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Abstract

Over the past two decades, vascular biologists have changed our perception on the
importance of the endothelial cell in physiologic and pathologic processes in the body.
No longer is the endothelium considered a non-thrombogenic lining of blood vessels,
which acts as a passive, selective filter between the blood and its surrounding tissue. The
endothelium is now recognized to be a significant player in such biological processes as
inflammation, blood coagulation, angiogenesis, tumor growth, arthritis, diabetes,
atherosclerosis and ischemia/reperfusion injuries. Furthermore, it is now understood that
endothelial cell morphology, function, and protein expression can vary drastically
between large/small vessels and arteries/veins, all of which are varied even further in a
tissue-specific manner.

The central theme of this body of work is ocular endothelial cells and their
response to inflammatory/angiogenic mediators at both in vitro and in vivo levels. The
initial focus of this work was to test the hypothesis that the basic inflammatory properties
of human iris endothelial cells (HIEC) can contribute to leukocyte trafficking during
inflammation. To test this premise, we first developed a method to routinely isolate
purified HIEC which could be propagated and studied in vitro. Using these cells, in
conjunction with a variety of gene, protein, and functional analytical methods, knowledge
was furthered on the expression profiles of various biological mediators during
inflammation (e.g., adhesion molecules, cytokines and chemokines). We next
hypothesized that EphrinB2 could be expressed by human peripheral blood leukocytes in
response to inflammatory mediators and that EphrinB2 could regulate the intracellular

signaling activities of HIEC. Data generated from this study indicate that EphrinB2, a

v



ligand up regulated by stimulated lymphocytes, can activate HIEC. These observations
suggest a novel mechanism by which HIEC regulate lymphocyte trafficking during
inflammation. Lastly, the potential role of EphrinB2 and EphB4 molecules in retinopathy
of prematurity (ROP) was investigated. EphrinB2 ligands and their EphB4 receptors are
key regulators of endothelial cell proliferation and migration. We hypothesized that these
molecules play a role in pathological neovascularization (NV) in the mouse model of
oxygen-induced retinopathy and that soluble versions of these molecules can alter this
NV. Results generated from this study support the hypothesis that endogenous EphrinB2
and EphB4 are regulators of retinal NV during oxygen-induced retinopathy and may

serve as novel targets for therapeutic intervention.



If I have seen further than others, it is by standing upon the shoulders of giants.

-Newton, Isaac (1642-1727)



Chapter 1: Introduction

1A: The Endothelial Cell: A Historical Perspective

In 1661, a new era in vascular biology began when Marcello Malpighi presented
the final missing piece of evidence for the theory of blood circulation set forth by
William Harvey (reviewed in Thilo-Korner, 1983)'. He described the first piece of
evidence for the existence of capillaries in blood circulation'. The contributions of
Harvey, and those of Antony von Leuwenhoek (better microscopes) and Jan
Swammerdam / Friedrich Ruysch (blood vessel dye injection techniques), provided
essential stepping-stones that brought vascular biologists closer to discovering the
endothelial cell (EC)I. Between 1840 and 1860, Henle, von Koelliker and Frey provided
the first report on cells lining the walls of capillaries and described as “structure-less skin
with nuclei”'. Little did they know they had just described the ECs that line the walls of
capillaries. It was not until 1860 when von Recklinghausen developed the silver
precipitation injection technique that the “structure-less skin” was further described as a
single sheet of cells. It took another five years before the term “endothelium” was coined
specifically referring to the cells lining the luminal side of a blood vessel wall.

At the turn of the century, Harrison (1907) first reported on the analysis of cells
derived from pieces of tissue, thus coining the term “tissue culture”. In 1910 Carrel and
Burrows adopted Harrison’s technique in an attempt to culture arteries derived from dogs
and cats’. They were able to obtain a variety of cells growing out of the vessels, but the
cells were of mixed population and only viable for a few days. In the 1920’s Lewis
observed the outgrowth of ECs from cultured fragments of chick embryo liver4, and in

1931 Lewis® and Shabuya® published their first results on the cultivation of ECs.



However, their EC isolation technique was plagued by two issues: 1) limited EC
proliferation and 2) overgrowth of EC by “spindle shaped” cells, known today as
fibroblasts. It was not until 1959 that Lazzarini-Robertson reported the cloning of two
cell types derived from arterial explants, one clone was described as ECs and the other as
fibroblasts’. Although Lazzarini-Robertson is typically given credit with developing the
first purified culture of ECs, the technique was still plagued by limited proliferation of
their cells. An alternative approach for the isolation and culture of ECs was reported in
1963 by Maruyama®, and by Fryer9 in 1966, by demonstrating that they could obtain ECs
after perfusing umbilical cord vessels with trypsin solutions. However, the ECs isolated
still demonstrated limited proliferation and stromal cell contamination.

In the 1970’s, another chapter in EC biology was opened when Eric Jaffe
drastically modified Maruyama’s and Fryer’s techniques and isolated ECs from umbilical
cord vein. These cells could be passed repeatedly and remained pure'®'% One of the
many modifications implemented was the use of collagenase as the digesting enzyme,
instead of trypsin. The collagenase only released the ECs lining the vessel. This
technique reduced the possibility of digesting the internal elastic tissue (Figure 1) of the
umbilical vein, eliminating the possibility of obtaining smooth muscle cells and
fibroblasts (collagenase selectively digests subendothelial basement membrane leaving
the internal elastic lamina intact). By this method, Jaffe significantly increased his initial
yield of ECs and provided the cells with an optimized culture technique, which supported
their proliferation over longer periods. Over the past 30 years, Jaffe’s technique has
provided a significant cornerstone for vascular biologists. Numerous variations and

modifications of Jaffe’s technique exist, which has allowed EC to be isolated from



various parts of the vascular tree. Over the past decade, EC-isolation techniques allowed
for vascular cells from the human eye to be isolated and cultured. The eye’s first tissues
to have their ECs isolated and studied were the choroid and retinal tissues'*',

> In this dissertation, I report on the isolation and purification of human iris ECs, the

first and only report of its kind to date'”.

1B: The Endothelial Cell: A Contemporary View

A monolayer of EC lines the entire vascular tree. As reported by Jaffe, this
monolayer covers a surface of greater than 1000m? in the human adult, and adds up to
approximately 10" cells with a total weight greater than 100g '®. ECs are polarized with
their apical surface being in direct contact with blood, and their basal surface in contact
with the extracellular matrix, which is in proximity to smooth muscle cells, pericytes and
tissue-specific stromal cells (Figure 2A). ECs are a highly specialized form of simple
squamous epithelial cells.The junctions between ECs are similar to those of other
epithelial cells and consist of adherens junctions, tight junctions, gap junctions, and
complexus adherents junctions. These junctions must be highly regulated in order to
maintain the integrity of the endothelium and protect the vessels from uncontrolled
increases in permeability, inflammation or thrombotic reactions. Furthermore, these
junctions not only function as sites of EC-EC attachment, but have emerged as significant
signaling structures in the regulation of vascular hemostasis (Figure 2B).

Although the adult endothelium is relatively quiescent in normal situations, it is
highly metabolically active. Over the past two decades, old perceptions have evolved

from the endothelium acting as a non-thrombogenic lining of blood vessels to acting as a



passive selective filter between blood and tissue. The endothelium is now recognized to
be a significant player in various physiological and pathological processes such as
inflammation, blood coagulation, angiogenesis, tumor growth, arthritis, diabetes,
atherosclerosis and ischemia/reperfusion injuries (Reviewed in Boeynaems and Pirotton,
1994)"". The pleiotropic role of ECs involves several basic functions including:

e Secretion of various biologically active factors (i.e., nitric oxide, prostacyclin, and
von Willebrand factor).

e Expression of binding proteins on their luminal surface such as thrombomodulin
which inhibits thrombin’s procoagulant activity, thus contributing to the non-
thrombogenic surface of the endothelium.

e Expression of adhesion molecules for leukocytes, tumor cells and metabolic
enzymes (i.e. angiotensin-converting enzyme and lipoprotein lipase).

e Regulation of the vessel permeability and transport between the blood and tissue.

e Regulation of contractility of vascular smooth muscle cells.

e Control of smooth muscle cell proliferation and angiogenic processes.

1C: The Heterogeneity of Endothelial Cells

Although all vascular ECs perform certain functions in common, there is a high
diversity of specialized functions that depend on the type of the blood vessel and the
requirements of the surrounding tissue '8 In many cases, our understanding of these
diverse functions remain on the level of “phenomenon” with little to no molecular
explanation. We are at the advent of a new era in EC biology with the discovery of EC

heterogeneity, which furthers our understanding from the morphological level to the



functional and transcriptional levels as well. EC heterogeneity is most evident from the
morphology of the ECs that line the vessel of various tissues (continuous, fenestrated, or
discontinuous; Figure 1B). Furthermore, ECs that line microvessels are generally
flattened, elongated, and often fenestrated, while ECs that line large vessels are generally
polygonal, nonfenestrated and thicker'®. Even between capillary beds of different tissues,
organ-specific differences exist. For example, capillaries of skeletal muscle, heart, lung
and brain have continuous endothelium, while capillaries of endocrine and exocrine
glands, choroid plexus and intestinal villi will typically possess fenestrations’. It is
suggested that there are as many types of varieties of capillaries as there are organs and
tissues®',

ECs will also vary in the types of function they perform based on the tissue in
which they reside. For example, brain endothelium interacts with astrocytes to comprise
the highly regulated blood-brain barrier by forming a continuous endothelial barrier with
complex tight junctions®. In contrast, liver ECs are highly fenestrated and discontinuous,
and line hepatic sinusoids in the mediation and exchange of metabolites, and process
toxins between the portal blood, Kupffer cells and hepatocytes™.

