPI stock solution at a concentration of 5 mg/mL and 14.3 mM
in ultrapure water was prepared, aliquoted and stored at -20 °C. An aliquot was diluted to 300

nM in PBS immediately before use.

The monoclonal immunoglobulin antibody to protein A of S. aureus was used as a
conjugation agent for the UCA particles. Anti-Protein A (APA) was developed in rabbit using
protein A purified from S. aureus (Sigma-Aldrich Corp., St. Louis, MO, USA). Protein A
localizes on the surface of staphylococcal bacterial strains and its distribution is inhomogeneous
(Schneewind et al. 1995, DeDent et al. 2007). The lyophilized content of the vial was
reconstituted in 2 mL PBS (pH 7.4) yielding a solution with a protein concentration of 23.7
mg/mL. The lectin from P. aeruginosa (PA-IL, Sigma-Aldrich Corp., St. Louis, MO, USA) was
used, similarly to APA, to conjugate the surface of the UCA particles. The lyophilized content
was diluted in 1 mL PBS (pH 7.4) yielding a protein concentration of 1 mg/mL. Following the
reconstitution of APA and PA-IL, the proteins were biotinylated and conjugated onto the surface

of the UCAs according to the method that will be described in more detail.

Sulfo-NHS-LC-Biotin (Thermo Scientific, Rockford, IL, USA) was applied to label APA and
PA-IL with biotin. The vial of Sulfo-NHS-LC-Biotin was stored at -20 °C and equilibrated to RT
before opening to avoid condensation. For the biotin labeling reaction 2.2 mg of

Sulfo-NHS-LC-Biotin were dissolved in 400 uL ultrapure water immediately before use yielding
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a 10 mM solution. A 20-fold molar excess of biotin reagent to label APA and PA-IL, resulting in
4-6 biotin groups per antibody molecule, was found to be suitable. For APA with a concentration
of 23.7 mg/mL, a volume of 320 uL Sulfo-NHS-LC-Biotin was used for the biotinylation
reaction while 13.5 pLL Sulfo-NHS-LC-Biotin were used to label PA-IL with a concentration of 1
mg/mL. Following the incubation on ice for two hours at RT a Zeba® desalt spin column (Thermo
Scientific, Rockford, IL, USA) was applied to remove the excess non-reacted and hydrolyzed
Sulfo-NHS-LC-Biotin reagent from the APA and PA-IL solutions. The column was placed into a
sterile 15 mL falcon tube and centrifuged at 1000 x G for two minutes. After centrifugation the
storage buffer collected at the bottom of the falcon tube was discarded, the column placed back
into the same falcon tube and equilibrated by adding 2.5 mL of PBS (Thermo Scientific,
Rockford, IL, USA) to the top of the resin bed and centrifuging at 1000 x G for two minutes.
Next, the flow-through was discarded, and the same step was repeated a total of three times.
Subsequently the column was placed into a new sterile 15 mL falcon tube, and the antibody
solution was applied onto the center of the resin bed. Finally, the column was centrifuged at 1000
x G for two minutes. The collected purified flow-through antibody solutions were aliquoted and

stored appropriately.

Targeted ultrasound

Biotin-conjugated lipid-encapsulated perfluorocarbon UCAs with a mean diameter of 3.02
um £ 0.05 pm (Targeson, Inc, San Diego, CA, USA) were removed from a sealed vial using a
four-way stopcock-syringe combination with a 22 G needle while simultaneously venting the
vial with an additional needle. Using a 22 G needle, targestar conjugation buffer (TCB,
Targeson, Inc, San Diego, CA, USA) was withdrawn into the syringe containing the UCA
particles to a total volume of 3.5 mL and centrifuged at 400 x G for three minutes to remove
excess free unincorporated lipids from the UCA particle solution. After centrifugation, the
infranatant was drained drop-wise, and the UCAs were re-suspended in 1.0 mL TCB. Afterward,
UCAs were incubated with 150 uLL FITC-streptavidin (Invitrogen, Carlsbad, CA, USA) at a
concentration of 1 mg/mL for twenty minutes at RT with occasional gentle shaking of the vial.