A new concept in EC heterogeneity has emerged over the past decade. It is now
understood that ECs exhibit a high level of diversity in the types of proteins they express
at their luminal surface. It was reported over a decade ago that ECs in the vasculature of
different organs express organ-specific proteins, suggesting the presence of vascular bed

24 More recently, organ-specific differences in vascular EC protein

“addresses.
expression have been discovered using a biopanning technique termed “phage display.”

This technique utilizes small peptides expressed on the surface of bacteriophages that are



capable of differentially binding to ECs of different vascular beds®. Using this technique,
investigators have reported on the identification of lung-specific, breast-specific, and
prostate gland-specific EC surface proteins through the binding of phage-presented
peptides to membrane dipeptidase, aminopeptidase P, and interleukin-11,
respectively?®*%, Phage display technologies have revealed a map of “vascular
addresses” which can potentially be used to selectively target therapeutic agents to
specific tissue vascular beds, while sparing others. Furthermore, genetic studies have
revealed differences between the endothelium of arteries and veins. For example, Wang
et al. (1999) reported on the expression of EphrinB2 on arterial ECs, while EphB4, the
receptor tyrosine kinase that binds EphrinB2, is expressed at much higher levels in veins
than in arteries®’. Although it is clear that the endothelium between different vascular
beds can be highly heterogeneous, many questions remain as to how these differences
have arisen and how much plasticity the ECs have retained. Equally as important, it
remains to be determined how the heterogeneity of ECs between vascular beds affects

their susceptibility to inflammation.

1D: Inflammation and the Multistep Process of Leukocyte Adhesion-Extravasation
Cornelius Celsus is credited with the phrase “rubor et tumor cum calore et
dolore,” or “redness and swelling with heat and pain,” which dates back to his first
century AD writingszg. However, Julius Conheim, a student of Virchow, is generally
credited with the observation that inflammation also includes plasma exudation and local

leukocyte extravasation into the affected tissue®.



During inflammation, the EC plays the critical role of “gatekeeper” and
selectively regulates which leukocytes pass through its barrier to enter the tissue.
Leukocyte recruitment into inflamed tissues is a well-characterized process and occurs in
a multistep fashion (Figure 3)*2. Initially, activated ECs reduce the velocity of the
flowing leukocyte by presenting a variety of adhesion molecules on their luminal surface.
These molecules interact with the adhesion molecules expressed on the surfaces of
leukocytes and cause the leukocyte to roll on the endothelium. This process is a
prerequisite for the latter steps of leukocyte “firm adhesion” and “extravasation”>,
Rolling is mediated by L-selectin on leukocytes, and E- and P-selectins on ECs® to
reduce the speed of the leukocytes entering the venular portion of the
microcirculation®>*!, Studies in vivo suggest that initial leukocyte rolling is mainly P-

39,40,42

selectin dependent , whereas E- and L-selectin appear to be responsible for rolling

only after inflammatory stimulation for an hour or more*' .

After rolling, leukocytes become activated, which in turn activates integrins
expressed on ECs and causes the arrest and firm adhesion of the leukocyte®. This process
is mediated by leukocyte-expressed integrins (e.g., LFA-1, Mac-1, VLA-4, LPAM-1)
interacting with members of the immunoglobulin superfamily of adhesion molecules
(ICAM-1, ICAM-2, VCAM-1, MAdCAM-1) expressed on the activated endothelium.
Leukocytes also firmly adhere via interaction with platelet-EC adhesion molecule
(PECAM; also a member of the immunoglobulin superfamily; Figure 2A and 2B) and is
expressed on leukocytes and at endothelial junctions. Chemokines also play a vital role in

firm adhesion by mediating the rapid clustering of intergrins***’. The chemokine

superfamily of low molecular weight chemotactic cytokines bind to and signal through



seven-transmembrane, G-protein coupled receptors expressed on the leukocyte®®>!. The
chemokines are expressed by ECs and stromal cells in the local microenvironment and
are presented on the endothelial surface to activate leukocytes®>>. Each of these
processes set the stage for the leukocyte’s final act, the compromising of the endothelial
barrier, a process generally referred to as “extravasation.”

Extravasation, the least characterized step in leukocyte trafficking during
inflammation, begins when the leukocyte squeezes through an inter-endothelial cleft to
enter the inflamed tissue. Vasoactive agents induce the formation of gaps between
adjacent ECs. In vitro studies have demonstrated that histamine can increase the
permeability of ECs, and this process requires the release of cytoplasmic calcium®*. The
increases in cytoplasmic calcium cause a calcium-dependent activation of myosin light
chain kinase, an enzyme that phosphorylates myosin light chains to induce actin
polymerization, and results in EC retraction®*, During this process, the leukocyte
encounters different junctional proteins (Figure 2A and 2B). Vascular endothelial
cadherin, generally located between ECs, redistributes to the EC surface (Figure 2B),
while PECAM and junctional adhesion molecule (JAM) remain concentrated along the
EC margins (Figure 2B)*. CD99, a membrane protein expressed by both leukocytes and
ECs functions to guide the migrating leukocyte through the EC-EC barrier. Blockage of
PECAM or CD99 during this process can prevent the leukocyte from extravasating59.
Upon crossing the endothelial barrier, the leukocyte encounters the extracellular matrix
(ECM) and will then secrete degradative enzymes to help clear a path to enter the
inflamed tissue®. This extravasation route described here is generally referred to as the

“paracellular” route, but it should be noted that this is not an exclusive pathway for



crossing a monolayer of endothelium. Early structural studies suggest that lymphocytes
can pass through the body of an EC®2, Feng et al., (1998) recently demonstrated that
under certain conditions neutrophils can migrate “transcytotically” (directly through an
EC) within inflamed venules®. However, it is generally thought that the former route

mentioned occurs the majority of the time.

1E: Inflammation and the Eye

Although inflammatory processes throughout the body share the same basic
mechanisms, it is becoming increasingly evident that the vascular beds of the body do not
recruit leukocytes equally®*, nor are they equally susceptible to inflammation®. Site-
specific differences such as EC heterogeneity, molecular microenvironment, and
hemodynamics are thought to contribute in tissue-specific inflammation.

My research has focused on elucidating the pathogenic mechanism(s) involved in
a collection of inflammatory diseases involving the anterior uveal tract. This
inflammatory process is generally referred to as anterior uveitis (AU)®. The uveal tract is
a highly vascularized region of the eye and consists of the iris, ciliary body, and choroid
tissues (Figure 4A). At the onset of AU, ECs and leukocytes in the iris become activated.
This results in the transmigration of leukocytes from the blood into the iris stroma. This
phenomenon is orchestrated by chemokines and adhesion molecules on the surfaces of
the iris endothelium and ]eukocytes67'7°. In extreme conditions, leukocytes can
transmigrate through the body of the iris, into the anterior chamber where they can affect
vision (Figure 4B). Interestingly, the exact cause of this tissue-specific inflammation

remains unknown, but is it thought to stem from an autoimmune reaction. The question

10



still remains as to why the vasculature of the anterior uveal tract (iris) becomes inflamed,
while sparing the choroid and/or retinal vascular beds. Similarly, other ocular diseases are
characterized by the selective inflammation of choroid and retinal tissues’'. Various
animal models’ were developed in an attempt to answer this question, and many of the
molecular players and underlying biology were elucidated in these systems®’. However,
species differences make it difficult to carry these findings into the human.

One approach taken by our lab to understand iris-specific inflammation better is
to isolate, culture and experimentally test the inflammatory properties of human iris ECs
(HIEC). Ultimately, procurement of these EC has allowed the inflammatory properties of
iris endothelium to be studied'® and has allowed for the side by side comparison of
inflammatory properties between iris, choroid and retinal ECs (manuscript in preparation;

Silverman ez al.; Rosenbaum Laboratory).

1F: Vasculogenesis vs. Angiogenesis

Two distinct mechanisms exist in the formation of the vascular network in the
embryo, 1) vasculogenesis and 2) angiogenesis. While vasculogenesis refers to
differentiation and development of blood vessels from mesodermal-derived angioblasts in
situ (Figure 5B)"?, angiogenesis refers to the remodeling and expansion of this network.
Vasculogenesis

The initial steps in the formation of the extra-embryonic vasculature begins in the
embryonic yolk sac by the induction of the ventral-lateral mesoderm via members of the
fibroblast growth factor (FGF) and transforming growth factor beta (TGF-B) families”".

In situ differentiation of hemangioblasts from the mesoderm begins the process of

11



vasculogenesis by forming blood islands which then interconnect to each other (Figure
5A)™. The peripheral cells of the blood island will then differentiate into pre-ECs, while
the cells centrally located become hematopoietic cells (Figure SA and 5B)”.
Vasculogenesis then proceeds by fusion of the pre-ECs into a primitive capillary plexus
(Figure 5A and 5B), which is then expanded by angiogenic processes’®.

Intra-embryonic vascularization follows similar steps to those of the yolk sac.
However, a major difference exists between extra-embryonic and intra-embryonic
vascular development. Extra-embryonically, EC differentiation occurs simultaneously
and in close association with hemopoietic precursor cells in the blood island’"’®. Intra-
embryonically, ECs differentiate from the mesoderm as solitary angioblasts, without the
presence of hemopoietic precursor cells (with the exception of a small region of the
aorta)’ ™, Embryonic angioblasts then migrate and fuse with other angioblasts and other
forming capillaries to form a vessel in situ’™"'. Once extra- and intra-embryonic vascular
networks connect, the intra-embryonic vessels are then populated by hemopoietic cells
derived from the yolk sac or aorta’". Vasculogenesis, which is mainly restricted to
embryonic development, proposedly also occurs in adults. This notion is supported by the
finding that circulating angioblasts exist in human peripheral blood and are capable of
differentiating in vitro into ECs®.

Angiogenesis

Angiogenesis and vasculogenesis are distinct from one another on the cellular
level, however the molecular mechanisms controlling both processes overlap since both
processes share several required molecules’®®. Angiogenesis is a dynamic, multistep

process that requires the retraction of pericytes from the abluminal surface of the
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capillary, and the release of proteinases from the endothelium to degrade the ECM
surrounding the vessel®. This process allows the EC to be released from its vessel,
migrate towards the angiogenic stimulus, proliferate and form tube-like structures®®. The
tubes will then fuse with other pre-formed vessels, which leads to their filling of blood to
initiate flow®. Angiogenesis is the major form of vascularization in adults and occurs
throughout adult life (i.e., female reproductive system, wound healing, and various
pathological conditions).

In general, capillaries can be formed by sprouting and non-sprouting
angiogenesis’°. Sprouting angiogenesis occurs extra-embryonally in the yolk sac and
intra-embryonally during brain development. Non-sprouting angiogenesis occurs in the
lung and accounts for splitting of pre-existing vessels by transcapillary pillars. Non-
sprouting angiogenesis can also occur by the intercalated growth of blood vessels, a
process by which pre-existing capillary merge, or additional ECs fuse into existing
vessels to increase their diameter and length’*®. The yolk sac, lung and heart are sites
where both sprouting and non-sprouting angiogenesis can occur'®. After the primary
capillary plexus has expanded by angiogenesis, it becomes remodeled into a mature
system of arteries, capillaries, and veins. During maturation, the vessels are then
surrounded by pericytes and smooth muscle cells. These cells generally sprout in concert
with ECs, and this process is regulated by platelet derived growth factor®’, Tie-2 and
angiopoietin-l74. Once positioned in proximity of the EC-tube structures, the pericytes
and smooth muscle cells then deposit an ECM which provides structural strength to the

developing vasculature’®.
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Major Regulators of Angiogenesis

VEGEF and its receptors are key players of angiogenesis®™*. VEGF is a potent EC
mitogen and inducer of angiogenesis that is devoid of consistent and appreciable
mitogenic activity for other cell typesgl’gz. Furthermore, disruption of VEGF receptors
leads to defective large vessel formation and subsequent cardiovascular failure’®, TGF-
and its receptor are also major players in angiogenesisg3’94. EphrinB2, a member of the
Ephrin family of transmembrane ligands, marks arterial ECs, where as its cognate
receptor EphB4 is expressed on veins. Inactivation of EphrinB2 or EphB4 prevents the
remodeling of arteries and veins into properly branched structures and results in
lethality”, underscoring their importance in angiogenesis. Angiogenesis is also
dependent on avf3 adhesion receptor which allows ECs to interact with a variety of
extracellular matrix components and allows their migrationgsm. Furthermore, ovP3 plays
a significant role in allowing the activation of VEGF receptor-2°*. Matrix
metalloproteinase-2 co-localizes with avp3 on the cell surface of invasive cells, and is
proteolytically active’®. VE-cadherins are shown to play a vital role in angiogenesis by
mediating EC-EC interactions to regulate their organization into vessel-like structures'®.
In fact, VE-cadherin negative EC demonstrate vascular defects during expansion of the
primitive vascular network by angiogenesis, but not during vasculogenesis'®. Truncation
of VE-cadherin is capable of blocking the capacity of EC to respond to survival signals

induced by VEGF'",

1G: Retinopathy of Prematurity

Retinopathy of prematurity (ROP) is generally characterized by extensive
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12 ROP is a condition of growing

angiogenesis in the retina which can lead to blindness
concern in the United States. Incidence of blindness associated with this condition is
estimated at nearly 700 infants per year, and some permanent vision loss is expected to

i . . . 3
03104 The increasing incidence

occur in nearly 4000 infants annually due to this disease
of ROP is linked to the implementation of new neonatal care technologies which enhance
the survival of very low birth weight infants and the continued need for supplemental
oxygen'®. The pathological conditions of ROP are unique in that normal and abnormal
vessel growth occurs simultaneously in the retina and in close proximity.

In general, astrocytes emigrating from the optic nerve'® enter the avascular
retina. As astrocytes become hypoxic, they express high levels of vascular endothelial
growth factor (VEGF)'%. Secretion of VEGF by the astrocytes induces the growth of
blood vessels from the optic nerve into the superficial layer of the retina and alleviates
hypoxia in this region (Figure 6A). This phenomenon is immediately followed by the
downregulation of VEGF in the superficial region, but a relative hypoxia of the deeper,
avascular layers (intermediate and deep) still exists. This condition induces the sprouting
of superficial vessels into the intermediate/deep layers of the retina and fully vascularizes
the tissue. During these critical periods of vascular development, any alteration in VEGF
expression can alter retinal vascular formation. Infants whose lungs are not fully
developed are placed in a high-oxygen environment, which alters VEGF expression in
the retina. Upon return to normal room air, the retina experiences a relative hypoxia, high
VEGEF expression, retinal neovascularization, and associated vitreal bleeding and retinal

detachment'?’.
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Animal models of this disease process have been generated and closely mimic the
human condition'®. One of these models experimentally places neonatal mice in high
oxygen for several days. This results in the downregulation of retinal VEGF, thus
stopping further vascular development and causing some vascular regression (Figure 6B).
This treatment results in large avascular regions in the retina, and a severe ischemic
condition when these mice are placed back in normal room air. This process induces high
levels of retinal VEGF expression and an overgrowth of its vasculature. This constitutes

the murine model of ischemic retinopathy and closely relates to human forms of ROP'%.

1H: Ephrins and Ephs

Eph receptors and their Ephrin ligands comprise the largest family of receptor
tyrosine kinases''*''2, Eph receptors are classified into two groups, A or B, depending on
whether they interact with an Ephrin of the A class (no cytoplasmic tail) or of the B class
(possess cytoplasmic tail; Figure 7). Resultantly, engagement of EphB receptors with
ephrinB ligands can induce a “bi-directional” signal into both the EphB and EphrinB
expressing cells. EphrinB2 ligands and EphB4 receptors are key regulators of vascular
development and are expressed by ECs of developing arteries and veins, respectively.
Specifically, endothelium of developing arteries express EphrinB2 ligands, while EphB4
receptors are expressed by venous endothelium?®”'*1", During vessel formation,
arteriole and venule ECs undergoing proliferation and migration come into proximity of
each another. Engagements of EphB4 on venule ECs by EphrinB2 on arteriole ECs cause
the ECs to stop proliferation and migration, and this phenomenon is thought to prevent

these cell types from intermingling (Figure 7)' " In general, adhesive/repulsive signaling
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events induced by Eph/Ephrin interactions occur via modulation of integrin activity and
by actin cytoskeletal rearrangement. I hypothesize that the Ephrin/Eph signaling system

also serves in the regulation of leukocyte trafficking during iris inflammation.

1I: Goals of This Study

The impetus for the proceeding studies stemmed from the need to better
understand the role of HIEC in AU. To this end, I detail in this thesis a protocol devised
to purify HIEC cultures and analyze their basic inflammatory properties in response to
biologic stimuli. Secondly, the observation that the Ephrin/Eph family of signaling
molecules can regulate cell migration led to the hypothesis that they may also perform
similar functions during HIEC-leukocyte interactions. In this section, I set forth to |
determine if human peripheral blood leukocyte express EphrinB2, and if their expression
profiles could be altered in response to inflammatory mediators. Additionally, I report on
the functional relevance that EphrinB2 has on the intracellular signaling properties of
EphB4-expressing HIEC. Lastly, since EphrinB2 and EphB4 are known regulators of
angiogenesis, I hypothesized that these molecules could play a vital role in pathological
neovascularization (NV) during ROP. To test the functional role that EphrinB2 and
EphB4 may have in retinal neovascularization, I implemented a mouse model of ROP in
which soluble versions of EphrinB2 or EphB4 were intravitreally injected. The results
generated from this study suggest that the endogenous Ephrin/Eph signaling mechanism
is a critical functional regulator of retinal NV during oxygen-induced retinopathy, and

should be considered as therapeutic targets in the treatment of this disease.
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Figure 1: Composition of Blood Vessels and Types of Capillary EC. (A)
Heterogeneity of vessel wall composition between artery and vein, arteriole and venule,
and capillaries. (B) Types of EC that line various capillary walls. (B-a) Continuous
capillaries have no openings in their walls. (B-b) Fenestrated capillaries have small
openings (80-100nm in diameter). Fenestrae are covered by a nonmembranous,
permeable diaphragm, and allow for the passage of macromolecules. (B-c) Discontinous
capillaries (sinusoids) have a large lumen with many fenestrations. The fenestrations do
not have a diaphragm and the basal lamina is either absent or discontinous. Adapted from

Cleaver and Melton (2003) Nat. Med. 9(6):661-668
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Figure 2: Molecular Components of Endothelial Junctions and Leukocyte
Extravasation. (A) Depicted are two main types of EC junctions (tight and adherens
junctions), and the molecules that comprise these junctions (i.e., cadherins, PECAMs,
Nectins, JAMs, Claudins). Also depicted are the various cytoskeletal and signaling
proteins that can associate with junction-forming proteins. (B) During diapedesis,
leukocytes express many of the same junctional proteins already implicated between EC.
However, some proteins such as VE-cadherin re-distribute to the apical surface of the

EC. Adapted from Dejana (2004) Nat. Rev. Mol. Cell Biol., 5(4):261-70.
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Figure 3: Molecular Players Involved in the Multistep Adhesion Process. There are
four distinct steps in leukocyte adhesion to endothelium (1. tethering, 2. rolling, 3.
activation, 4. arrest). Depicted under each of these steps is a “magnified” view of the
molecular players involved in leukocyte-EC interactions. The double-headed arrows
between leukocyte- and EC-expressed molecules depicts their possible interaction.