The unreacted FITC-streptavidin was removed in a centrifugal washing at 400 x G for three
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minutes similarly to the previous step and re-suspended in 1.0 mL TCB. Finally, the UCA
particles were incubated on ice with either APA or PA-IL for 30 minutes while the unconjugated
targeting antibody and ligand molecules were removed by a final centrifugal washing as was

described in the previous steps.

Lectin-staining for biofilms

For the S. aureus biofilm matrix, a double staining approach with ConA and WGA was
chosen (Goldstein et al. 1978, Strathmann et al. 2002). After incubation for twenty minutes in the
dark at RT, excess staining solution was removed by rinsing three times with sterile distilled

water.

Epifluorescence Microscopy

Epifluorescence microscopy was carried out with a Zeiss Axioskop 2 microscope equipped
with an AxioCam MRc Rev 3. Negative and positive controls were conducted using
epifluorescence microscopy. For each case, four biofilm samples were used to image five
random positions on every sample. Each position was imaged by applying the respective filter
for FITC, TRITC and DAPI. The negative control did not use any dyes to control for any

possible autofluorescence effects.

Ultrasonic investigation of biofilms
Ultrasonic imaging and RF data acquisition was performed with a high-frequency scanning
acoustic microscope (Fraunhofer IBMT, St. Ingbert, Germany). A detailed description of the

acoustic lens used is shown in Table A.2.

The recorded RF data were stored for further processing. The post-processing was
conducted using custom-written scripts in MATLAB (The Math-Works, Natick, MA, USA). The
scripts were applied for the visual reconstruction in 2D and 3D of the raw RF data for the
selected ROIs. RF raw signals were gated by applying a rectangular window function. The
window length at 100 MHz excitation center frequency was set such as it corresponded to 10

wavelengths. The wavelength estimation is based on the center frequency of the lens (100 MHz).
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The gating of RF raw time-signals allows estimations of scattering properties to be related to
distinct ROIs in the volume under interrogation (Oelze et al. 2004). However, the gating process
also allows unwanted frequency content to be added to the backscattered power spectrum that
subsequently, leads to inaccurate estimates of scatterer properties. In order to minimize such
unwanted effects, a Hamming window was applied (Oelze et al. 2004). The tapered windows

reduced the high-frequency content added to the gated RF time-signals by smoothing the edges.

When the acoustic lens is moved over a ROI where the substrate is covered by an EPS layer
under investigation, two echoes are received. One echo originates from the top surface of the
layer, So(t), and the second, S(t), from the interface between the layer and the substrate. These

signals can be written as follows (Briggs et al. 1993, Briggs 1995, Briggs et al. 2010):
So(t) = Ays(t—1,)x g(1,2,) (4.1)

Sy(6)= Ays(t—1,) < g(t,2,) 42)

S() s the reflected signal from the top and the sample-substrate interface of the EPS
matrix. Provided that the defocus is positive meaning that the acoustic lens is elevated above the
maximum focus position, it is adequate to constrain the function g to be independent of t and to
be a real function of z only. The optimum value of z was found experimentally, by scanning
along the z-axis and finding the minimum positive value at which the shape of the waveform
remained approximately constant as a function of z. The z value was experimentally determined
to be 900 um. Within the approximation of the independence of the waveform shape on z, the

signals can be written respectively as (Briggs et al. 1993):
Sy(1) = As(t—1,)x g(2,) (4.3)
S@)=As(t—1)xg(t,z)+A,s(t—t,)xg(z,) (4.4)