Adapted from: von Andrian and Mackay (2000) N. Eng. J. Med., 343(14):1020-1034.
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Figure 4: The Human Eye and Anterior Uveitis. (A) The uveal tract of the human eye
includes the iris, ciliary body, and choroid tissues. The term uvea is derived from Latin
terminology meaning “grape” since the uveal tissue resembles the skin of a grape.
Adapted from the NEI website, with modifications made by Dr. Stephen R. Planck. (B)
During extreme bouts of anterior uveitis (iritis), leukocytes can extravasate out of the iris
vasculature, through the iris stroma, and into the anterior chamber. Once in the anterior
chamber, leukocytes can “float” in the aqueous humor and disrupt vision. Gravity can act
on floating leukocytes and cause them to accumulate within the anterior chamber

(hypopyon; arrow). Obtained from Dr. James T. Rosenbaum.
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Figure 5: Vasculogenesis and Hematopoiesis. (A) Schematic representation of the
processes and major molecular players of vasculogenesis. 1) The process begins by the
formation of the mesoderm which arises from epiblast pre-cursor cells. 2) Mesodermal
derived hemangioblasts form cell aggregates (blood islands), and the cells in the center
differentiate into hematopoietic stem cells, while peripheral cells differentiate into
angioblasts (endothelial cell precursors). 3) Proximal blood islands fuse to form an outer
EC barrier with a lumen that contains hemopoietic cells, thus forming the primary
capillary plexus (4). Adapted from: Risau and Flamme (1995) Annu Rev Cell Dev Biol,
11:73-91. (B) Diagram depicting the hemangioblast as the precursor of both vascular EC

and hematopoietic cells. Adapted from: Carmeliet (2003) Nat. Med. 9(6):653-660.
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Figure 6: Vascularization of the Retina and the Role of VEGF in the mouse model of
ROP. (A) Vessels sprout from the optic disk into the periphery of the superficial retina
(arrows; postnatal day (P) 1). By PS5, a primary plexus is formed, which subsequently
penetrates into deeper layers of the retina (arrows; P8). Vessel branching and fusion form
a fully function plexus. Adapted from: Gerhardt et al. (2003) J. Cell Biol. 161(6):1163-
1177. (B-1) Normal retinal vessel development is stimulated by production of VEGF
(red) anterior to the developing vasculature. (B-2) In the first phase of ROP, exposure to
relative hyperoxia after birth interrupts the gradient of physiologic hypoxia in the
immature retina, leading to down-regulation of VEGF production and a cessation of
vessel growth. (B-3) Upon return to room air, the metabolic demand of the developing
retina increases and the nonperfused portions of the retina become hypoxic,
overproducing VEGF. (B-4) Neovascularization occurs in response to the overproduction
of VEGF, producing ROP. Adapted from: Pierce et al. (1996) Arch Ophthalmol.

114(10):1219-28.

28



N~ :
I | (—————
Pl
=S

—

R
'.__..,—.-l--u-

Prematuri
i L Y

Hyperoxia
& VEGF

Hypoxia

Metabolic Demand

29




Figure 7: Ephrin Ligands and Eph Receptors. (A) Eph receptors are classified into 2
subgroups (class A or class B) depending on whether they bind to a class A Ephrin or
class B Ephrin. Adapted from: Cheng et. al., Cytokine Growth Factor Rev. (2002),
13(1):75-85. (B) During capillary formation, arterial EC EphrinB2 interacts with venule
EC EphB4. This interaction suppresses the proliferation and migration of these cells
which prevents these cells from co-mingling and allows proper vessel formation. Adapted

Sfrom: Kim et. al., (2002) FASEB J. 16(9): p. 1126-8.
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To me it seems that all sciences are vain and full of errors that are not born of
Experience, mother of all certainty, and that are not tested by Experience; that is to
say, which do not at their beginning, middle, or end, pass through any of the five

SEnses.

-Leonardo da Vinci (1452-1519)



Chapter 2: Materials and Methods (M&M)
2A: M&M for Chapter 3
Iris EC Cultures

All usage of human tissues and cells in this study was in accordance with IRB
approved protocols. Irises from anonymously donated human eyes (Lions Eye Bank,
Portland, OR; donor age range 16-42 in this study; no known history of ocular or
cardiovascular disease), were digested in 0.2% type II collagenase (Sigma Chem. Co., St.
Louis, MO) in medium MCDB-131, for 20-30 min at 37°C, after having the iris pigment
epithelial layer mechanically removed with a cotton swab. Following digestion, EC were
purified away from iris stromal cells using monoclonal anti-human platelet-EC adhesion
molecule-1 (PECAM-1) antibody-coated magnetic beads (Dynal, Inc., Lake Success,
NY), and were cultured in MCDB-131 supplemented with 10% fetal bovine serum (FBS,
Invitrogen Corp., Carlsbad, CA), EC growth factors (EGM-MV2 BulletKit™, with
hydrocortisone omitted; Clonetics/Biowhittaker, Walkersville, MD; complete medium),
gentamycin (10 pg/ml), and amphoteracin-B (Fungizone®, 250 ng/ml, Invitrogen
Corp./Gibco). Cultures were trypsin passaged at a 1:3 split ratio, and used in subsequent

experiments between passages 3 and 6.

Confirmation of EC Nature of Cultured Cells

Following one or two rounds of magnetic separation, cultures were >99.5% pure
on the basis of PECAM-1 and von Willebrand factor (vWF) expression'®'"’, and uptake
of dil-acetylated-LDL''®. In specialized culture conditions with a provisional

extracellular matrix, monolayers of EC are capable of reorganizing into capillary-like
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networks'". Seventy-five thousand HIEC were plated on polymerized Matrigel® (14.1
mg/ml, 200 pl/well, BD Biosciences, Bedford, MA) within 24-well tissue culture plates,
and were allowed to attach overnight. Cells were then refed, with some wells receiving

10 ng/ml phorbol myristate acetate (PMA; Sigma) to induce tube formation'%,

RT-PCR Analysis of Adhesion Molecule mRNA Expression

Confluent HIEC monolayers were stimulated for up to 21 hrs with either
lipopolysaccharide (LPS, 10 pg/ml, from E. coli 055:B5, List Biological Laboratories,
Inc., Campbell, CA) or recombinant human tumor necrosis factor-alpha (TNFc, 10
ng/ml, R&D Systems, Minneapolis, MN). Total RNA was extracted using a commercial
kit (RNApure™, GenHunter Corp., Nashville, TN). Touchdown RT-PCR detection of
gene expression was done as previously described in detail'*'. Positive-control total RNA
was obtained from synovial samples of rheumatoid arthritis patients. Diethyl
pyrocarbonate-treated water (DEPC-H,0O, Ambion, Inc., Austin, TX) was used as a
negative-control. Human ICAM-1 primer sets (Sense, 5'—
CCGGAAGGTGTATGAACTG-3’; Anti-sense, 5’~-TCCATGGTGATCTCTCCTC-3’),
ICAM-2 primer sets (Sense, 5’-CCGTGGCAATGAGACTCTGCACTA-3’; Anti-sense,
5’-ATGGTTGCTATGGCCGGAAGG-3’), and VCAM-1 primer sets (Sense, 5°-
CTCCGTCTCATTGACTTGC-3’; Anti-sense, 5’GAACAGGTCATGGTCACAG-3’, all
from Operon Technologies, Alameda, CA), were used to probe cDNAs reverse-
transcribed from the experimental, positive, and negative control RNA samples. A primer
pair for cyclophilin was included in each assay as an internal control (Sense, 5’ —

TGTTCTTCGACATTGCCGTCGAC-3’; Antisense, 5'—
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GCATTTGCCATGGACAAGATGCCAGGA- 3’; Operon). PCR reaction products were
electrophoresed in 3% agarose gels in Tris-acetate buffer containing ethidium bromide,

and UV-induced fluorescent bands were photographed and digitized.

Protein Analysis
Cell adhesion molecule (CAM) protein expression on intact monolayers of HIEC
was evaluated using a fluorescent enzyme-linked immunocellular assay (ELICA) in a 96-

1'22, Mouse monoclonal anti-

well microtiter plate format, as previously described in detai
human ICAM-1 antibody (Clone W-CAM-1, Neomarkers, Inc., Fremont, CA) rabbit
polyclonal anti-ICAM-2 antibody (Santa Cruz Biotechnology, Santa Cruz, CA),
monoclonal anti-human VCAM-1 antibody (clone BBIG-V1-4B2, R & D Systems), and
monoclonal anti-human E-selectin antibody (clone BBIG-E4-5D11, R & D Systems)
were used as primary detection antibodies (all diluted to 1 pg/ml in 1% bovine serum
albumin/bicarbonate buffered saline). Affinity-purified, alkaline phosphatase-conjugated,
goat anti-mouse or anti-rabbit polyclonal antibodies (1:1000, Sigma) were used for
secondary detection. Methylumbelliferyl phosphate (100 pg/ml, Sigma) was used as the
fluorescent detection substrate. In some cases, ELICA results were confirmed by western
blotting in which HIEC lysates (3 x 10* cells/lane) were electrophoresed on 4-15% linear
gradient SDS-PAGE gels, followed by transfer to nitrocellulose and protein detection

with the same antibodies used in the ELICA. Bands were visualized using an NBT/BCIP

detection kit (Vector Labs, Burlingame, CA), and images were digitized.
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Leukocyte Adhesion Studies

To explore the utility of our cell culture as an in vitro model of ocular
inflammation, we tested the ability of activated HIEC cultures to adhere U937 monocytes
(ATCC). HIEC were grown to confluence in 48-well plates and were then stimulated
with either LPS (10 pg/ml), TNFa (10 ng/ml), or vascular endothelial growth factor
(VEGF; 100 ng/ml, R&D Systems) for 12 hrs. In some cases, LPS-stimulated HIEC were
incubated with either anti-ICAM-1 mAb (20 pg/ml), anti-ICAM-2 pAb (10 pg/ml), or
anti-VCAM-1 mAbD (10 pg/ml, Clone 1G11.B1, Neomarkers Inc.), for the last 30 minutes
prior to monocyte addition. All stimulations and antibody incubations were done in
complete medium at 37°C. Following EC treatments, the wells were aspirated, quickly
washed with MCDB-131/10% FBS, and 500 pl of the same medium containing 2.5 x 10
monocytes was added to each well and incubated for 15 minutes at 37°C. After gently
washing off unbound monocytes, the EC monolayers and adherent monocytes were
briefly fixed with 0.5% glutaraldehyde, and attached monocytes were visually counted

(four 1-mm? regions per well).

Statistical Analysis

Data presented for ELICA and monocyte adhesion assays represent mean
fluorescence/well and monocytes bound/mm” HIEC monolayer surface area, respectively,
+/- 8.D, for the indicated number of replicates. Asterisk (*) in figures indicates a
significant difference (p< 0.05) between the means of experimental and respective control

groups, by ANOVA (SigmaStat™ 2.0 software, SPSS Science, Chicago, IL).
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2B: M&M for Chapter 4:
Cell and Tissue Culture

Human blood was obtained from normal healthy volunteers who had given
informed consent according to IRB protocols. The blood was immediately diluted with
phosphate-buffered saline (PBS) and placed over Ficoll-Paque (Pharmacia Biotech,
Uppsala, Sweden). The cells were then centrifuged for 20 minutes at 500g and
mononuclear cells were collected from the interface. Contaminating red blood cells were
removed with Red Cell Lysis Buffer (Sigma; St. Louis, MO). Cells were then cultured for
approximately 4 hours in RPMI-10% FCS (heat-inactivated; Gibco BRL/Invitrogen;
Carlsbad, CA) at 37°C in a 5% CO»/95% air atmosphere for monocyte depletion.
Peripheral blood lymphocytes (PBLs) were then collected from the culture supernatant,
washed once with PBS and plated in RPMI-2% FCS (heat-inactivated) for

experimentation. Some PBLs were stimulated between 0-24 hours with TNFo: (10 ng/ml;
R&D Systems, Minneapolis, MN) or SDF1a (40 ng/ml; Peprotech, Rocky Hill, NJ).

To isolate CD4", CD8" and CD19" cells, PBLs were isolated and monocytes
depleted as mentioned above. Before labeling, Fc receptors on cells were blocked with
2% bovine serum albumin (BSA), 10 pg/ml of mouse IgG in PBS (labeling buffer) for 30
minutes on ice. Antibodies were then added to cells according to manufacturers
recommendations. Briefly, PBLs were incubated with the following antibodies at 4°C for
30 minutes: 1) Simultest two-color anti-CD3-fluorescein isothiocyanate (FITC)/-CD4-
phycoerythrin (PE) conjugated antibodies, 2) Simultest two color anti-CD3-FITC/-CD8-
PE conjugated antibodies (both from Becton Dickinson, San Jose, CA), and 3) anti-CD19

TRI-COLOR conjugated antibodies (Caltag Labs; Burlingame, CA). Labeled cells were
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then washed with PBS, re-suspended in labeling buffer and subsets isolated using a
FACS Turbo Vantage® cell sorter (Becton Dickinson; Frankin Lakes, NJ). A purity of
greater than 90% was obtained for CD3*/CD4"* and CD3*/CD8" cells, while CD19" cells
averaged ~88% purity. CD4", CD8", and CD19" cells were then cultured overnight in
RPMI-2% FCS (heat-inactivated) before experimentation. CD4" and CD8" cells were

stimulated between 0-6 hours with TNFo (10 ng/ml; R&D Systems), while CD19* cells

were activated for 0-6 hours by crosslinking their B cell receptor with 1pug/ml of anti-
human IgM-specific F(ab’) framents (Southern Biotechnology Assoc., Birmingham, AL).
Total RNA was then extracted (described below) upon termination of experiment.

Polymorphonuclear cells (PMNs=neutrophils) were isolated with Polymorphprep
(Axis-Shield; Oslo, Norway) according to the manufacturers protocol. Briefly, human
blood was obtained from normal healthy donors, and layered over Polymorphprep to a
final volume of 1:2. Samples were then centrifuged at 500g for 30 minutes at 22°C. The
PMN fraction was then carefully removed from the appropriate interface and diluted with
an equal volume of RPMI to restore normal osmolality. The cells were then spun down at
400g for 10 min at 22°C, and then resuspended in medium. The wash step was repeated
once more before suspending cells in RPMI-2% FCS (heat-inactivated) and plating for
experimentation. Some PMNs were stimulated between 0-6 hours with TNFa (10 ng/ml)
or IL-8 (10 ng/ml; R&D Systems).

HIEC cultures were established as previously described by our lab". Briefly,
human eyes were obtained from anonymous donors (Lion’s Eye Bank, Portland, OR),
within 24 hrs postmortem. Iris tissue was aseptically dissected from donor eyes,

collagenase digested, and ECs isolated from contaminating cells using mouse monoclonal
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anti-human CD31 antibody-coated magnetic beads (Dynal Biotech Inc., Lake Success,
NY). EC were then cultured in MCDB-131 medium (Sigma)-10% FCS containing EGM-
2™ and antibiotic supplements (hydrocortisone omitted; Clonetics Inc., Walkersville,
MD; complete medium), and grown to confluency. EC were typically used between
passages 2 to 5. Twenty-four hours prior to experimentation, medium was changed to
MCDB-131-10% FCS, with supplemental growth factors omitted. HIEC were then
stimulated with either TNFo (10 ng/ml), IL-1a (1 ng/ml; R&D Systems), LPS (10 ug/ml;
E. coli 055:B5, List Biological Laboratories; Campbell, CA), or EphrinB2/Fc (2 pg/ml;
R&D Systems) for periods that ranged between 0 to 24 hours. Upon termination of
experiment, total RNA or protein was immediately extracted and stored at -80°C. Human
mesenteric venule EC (MesVEC) were cultured under identical conditions as HIEC and
were generously provided by Dr. Jena Steinle (Southern Illinois University; Carbondale,
IL). For explant studies, whole irises were aseptically dissected and cultured in MCDB-
131 complete medium. After acclimating explants for 6 hours in culture, some tissues
were exposed to LPS (10 pg/ml) for 6 hours. Upon termination of experiment, explants

were washed in PBS and total RNA extracted.

RT-PCR

Total mRNA from whole PBLs, PBL subsets, HIEC, MesVEC cells and iris tissue
was isolated and DNase treated using Qiagen’s RNeasy Mini kit (Valencia, CA). The
RNA was then quantitated by UV-spectroscopy and reverse transcribed to obtain cDNA.
Touchdown RT-PCR was then performed as previously described'**. Briefly, multiplex

PCR reactions were conducted to simultaneously detect the expression of human
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EphrinB2 or EphB4, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
transcript expression. Human specific EphrinB2 ligand primer sets (sense, 5°-
GCCAGACAAGAGCCATCAAGA-3’, antisense, 5'-
TCTCCTCCGGTACTTCAGCAAGA-3’; 308 base pair amplicon); and EphB4 receptor
primer sets (sense, 5’~ACCTTGCCGAGATGAGCTACG-3’, antisense, 5°-
CTGCCAACAGTCCAGCATGAG-3’; 386 bp amplicon), all from Integrated DNA
Technologies Inc. (IDT, Coralville, IA), were used to amplify specific cDNAs. A primer
pair for the constitutively expressed GAPDH gene was included in each assay as an
internal control (sense, 5’-AGCTGAACGGGAAGCTCACTGG-3’, antisense, 5’-
GGAGTGGGTGTCGCTGTTGAAGTC-3’; 209 base pair amplicon; IDT). The PCR
products were then electrophoresed in 3% agarose gels in Tris-acetate buffer, containing
ethidium bromide, and subsequently photographed under UV light. Although the
amplicons detected in our gels matched their predicted base pair size, we sequenced the
PCR products and confirmed that the amplicons generated were indeed those of human

EphrinB2 and EphB4 (data not shown).

Immunoblotting

For EphrinB2/EphB4 western blots, cells were washed 3 times with PBS and
suspended in RIPA lysis buffer (50mM Tris pH 8.0, 137mM NaCl, 10% glycerol, 1%
Triton-X100, 100 uM Na-Orthovanadate, 100 pug/ml PMSF, 1 pg/ml Aprotinin, 2 pg/ml
Leupeptin). Lysates from approximately 7.5 x 10* EC/lane and 1 x 10°> PBLs/lane were
electrophoresed on 4-20% linear gradient SDS-PAGE mini-gel (Biorad; Hercules, CA)

and then transferred onto PVDF membranes. Following blocking with 1% BSA in PBS,
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membranes were incubated with goat anti-human EphrinB2 IgG antibodies or goat anti-
human EphB4 IgG antibodies (each at 5 pg/ml; R&D Systems), and then anti-goat
alkaline phosphatase-conjugated secondary antibodies (Santa Cruz Biotechnology; Santa
Cruz, CA) were used to detect primary antibodies. A chromogenic alkaline phosphatase
substrate kit (BCIP/NBT; Vector Laboratories, Burlingame, CA) was used to visualize
bands. For phospho-Erk1/2 analysis, EphrinB2/Fc treated HIEC were washed once with
PBS, lysed with RIPA buffer, and snap frozen with liquid nitrogen. Lysates from
approximately 2.5 x 10° HIEC/lane were electrophoresed on an 8% SDS-PAGE large
format gel and then transferred onto PVDF membranes. Membranes were blocked with
5% non-fat milk in Tris-buffered saline, and then incubated overnight at 4°C with rabbit
anti-phospho-p44/42 (Erk1/2) MAP kinase antibodies (1:3000, Cell Signaling, Beverly,
MA). Primary antibodies were then labeled with anti-rabbit horseradish-peroxidase
conjugated antibodies (1:10,000; Santa Cruz) and detected by SuperSignal
chemiluminescence substrate (Pierce Rockford, IL) according to the manufacturer’s
instructions. Images of blots were captured by exposure of membranes to film (Biomax
Film; Kodak, Rochester, NY) and followed by film development. Images of the film were

then scanned to produce a digital image.