From the height of amplitude and position on the time axis of each maximum, the following

parameters were measured:
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ATO/l =1, — 4.5)
A];)/2 =1, —1, (4.6)

where #; and ¢ are the arrival times of the sample and the interface echo respectively and #y is the
time arrival of the reference signal (not shown) when no sample is placed in between the acoustic
lens and the substrate. The velocity of the coupling medium, which in this case was degassed
biofilm medium at 25 °C, was approximated to the velocity of distilled water and set to be 1497
m/s (Greenspan et al. 1959, Martin et al. 1959) while the attenuation of the same medium was set
equal to the attenuation of distilled water at 25 °C, 2 dB/mm (Akashi et al. 1997). The density of
the medium was calculated with a microbalance and a micropipette at 25 °C. From the density of
the coupling medium, denoted as pcn, and the respective ultrasonic velocity, denoted as vem, the

acoustic impedance, Zcm, of the coupling medium was deduced:

Zw =PV, 4.7)

cm

From the difference in time between the reference signal, t0, and the reflection from the
sample surface, t1, and by applying the velocity, vo, of the coupling medium, the thickness of the

layer is:
1
d= E(t0 —1,)v, (4.8)

From the ratio of magnitude of the reflection A: from the surface of the layer to the
magnitude of the reference signal Ao, and by applying the impedance Zo of the coupling medium
as has been calculated in and the acoustic impedance of the substrate Zs, the acoustic impedance

of the biofilm sample is:

+ A
Z,=2,%2% (4.9)
0 1
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Finally, from the amplitude Az of the echo from the interface between the layer and the
substrate, the amplitude of the substrate echo Ao, the attenuation in the cell, in units of Nepers

per unit length, can be calculated as follows:

Z —Z, -
a=a,+ 1 ge(AO s bf 4(Zc ZO)ZS-I—ZO] (410)

—1lo 9
2d A, Z +2,(Z,-2,) Z,-Z,
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Results

Biofilm formation occurs when bacterial cells enter the body and attach to the underlying
endothelium or tissues. Over time, biofilms form a protective three-dimensional matrix that
results in lower antibody efficacy in vivo (Figure A.1). Biofilm surface areas were assessed by
epifluorescence microscopy images of stained S. aureus biofilms at various time points (Figure
A.2A). Biofilm matrix surface area doubled during the first 12 hours after inoculation (growing
from 26.85 mm? £ 6.72 mm?to 51.7 mm?+ 2.12 mm? at 12h and 24 h respectively; p < 0.05).
Similar growth patterns were observed through 96 hours (68.95 mm?+ 4.6 mm?, 122.2 mm? +
8.56 mm?and 179.2 mm? + 2.97 mm? for 48 h, 72 h and 96 h respectively; p < 0.05). These data

suggest that biofilm matrices are produced over time in our in vitro culture system.

To determine whether targeted UCAs bind to a biofilm matrix in vitro, we next examined
whether targeted ultrasound contrast agents (UCAs) bound to the biofilm matrix over time. We
observed an increase in the binding rate of targeted UCAs to the biofilm matrix (Figure A.2B).
We tested whether labeled targeted UCAs were detectable upon a labeled biofilm matrix.
Tetramethylrhodamine isothiocyanate (TRITC)-streptavidin conjugated UCAs (red staining)
were detectable from fluorescein isothiocyanate (FITC) anti-WGA labeled matrix (green
staining). At the 12 h time point 1.109 x 10° = 142 UCAs were bound to the biofilm. The number
of bound bubbles significantly increased to 3.126 x 10° + 427 over the following 12 h. Between
24 h and 72 h labeled UCAs binding increased (5.042 x 10° + 285 UCAs at 48 h, 7.563 x 10° +
142 at 72 h; p < 0.05). Between 72 h and 96 h a significant increase in targeted UCAs was
observed (7.563 x 10° £ 142 to 21.985 + 855 at 96 h; p < 0.05) suggesting that binding increases
in correlation with biofilm matrix surface area. Fluorescence images stained for S. aureus biofilm
matrix at various time points (Figure A.2A-D) confirms that targeted UCAs bound more as the

biofilm matrix increased over 96 hours.

Developing a non-invasive diagnostic method to detect biofilm matrices early (or at initial
stages) would be a valuable clinical tool if the targeted agents could be detected acoustically.