Immunohistochemistry
Donor eyes were obtained from the Lions Eye Bank (Portland, OR) and irises
dissected. The iris tissue was then washed once with sterile PBS and fixed overnight in

10% neutral-buffered formalin. The tissues were then paraffin-embedded and sectioned at

5 um. After the sections were deparaffinized, antigen retrieval was performed by
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incubation with trypsin (20 pg/ml; Sigma) for 10 min at 20°C. Routine
immunohistochemistry was then performed with rabbit anti-human EphB4 IgG
antibodies (0.5 pg/ml; H-200, Santa Cruz Biotechnology), or rabbit anti-human von
Willebrand Factor (vWF; 1 pg/ml; A082, Dako, Carpinteria, CA) IgG antibodies. Pre-
immune rabbit IgG antibodies (Vector Labs) were diluted to similar concentrations as
experimental antibodies and used as a negative control for immunostaining. Anti-rabbit
alkaline phosphatase-conjugated secondary antibodies (Santa Cruz Biotechnology) were
used to detect primary antibodies, and the antibody complexes were visualized using Fast

Red substrate kit (BioGenex, San Ramon, CA).

2C: M&M for Chapter 5:
Animals

C57BL/6 mice used in this study were originally obtained from Simonsen
Laboratories (Gilroy, CA). The mice were housed and bred in the Oregon Health &
Science University animal care facility and treated in accordance with NIH guidelines
and the guidelines of the ARVO Statement for the Use of Animals in Ophthalmic and
Vision Research. All animals were provided food and water ad libitum and were kept on
a 12-hour light-dark schedule. To induce retinopathy, postnatal day (P) 7 mice, along
with nursing females, were exposed to 75% oxygen for 5 days and then allowed to
recover in room air on P12, according to the protocol of Smith er al. 19 Room air litters

were maintained under otherwise identical conditions as the hyperoxia-exposed mice.
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RT-PCR Analysis

Retinas were dissected at the selected time points (P7-P24) and 4 retinas per
condition were pooled for RNA extraction. Total RNA was isolated and DNase treated
using RNeasy Mini kit (Qiagen, Valencia, CA), and then reverse transcribed to obtain
cDNA. Touchdown RT-PCR detection of gene expression was performed as previously
described '**. Mouse specific EphrinB2 ligand primer sets (sense, 5°-
TGTCCAGACAAGAGCCATGA-3’, antisense, 5’-TGGTCGTGTGCTGTGGAGAGT-
3’; 342 base pair size); and EphB4 receptor primer sets (sense, 5°-
ACCTGGCTGCTCGGAACATC-3’, antisense, 5’-GCTGCCGTTGGTCCAAGAGT-3’;
492 base pair size), all from Integrated DNA Technologies Inc. (IDT, Coralville, IA)
were used to amplify specific cDNAs. A primer pair for the constitutively expressed
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene was included in each assay
as an internal control (sense, 5’-GCATGGCCTTCCGTGTTCCTA-3’, antisense, 5’-
CGGCATCGAAGGTGGAAGAGT-3’; IDT; 204 base pair size). The PCR products
were electrophoresed in 3% agarose gels in Tris-acetate buffer containing ethidium
bromide and subsequently photographed under UV light. Although the amplicons
detected in our gels matched their predicted base pair size, we sequenced the PCR
products and confirmed that the amplicons generated were indeed those of mouse

EphrinB2 and EphB4 (data not shown).

Intravitreal Injections
Administration of anesthesia and injections were performed as previously

described '**. Pups were deeply anaesthetized by isoflurane inhalation (0.5 L/min in
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oxygen). Approximately 1.5 pl of EphrinB2/Fc or EphB4/Fc (100 ng/ul; R&D Systems,
Minneapolis, MN) was delivered intravitreally into the right eyes of oxygen-injured mice.
Since the chimeric forms of EphrinB2 and EphB4 are dimerized in their active form by
the Fe portion of human IgG, human whole IgG was used as the control protein injection.
Similar to experimental injections, control human IgG (100 ng/ul; Sigma; St. Louis, MO)
was delivered into the left eyes of oxygen-injured mice. Intravitreal injections of were
performed with a Hamilton syringe connected to an ultrathin pulled borosilicate glass
needle (outer diameter, ~50 um) to deliver the proteins. EphrinB2/Fc, EphB4/Fc, and
human IgG proteins were diluted in sterile Dulbecco’s PBS (minus Ca™ and Mg*™, pH
~7.4; Gibco/Invitrogen; Carlsbad, CA) prior to injection. Control and experimental
injections were administered within 5 minutes of each other and were given during the
transition from hyperoxia to room air on P12, and repeated on P14. The mice were
allowed to recover until P17 and were sacrificed by CO; euthanasia. Both eyes were
carefully enucleated from each mouse, placed in 10% neutral buffered formalin
overnight, and then routinely processed for paraffin embedding. The eyes were then
sectioned at Sum intervals, mounted on slides (SuperFrost Plus; Fisher Scientific,
Pittsburgh, PA), and stored at room temperature until used for immunohistologic

analysis.

Neovascular Nuclei Quantification
To quantitate the retinal neovascularization, tissue sections were stained with
hematoxylin and eosin (H&E). Retinal vascular cell nuclei anterior to the inner limiting

membrane of the oxygen-injured and room air control retinas were counted at P17 in a
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masked fashion. Care was taken to avoid counting hyaloid vessel nuclei near the optic
disk and lens, which are easily distinguishable from neovascularization extending into the
vitreous. The average neovascular nuclei per section is calculated for each eye as the
mean number counted in 15 sections 40 um apart. Statistical analysis was based on the
median of the averages using Kruskal-Wallis’ one-way analysis of variance with a

Dunn’s method of multiple comparison procedure.

Immunohistochemistry

A rabbit polyclonal anti-mouse type-IV collagen antibody (Collaborative Biomedical
Products, Bedford, MA) was used to immunolocalize the basement membrane of blood
vessels in the hyperoxia-exposed retinas as well as the age-matched room air control
retinas. Before incubation with the type-IV collagen antibody, the sections were digested
with 0.1% pepsin (Sigma-Aldrich) for 20 minutes at room temperature. The sections were
rinsed with deionized water, and then washed with Tris-buffered saline (50 mM Tris,
0.15 M NaCl (pH 7.5); TBS). Nonspecific binding sites were blocked with 2% normal
goat serum (Vector Laboratories, Burlingame, CA), 0.1% BSA, and 0.3% Triton X-100
in TBS for 60 minutes at room temperature. The sections were then washed in TBS, and
the antibody-antigen complexes visualized using Fast Red as the substrate (Biogenex
Laboratories, San Ramon, CA). Retinal vessels were quantitated in the following
categories: (1) superficial vessels, defined as those located between the inner limiting
membrane and the ganglion cell layer; (2) deep vessels, defined as those located in the
outerplexiform layer. Data gathered in this study were analyzed using a one way

ANOVA test with a Tukey’s multiple comparison test.
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To suppose that the eye with all its inimitable contrivances for adjusting the focus to
different distances, for admitting different amounts of light, and for the correction
of spherical and chromatic aberration, could have been formed by natural selection,

seems, I confess, absurd in the highest degree.

-Charles Darwin (1809-1882)

46



Chapter 3

Cell Adhesion Molecule Expression in Cultured Human Iris
Endothelial Cells

Matthew D. Silverman® 2*, David O. Zamora" 2*, Yuzhen Panl, Paul V. Texeira!, Stephen
R. Plancle’2’3, and James T. Rosenbaum’?>

*Co-first authors
FCorresponding Author

Oregon Health Sciences University at the Casey Eye Institute

'Department of Ophthalmology, Casey Eye Institute, and Departments of *Cell and
Developmental Biology, and "Medicine

3375 S.W. Terwilliger Blvd

Portland, OR 97239-4197.

The manuscript that comprises this chapter appeared in published form in Investigative
Ophthalmology & Visual Science 42(12): 2861-2866 (2001) and was co-written with
Matthew Silverman. The experiments for Figure 1 were a joint effort of DOZ, MDS, and
YP. The experiments for Figure 2 were a joint effort of DOZ, PVT, and MDS. The
experiments for Figure 3 and 4 were performed by MDS and YP, with the technical
assistance of Leslie O’Rourke and Xiaona Huang.

47



Purpose: To develop a method to isolate human iris microvascular ECs (HIEC) for
exploring their constitutive and inflammatory agent-modulated expression of intercellular
adhesion molecules-1 and -2 (ICAM-1 and -2), vascular cell adhesion molecule-1

(VCAM-1), and E-selectin.

Methods: ECs from collagenase-digested irises were isolated on the basis of their
expression of platelet-EC adhesion molecule-1 (PECAM-1), using antibody-coupled
magnetic beads. Cells were characterized as endothelial based on morphological criteria,
their expression of PECAM-1 and von Willebrand factor, their uptake of acetylated low-
density lipoprotein, and their ability to form capillary-like networks on Matrige1®.
Constitutive and inflammatory agent-modulated expression of ICAM-1 and -2, VCAM-
1, and E-selectin was evaluated by the reverse transcription-polymerase chain reaction,
enzyme-linked immunocellular assays, western blotting, and by functional studies of

leukocyte adhesion to HIEC monolayers.

Results: HIEC constitutively express mRNA and protein for [CAM-1 and ICAM-2, but
only low to nondetectable levels of VCAM-1 or E-selectin. Upon endotoxin- or tumor
necrosis factor-a-stimulation, ICAM-1, VCAM-1, and E-selectin are potently and time-
and dose-dependently upregulated at both message and protein levels. By contrast,
ICAM-2 message and protein are slowly down-regulated by inflammatory agents over
time, but nonetheless remain present and functional. Overall, cytokine- or endotoxin-

activation of HIEC results in enhanced adhesiveness for leukocytes.
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Conclusion: ICAM-1, VCAM-1, and E-selectin have been previously implicated in
mediating anterior ocular inflammation. Here we report the selective isolation of HIEC
and demonstrate differential expression and regulation of these adhesion molecules in
them. Additionally, this is the first demonstration of the regulated expression of ICAM-2

in any ocular microvascular cells.
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Introduction:

The molecular mechanisms responsible for the tissue-specific inflammation in
anterior uveitis (AU) are incompletely understood. AU is often associated with systemic
illnesses such as ankylosing spondylitis, inflammatory bowel disease, Behcet’s disease,

71
%67 However, AU may also

juvenile rheumatoid arthritis, reactive arthritis or sarcoidosis
arise in an idiopathic fashion without an associated systemic disease, or it may be
secondary to a localized infection such as herpes simplex virus'®. Regardless of its
etiology, the mechanism for triggering an inflammatory response specifically in the iris,
while often sparing other ocular tissues, remains unknown. Recently, much emphasis has
been placed on understanding how cells in the bloodstream preferentially penetrate
specific tissues, e.g., in leukocyte and stem cell migration, and in cancer cell
metastasis'*’, In AU, transmigration of leukocytes into the anterior chamber requires that
endothelial cells (EC) and the leukocytes within the iris microcirculation become
“activated”, and then physically approximated. These leukocytes can then leave the
bloodstream and migrate through the iris stroma, often into the anterior chamber.
Although leukocytes are vital cells in the pathogenesis of inflammation, the essential role
of the iris microvascular EC, the gatekeepers in AU inflammatory processes, has received
little attention.

Given the limitations of investigating the molecular mechanisms of AU directly in
human subjects, a variety of animal models of ocular inflammation have been developed,
including endotoxin-induced uveitis (EIU), experimental-autoimmune uveoretinitis
(EAU), experimental melanin-induced uveitis, and experimental-autoimmune

encephalomyelitis®®’'. These models attempt to mimic human disease and have provided
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important insights into the etiology of AU. Nonetheless, species differences often make it
difficult to translate the findings directly from these animal studies over to the human
condition. Tissue culture systems provide another means to investigate the biology of
ocular inflammation, and others have previously isolated and cultured human choroid and
retinal EC for this purpose'>'*. Functional heterogeneity is known to exist amongst
cultured EC derived from the microvasculature of different, often proximally situated,
tissues!®19127:128 Thus, in order to evaluate microvascular involvement in AU in an in
vitro system, we developed a methodology to selectively culture human iris endothelium
(HIEC).

In this report we provide the initial characterization of cultured HIEC and
describe the constitutive and inflammatory agent-regulated expression of several cell
adhesion molecules (CAMs) in HIEC. These molecules are likely key mediators of the
leukocyte infiltration observed in AU. Leukocyte adhesion assays suggest that in addition
to intercellular adhesion molecule-1 (ICAM-1) and vascular adhesion molecule-1
(VCAM-1), both of which have been previously implicated in ocular inflammation,
ICAM-2 also has the potential to play an important role in leukocyte extravasation

through the iris microvascular wall in uveitis.
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Results:
HIEC Culture Establishment

Initial digestion of iris tissue yielded a mixed cell population that included cells
with morphologies characteristic of EC, fibroblasts, smooth muscle cells, pigment
epithelial cells, and pericytes. After a single PECAM-1-based magnetic bead separation,
we were able to significantly reduce the number of contaminating cells. We have
consistently been able to generate, within two weeks, essentially pure experiment-ready
HIEC cultures. To date, we have been successful with over 30 donors. The monolayers
thus generated are 299.5% pure, as assessed by their cobblestone morphology (Fig. 1A),
and by biochemical criteria (detailed below). The average number of HIEC initially
isolated from an iris pair is =50,000, and these can typically be expanded in culture to
=3.0 x 10° cells (i.e., 6-7 population doublings), without any detectable changes in
morphology or physiology (i.e., CAM expression and stimulability). Additionally, these
HIEC cultures are amenable to trypsin passaging and display expected survival rates

(=70-80%) when recovered from cryopreservation.

Physiological Characterization of HIEC

We characterized iris PECAM-1" cells as EC by several biological criteria. The
presence of functional LDL scavenger receptors on HIEC was demonstrated by the
uptake of Dil-Ac-LDL (Fig. 1C). After 4 hrs incubation with fluorescently-labeled Ac-
LDL, punctate staining was observed intracytoplasmically throughout the entire EC
monolayer. vWF is considered to be a classical marker of EC since it has only been found

in EC, megakaryocytes and platelets, the latter two not posing a culture contamination
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problem. Immunocytochemistry of HIEC monolayers demonstrated punctate vVWFE
expression within the cytoplasm (Fig. 1D). Although vWF immunostaining intensity
varied from cell to cell, greater than 99% of cells stained positively. Lastly, in vitro, EC
have the ability to form capillary-like networks when grown on three-dimensional

19 This characteristic has been used to differentiate

matrices under specialized conditions
between cells that morphologically and biochemically appear to be EC'?°. HIEC isolated
by our methods indeed form capillary-like structures in vifro when grown on a three-
dimensional matrix of Matrigel® and stimulated with PMA. Confluent monolayers of

HIEC atop Matrigel® quickly reorganized themselves to form tube-like structures (Fig.

1B), with reorganization apparent as early as 4 hrs after PMA addition.

CAM mRNA Expression in HIEC

Cultured HIEC were tested for by RT-PCR their steady-state mRNA expression
of various CAMs in response to the inflammatory mediators LPS and/or TNF-q.
Unstimulated HIEC constitutively express low but detectable levels of ICAM-1 message
(Fig. 2). Stimulation with 10 pg/ml LPS caused a time-dependent upregulation of ICAM-
I mRNA,; an effect obvious at 1.5 hrs post-exposure, maximal around 3-5 hrs, and
maintained through at least 21 hrs of continuous stimulation. Similar kinetics of [CAM-1
upregulation were observed when HIEC were stimulated with 10 ng/ml TNFo or with 10
ng/ml IL-1c (not shown). We also evaluated ICAM-2 mRNA expression in these cells by
(Fig. 2). We detected significant constitutively expressed ICAM-2 mRNA in HIEC,
which was not measurably altered by inflammatory agent stimulation. Only barely

detectable VCAM-1 signals (Fig. 2) were seen in unstimulated HIEC. Following
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activation with LPS or TNFo, however, we saw a rapid upregulation of VCAM-1

message that was declining after 21 hrs of stimulation.

CAM Protein Expression in HIEC

In line with the mRNA data, using an ELICA we measured a low but detectable
constitutive expression of ICAM-1 protein on HIEC cell surfaces, which was markedly
elevated by LPS and TNFa stimulation (Fig. 3A). Upregulated ICAM-1 reached maximal
levels after 8-12 hours of LPS or TNFa stimulation and remained maximally elevated
through at least 2 days of continued stimulation. ICAM-1 upregulation by LPS was
confirmed by western blotting of HIEC lysates (Fig. 3A, inset). We also detected
significant constitutive expression of I[CAM-2 protein in HIEC (Fig. 3B), which,
conversely, was decreased in TNFo- and LPS-stimulated HIEC. This trend appeared as
early as 6 hrs post-stimulation and by 24 hrs had culminated in a significant 50%
decrease in immunodetectable ICAM-2 on HIEC surfaces. Unlike the clear constitutive
expression of ICAM-1 and -2, only very low levels of VCAM-1 and no E-selectin protein
was detected on unstimulated HIEC. In response to either LPS or TNFo stimulation,
however, VCAM-1 protein was markedly elevated by 6 hrs (Fig 3C). After 24 hrs of
stimulation, VCAM-1 in TNF a-stimulated EC had begun declining towards baseline but
was still significantly elevated versus unstimulated controls. After 24 hrs of stimulation
with LPS, VCAM-1 protein had already decayed to control levels (Fig 3C), in good
temporal concordance with the declining VCAM mRNA signal observed in these cells.

In the case of E-selectin, upregulation by LPS was rapid, with maximal protein levels
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detected on HIEC surfaces after only 4 hrs stimulation (Fig 3D). This was followed bya

similarly rapid decline to control levels after only 12 hrs.