Because we determined that targeted UCAs bind proportionately to biofilm matrix mass we next
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assessed whether ultrasound could be used to detect targeted UCASs in vitro. The center
frequency of the ultrasonic evaluation was 100 MHz (Good et al. 2006) allowing for a rigorous

quantification of biofilm matrix mechanoelastic properties in our in vitro biofilm culture system

(Table A.3).

For the physical evaluation of biofilm matrix properties (density, acoustic attenuation,
ultrasound velocity, acoustic impedance and bulk modulus) a time-resolved high-frequency
scanning acoustic microscope was used (Fraunhofer IBMT, St. Ingbert, Germany; Table A.2 and
A.3). For imaging an acoustic lens is triggered by a piezoelectric transducer that emits and
receives highly focused sound waves and resolved along the time axis (Figure A.3A). The echoes
reflected from the sample surface, the substrate and the interface between the sample and the
substrate were taken into consideration for mechanoelastic quantification. The acoustic lens is
mounted on top of the stage of a Zeiss Axiovert M200, inverted light microscope (Figure A.3B).
This custom arrangement (Weiss et al. 2007, Weiss et al. 2007), where the optical microscope
objective and the acoustic lens are confocally aligned allows for corresponding optical (or
fluorescence) imaging and therefore facilitating novel simultaneous acoustical and optical

evaluation of specimen.

S. aureus mature biofilms at day five were ultrasonically and fluorescently evaluated (Figure
A.4). UCAs were conjugated with TRITC-labeled streptavidin that allowed for the detection of
the corresponding fluorescent signal. Because the acoustic lens is confocally aligned, we were
able to overlay the corresponding acoustic and fluorescent signals. In each case, three or more
different regions were scanned covering a total surface of 1 mm? for each independent
acquisition. For the same time point, fluorescence and optical images were acquired from the
identical regions (Figure A.4). The gray colored area corresponds to the acquired acoustic dataset
of the biofilm matrix while the inset depicts a fluorescent image of a partial area within that
ultrasonically acquired region. The epifluorescent images were comparable in terms of specimen

location and provided different complementary information on the biofilm structure and
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mechanical properties (Figure A.4). Microbubbles (Targeson, San Diego, USA) were 2 - 3 pm in

diameter and were detected based on fluorescence and acoustic signals (Figure A.4).

We next examined whether regions of biofilm matrices can be delineated based on targeted
and bound or non-targeted, non-bound UCAs. When no biofilm mass was present, the targeted
UCAs remain unbound as there is no ligand for them to bind to (Figure A.5A). As biofilm matrix
formation progresses, targeted UCAs bind to the ligand present in the biofilm matrix (Figure
A.5B). Targeted UCAs bound to the biofilm matrix scattered sound and produced a detectable
acoustic signature (Zinin et al. 2005, Zinin et al. 2009), which correlates with a biofilm matrix.
The images shown in Figure A.4 depict both the corresponding optical and acoustic images of
the UCAs. The acoustic image in Figure A.6A depicts UCAs reflectivity in backscatter intensity,
and their spatial location is depicted as red signals in the fluorescent image. Furthermore, Figure
A.6A demonstrates that bound UCAs provide a stronger backscatter intensity as compared to the

regions of biofilm matrix alone.

Based on linear acoustics (Moran et al. 2002) the integrated backscatter coefficient and
acoustic attenuation were calculated for regions of bound and unbound UCAs. The mean
integrated backscatter coefficient (IBSC; Figure A.6) was determined for frequencies ranging
from 97 MHz to 104 MHz from the measured biofilm regions in which targeted UCAs were
bound versus biofilm matrix alone. This frequency range corresponded to 36 points at a sampling
frequency of 400 MHz while the scanning of the region of interests (ROIs) was performed with
step sizes in the order of 10 um in the x- and y-direction respectively. The acquired mean values
of the IBSCs for the ROIs that remained bound to targeted UCAs range from 0.0278 mm™' x sr’!
to 0.0848 mm™! x sr'! while the values for the standard deviation (StDev) vary from 0.0016 mm'!
x sr'! t0 0.0043 mm™! x sr'!. The evaluation of the ROIs corresponding to the matrix without
UCA yielded for the IBSCs mean values in the range from 0.0167 mm™ x sr'! to 0.0694 mm™ x

sr''with StDev values ranging from 0.0012 mm™ x sr'! to 0.0024 mm™ x sr'! respectively.

The same ROIs used for the quantification of the IBSC were further evaluated with regard to

sound attenuation (Figure A.6B). ROIs were analyzed in which UCAs were either bound to the
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matrix or not bound. Each of the fifteen ROIs per condition consisted of nine pixels
corresponding to 135 raw radio-frequency (RF) time-signals for the UCA ROIs and similarly
fifteen ROIs for the matrix ROIs corresponding to another 135 raw RF time-signals. The
frequency-dependent attenuation was calculated over the frequency range from 97 MHz to 104
MHz. Equivalent to our IBSC findings this frequency range consisted of 36 points at a sampling
frequency of 400 MHz. The attenuation graphs for the ROIs with bound targeted UCAs and the
ROIs with plain matrix over the selected frequency range are shown in Figure A.6B. Taken
together, detection of targeted bound UCAs is significant compared with unbound UCAs. Our
data highlight the potential of targeted UCAs as a means of molecular imaging to detect the early

stages of biofilm matrix formation.
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Conclusions

In this study, we report for the first time a combined optical and acoustic imaging method of
infectious biofilm matrices. Ligand-targeted UCAs were used as a novel method for pre-clinical
non-invasive molecular imaging of early to late stage biofilms. These agents were used to target
S. aureus biofilm formation and assess the binding efficacy on early to late stage biofilm
matrices with respect to their surface area. A combination of acoustic and optical microscopy
was used to quantify S. aureus biofilm mechanoelastic properties. We show that time-resolved
high-frequency SAM is a viable method for ultrasonic imaging in addition to quantifying
mechanical and elastic properties of soft materials (e.g., tissues, cells, biofilm matrices) in a
non-invasive setting. Moreover, the use of targeted UCAs with high-frequency SAM allow for
UCAs detection at higher frequencies other than their resonance frequency. The mechanoelastic

properties of the S. aureus biofilm matrix are summarized in Table A.3.

Biofilms occurring from infections pose a challenge to current medicine because of the
difficulty of early detection and diagnosis. Biofilms protect bacteria and promote resistance to
antibiotics and chemotherapeutic agents. Moreover, detecting early and late biofilm formation
may be problematic due to their dynamic profile. Individual bacterial cells may detach from the
biofilm to colonize other niches, or an entire biofilm colony may move as a whole across a
region (Hall-Stoodley et al. 2004). Thus, biofilm-mediated rippling effects that occur during
detachment and transmigration pose biomedical challenges. One example is ventilator-associated
pneumonia in immunologically compromised patients that may occur due to biofilm rippling
(e.g., cancer patients) (Inglis 1993) . Our data indicates that the binding efficiency of UCAs
correlates with matrix biomass. Thus, we propose that the rolling and rippling effects observed
during biofilm maturation may reduce biomass and, therefore, decrease imaging capabilities at
the late stages of biofilm matrix formation. It may be that there is a critical timeframe where
UCAs bind well and imaging is enhanced and that as the biofilm grows, detaches and ripples
binding is decreased. Developing better detection methodologies and hence diagnostic clinical
imaging methods are needed to assess biofilm formation early. By detection of biofilm infections

at their earlier stages, this method will potentially offer more treatment.
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Due to the complex structure of biofilm matrices, we focused on the lectins concanavalin A
and WGA (binds to B-GlcNAc2 (Goldstein et al. 1978, Strathmann et al. 2002) because biofilms
may switch between these two polysaccharides during growth (Table A.1). Targeting
carbohydrate epitopes that are present in early biofilm matrices may provide novel biofilm
markers that will enhance a more optimal molecular imaging, particularly at early-stage

formation.

Ultrasound imaging devices are readily available in clinical settings and the application of
ultrasound techniques for biofilm-relevant infections is familiar to hospital personnel for diseases
such as infective endocarditis (Archibald et al. 1997, Baddour et al. 2005, Kaplan 2005) and
cancer (Azzopardi et al. 2013). Targeted UCAs have the potential to recognize and bind to early
stage biofilm matrix and thus, facilitate an early diagnosis. Our study demonstrated that while
more targeted UCAs bound to larger biofilm matrix mass, a significant number of targeted UCAs
also bound to less developed biofilm matrices. Targeted UCAs with ultrasound imaging may
provide a means for early detection of biofilm formation within a non-invasive setting. This
would include detecting endocarditis and biofilm matrix formation at the site of medical implants
such as prosthetic devices, and catheters. Moreover, cancer patients rely on catheterization for
chemotherapy treatment and biofilms are prevalent at the catheter interface. In immunologically
compromised patients, rippling effects of the late stage biofilms have been reported to promote
biofilm transmigration to the lungs causing additional complications in treatment (Inglis et al.
1995, Al Akhrass et al. 2012). Thus, the use of targeted UCAs may provide a rapid method to

facilitate early diagnosis of pathological conditions.

High-frequency ultrasound may be used to assess biofilm development in vitro. Currently
clinical biomicroscopy uses frequencies in the range of 15-50 MHz including intravascular
ultrasound spectroscopy (IVUS), cardiovascular and ocular applications (Liang et al. 2003,
Goertz et al. 2006, Silverman et al. 2006, Goertz et al. 2007, Silverman 2009, Phillips et al.
2012). In particular, clinical imaging applications, such as detecting metastases in the eye, are in

the range of 15-50 MHz, although research has been performed to measure at the higher
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frequency of 75 MHz (Silverman et al. 2006). The use of higher frequencies in the range of 100
MHz has been used for the imaging of choroidal metastasis (Witkin et al. 2012). Clinical
ultrasound applications have focused on higher frequencies in the range of 100-200 MHz
(Knspik et al. 2000). Low resonance frequencies are used clinically for drug delivery
applications in conjunction with UCAs and targeted drug delivery as these low frequencies
induce microbubble rupture (Liu et al. 2006). Thus, in terms of imaging the higher frequencies
provide enhanced imaging capabilities whereas lower resonant frequencies allow for more
efficient targeted drug delivery. We report for the first time a method to quantify backscatter
intensity and mechanoelastic properties of biofilms (Saijo et al. 1998, Saijo et al. 2000, Saijo et
al. 2004, Saijo et al. 2007, Brand et al. 2008, Strohm et al. 2010). With regard to the integrated
backscatter and the acoustic attenuation, considering differences in the frequency domain,
similar values have been previously reported for cancer cells and tissues (Saijo et al. 1997, Saijo
et al. 1998, Saijo et al. 2004, Baddour et al. 2005, Brand et al. 2008, Strohm et al. 2010). A more
in-depth understanding of the three-dimensional biofilm matrix structural and mechanoelastic
parameters will enhance biofilm imaging and subsequent treatment. Targeted UCAs potentially

provide a novel means of imaging for the diagnosis of biofilm infections in vivo.
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Figure A.1
Biofilm matrix formation

Individual bacterial cells gain entrance into the bloodstream and attach at favorable sites. As they
continue growing, they form a protective biofilm matrix around them to withstand against hostile
agents, the immune system or fluid turbulences caused by the bloodstream. As the biofilm mass
matures, individual cells are dispersed into the bloodstream where they travel to distant sites in

the body to form colonies.
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Figure A.2

Targeted ultrasound contrast agents as a function of biofilm matrix mass.

Targeted ultrasound contrast agents bind to the biofilm mass. As the biofilm matrix continues
growing, the increased surface area is accompanied by a larger number of bound agents. (A)
Biofilm mass over a time course of 96 hours at 12 h, 24 h, 48 h, 72 h and 96 h in terms of surface
as the biofilm grows. (B) Number of targeted UCAs bound to the biofilm matrix over the same
time course as in A at 12 h, 24 h, 48 h, 72 h and 96 h. (C) Confocal scanning laser microscopy
imaging of the biofilm structure for 12 h, 24 h, 48 and 96 respectively. Bacterial cells are shown
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in blue due to the nucleic staining, tUCAs are shown in red due to the conjugated streptavidin, and

the biofilm matrix is shown in green due to the FITC-conjugated WGA.
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Figure A.3

High-frequency scanning acoustic microscopy at a center frequency of 100 MHz was used

for the imaging and quantification of the biofilm structure

(A) A piezoelectric transducer transmits highly focused ultrasound beams directed against the
sample under investigation. As the ultrasound waves travel through the sample and the medium,
echoes are returned and recorded by the same acoustic lens. The echoes are resolved on the time
axis and allow for a rigorous quantification. (B) The scanning acoustic microscopy unit is
mounted on top of an inverted light microscope and thus allowing a correlation of the same

regions in terms of optical or fluorescence and acoustical information retrieved in independent

stages.
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Figure A .4

Ultrasound and optical/fluorescent images

A 1 x 1 mm area of the biofilm sample was scanned at a center frequency of 100 MHz using the
high-frequency scanning acoustic microscope. Darker spots indicate bound UCAs on the biofilm

mass. The inset shows a smaller region imaged by fluorescence microscopy on the same sample.
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Ultrasound Source Ultrasound Source

Figure A.5

Targeted UCAs bind the biofilm matrix and are detected by ultrasound

(A) Ultrasound is emitted by an ultrasound source against a region of interest where no biofilm
mass is present. Consequently, targeted UCAs will float in the liquid unbound remaining
unresponsive to ultrasound. (B) Biofilm formation shown with bound targeted ultrasound
contrast agents. The agents will bind to the exopolysaccharide matrix of the biofilm due to the
interaction of the interaction between the conjugated antibody and its counterpart based on Emil

Fisher’s key and lock principle.
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Figure A.6

Ultrasound quantification of biofilm structure using targeted UCAs

Biofilm structure quantified with scanning acoustic microscopy. (A) Integrated backscatter
shown for a range of different frequencies from 97 MHz to 104 MHz. Regions where targeted
UCAs are bound to the biofilm exhibit stronger backscatter and thus allowing for a detection of
biofilm infection. (B) Attenuation of sound for the same frequency range as in A. Regions with
bound targeted agents show a significantly higher sound attenuation than regions with no bound
agents. The different sound signature of bound vs. non-bound regions could potentiate an easier

diagnosis of infected regions.
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Lectin Abbreviation Conjugate Main specificity Reference
Concanavalin A ConA FITC, TRITC a-Man, a-Glc (Goldstein et
al. 1978)

(Canavalia

ensiformis)
Wheat germ WGA FITC, TRITC (B-GlcNAc)2,

agglutinin NeuNAc

(Triticum vulgaris)
Table A.1

Carbohydrate-binding specificity of lectins employed for staining of S. aureus biofilms.
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Acoustic Lens Properties
Excitation Center Frequency [ MHz ] 100
Max PRF [ kHz ] 100
Gain[dB ] 40
Sampling Rate [ MSamples/s ] 400
Focal Resolution [ ym ] 10
Aperture [ um ] 950
Aperture Angle [ ° ] 55
Working Distance [ um ] 900

Table A.2

Physical properties of high-frequency ultrasound lens for the scanning acoustic microscope used

in the current study.
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Physical property [ unit | Numerical value
Thickness [ pm ] 127.23 +£2.87
Ultrasound velocity [ m/s ] 1523.14 £ 12.01
Attenuation [ Neper/mm | 4.8+0.92
Acoustic impedance [ MRayl ] 1.9+ 0.01
Density [ g/mm? ] 1.24658 £ 0.11
Young’s modulus [ GPa ] 0.0028 £2.9 x 10°°
Table A.3

Mechanical and elastic parameters of a mature S. aureus biofilm at 96 hours of growth under

static culture conditions.
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