Leukocyte Adhesion to HIEC

We next investigated whether cultured HIEC monolayers could become more
adherent for leukocytes when activated by inflammatory stimuli. When HIEC
monolayers were stimulated with LPS (10 pg/ml, 12 hrs), subsequent monocyte adhesion
increased almost 10-fold (Fig. 4). Similarly, HIEC stimulation with vascular endothelial
growth factor (VEGF, 100 ng/ml, 12 hrs; R&D Systems) resulted in approximately 3-fold
increases in monocyte adhesiveness. Pre-incubation of LPS-stimulated HIEC with
blocking antibodies against the cell adhesion molecules ICAM-1, ICAM-2, and VCAM-1
resulted in respective 40%, 40%, and 20% decreases in monocyte binding, demonstrating

the in vitro functioning of multiple adhesion molecules in these activated HIEC.
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Discussion:

Microvascular EC play key regulatory roles in the initiation and progression of
inflammation''®'?%, The pathological sequelae of AU are often limited to specific tissues
(i.e., iris and ciliary body) while neighboring tissues (e.g., retina, choroid, and sclera) are
spared, supporting the likely existence of functional heterogeneity amongst the
vasculatures of these disparate tissues. That EC from diverse anatomical sites can differ
markedly in form and function is now well appreciated; such endothelial heterogeneity
has been firmly established both by in vivo work and in studies employing cultured
EC'819122127128 1 oeular pathologies, for example, cytomegalovirus preferentially
infects the posterior eye causing a retinitis, while anterior structures are typically
unaffected'™. Additionally, intraocular lymphomas also appear to selectively target the
retina and not anterior eye tissues'>'. In appreciation of the likely existence of tissue-
specific gene expression amongst the microvasculature of different ocular tissues, we
endeavored to establish pure HIEC cultures to investigate some of the molecular
mechanisms employed in AU pathogenesis. Although other researchers have previously

d, B:14his is the

cultured and experimented with ocular EC from human retina and choroi
first report testing pure microvascular EC isolated from human irises.
We evaluated in HIEC the expression of three adhesion molecules of the
immunoglobulin superfamily (i.e., ICAM-1, -2, and VCAM-1), and one member of the
selectin family (E-selectin), all of which are known to support leukocyte adhesion.

122 these cells display a low

Consistent with previous demonstrations in other EC types,
but measurable constitutive expression of ICAM-1 that is markedly upregulated at both

the mRNA and the protein levels by stimulation with either LPS or, more potently, by
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TNFo. By contrast, constitutively expressed ICAM-2 protein is markedly downregulated
by the same inflammatory stimuli over the same time period. That we did not detect a
coordinate decrease in [CAM-2 mRNA levels using a multiplex RT-PCR assay is likely
due to the semi-quantitative nature of this method, since in preliminary experiments using
gene array hybridization assays we see an approximate 50% decline in ICAM-2 signal

strength after 24 hrs of LPS stimulation'*

. Although this level of change approaches the
sensitivity limits of this assay (Clontech Atlas™ Arrays), it does suggest that ICAM-2
mRNA is declining after EC activation. By contrast to the clear constitutive expression of
ICAM-1 and -2, negligible VCAM-1 and no E-selectin expression is detectable in
unstimulated HIEC, at both mRNA and protein levels. As with ICAM-1, both VCAM-1
and E-selectin are potently upregulated in iris EC upon activation with inflammatory
stimuli, in line with their previously suspected roles in uveitis®’***1% Unlike the
persistent ICAM-1 elevation, VCAM-1 and E-selectin upregulation is transient.

The activated phenotype of HIEC is reflected at the functional level, whereby
LPS-stimulated HIEC show a significantly increased adhesiveness for U937 monocytes.
This effect is in part blocked by the pre-incubation HIEC with neutralizing antibodies
against various adhesion molecules (i.e., ICAM-1 and -2, and VCAM-1). This is
consistent with a demonstrated role for EC-expressed ICAM-1 in mediating ocular
inflammation in both animal models and clinical investigations, #7%121:133-135 3 q
suggests that these cultured HIEC can qualitatively mimic the in vivo scenario.

Previously, immunohistology performed on biopsied iris specimens from patients with

either acute or chronic AU has revealed upregulated expression of ICAM-1 and VCAM-1
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on human iris microvascular EC, implicating both adhesion molecules in the increased
leukocyte flux through the iris in AU®7*13¢ Our current data support this likelihood.

To date, this is the first report investigating a role for ICAM-2 in ocular
inflammation. Although ICAM-2 is appreciably downregulated in activated HIEC, as has
been reported in TNFoi- and IL-1B-stimulated umbsilical vein EC,'” we observed that it
nonetheless remains present in sufficient amounts to significantly mediate the binding of
leukocytes to these vascular cells. Endothelial [ICAM-2 is known to support the adhesion
a variety of leukocyte subsets to EC, by acting as a ligand for the leukocyte-specific 3,
integrins, LFA-1 and Mac-1,"**"*° and appears to be essential for T-cell transendothelial
migration. Interestingly, peptide fragments of ICAM-2 and soluble ICAM-2/Fc chimeras
can bind to and rapidly enhance the affinity of these leukocyte integrins for both ICAM-1
and ICAM-2, resulting in a feed-forward enhancement of adhesion'*’, Soluble [CAM-1
exists in normal human plasma in ng/ml quantities, and circulating levels are significantly
increased in a variety of inflammatory disorders, including uveitis >34, Additionally,
soluble adhesion molecules, including ICAM-1, are elevated in the aqueous humor of

"3 and in the vitreous of patients with proliferative diabetic retinopathy

uveitis patients,
and proliferative vitreoretinopathy142 . Very recently, soluble ICAM-2 has been detected
in the bloodstream of normal humans and leukemia patients, which is significantly
lowered after chemotherapeutic reduction of circulating leukemic cells (CG Gahmberg’s
research team, personal communication). Although currently speculative, if cleavage or
shedding of membrane ICAM-2 accompanies its downregulation in activated HIEC, the

resulting increased local levels of soluble ICAM-2 might perpetuate inflammation in the

iris by activating integrins on nearby leukocytes'*’. Taken together with prior
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experimental observations, our current data suggest a potentially important role for
ICAM-2 in mediating leukocyte infiltration in uveitis, and warrant further
experimentation to this end.

Endothelial expression of various chemokines, cytokines, and cell adhesion
molecules are critical determinants in the development of the inflammation in AU.
Understanding the EC expression profiles of these molecules and determining their
relative importance in uveitis is difficult to test in the clinical scenario, since
experimental data gathered from AU patients are limited to procuring small samples of
aqueous humor or iris biopsy specimens from patients undergoing ocular surgery.
Additionally, anti-inflammatory pharmacologic regimens are often underway in these
patients and can complicate interpretation of findings. In order to circumvent these
limitations while still working in a relevant human model, cultured HIEC provide a
versatile means to expand our understanding of the mechanistic origins of AU. Although
cell culture systems are not without their own inherent experimental limitations, this
approach complements the existing animal models and clinical investigations in together

elucidating the molecular mechanisms of uveitis.
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Figure 1. Phase-contrast and fluorescence micrographs of purified HIEC. A.) Phase-
contrast micrograph of confluent HIEC monolayer grown on tissue culture plastic. B.)
Phase-contrast microscopy of HIEC forming capillary-like networks when grown atop a
3-dimensional matrix of Matrigel® and stimulated with PMA (10 ng/ml) for 24 hrs. Initial
monolayer reorganization was apparent as early as 4 hrs post-stimulation. Inset shows
higher magnification view of apparent lumen formation within capillary-like cords. C.)
Fluorescent microscopy demonstrates Dil-Ac-LDL uptake by these cells, and D.) positive
immunoreactivity for von Willebrands Factor. Original magnifications: A & B, 25X; B

Inset, 100X; C & D, 100X.
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Figure 2. RT-PCR Analysis of ICAM-1, ICAM-2, and VCAM-1 mRNA in LPS-
stimulated HIEC cultures. HIEC cultures were stimulated for up to 21 hrs with 10 pg/mi
LPS. While ICAM-1 and VCAM-1 mRNA levels significantly increased with LPS-
stimulation, we did not detect any change in ICAM-2 mRNA expression under the same
conditions by RT-PCR. ICAM-1, ICAM-2, VCAM-1, and cyclophilin (CP; internal
control) amplicons displayed respective base-pair sizes of 319, 386, 618, and 292. Shown
are data from one representative experiment of 3 each for ICAM-1 and ICAM-2, and 2

for VCAM-1.
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Figure 3. LPS and TNFo modulate adhesion molecule protein expression in HIEC. Cell
surface expression of CAMs was measured in LPS-stimulated (10 pg/ml) and TNFo-
stimulated (10 ng/ml) HIEC monolayers using a fluorescent enzyme-linked
immunocellular assay (ELICA). A. Constitutively detectable [CAM-1 was upregulated as
early as 4 hrs post-stimulation, with maximal protein levels attained between 8-12 hrs,
and maintained through 48 hrs of exposure. Inset: Western blotting of cell lysates (=3 x
10 cells/lane) from HIEC that had been stimulated with 10 pmg/ml LPS for up to 24 hrs
confirmed upregulation of ICAM-1 protein; Band molecular weight ~95 kDa. B.
Constitutively expressed (CON) ICAM-2 protein in HIEC, unlike the other CAMs
measured, is downregulated by LPS- and TNFo-stimulation (10 pug/ml and 10 ng/ml,
respectively). C. Cultured HIEC expressed very low levels of VCAM-1 protein in the
absence of stimulation (CON). VCAM-1 expression was markedly upregulated by LPS
and TNFa, whereby levels were maximal after 6 hrs of stimulation and had begun to
decline towards baseline by 24 hrs. D. E-selectin expression was not detectable in
unstimulated HIEC, but was rapidly upregulated in response to LPS and TNFa. Levels
were maximal after 4 hrs stimulation and decayed to nearly to baseline by 12 hrs. ELICA
data are from one representative experiment of 5 for ICAM-1, 3 for ICAM-2, and 2 for
VCAM-1 and E-selectin, each condition having been conducted in 3-6 wells per
experiment. Data represent mean fluorescence +/- S.D. Western data are from one
representative experiment of 2. Asterisk (*) indicates p< 0.05 versus unstimulated

controls, by ANOVA.
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Figure 4. Monocyte adhesion to HIEC. Confluent monolayers of HIEC were stimulated
with either VEGF (100 ng/ml) or LPS (10 pg/ml) for 12 hrs, followed by the addition of
U937 monocytes for 15 minutes; Unstimulated HIEC served as controls (CON).
Stimulation with VEGF and LPS resulted in significant 3- and 10-fold increases in
monocyte adhesion, respectively (p<0.01 by ANOVA, in both cases) Anti-VCAM-1 (x-
V), -ICAM-1 (x-I-1), or -ICAM-2 (x-I-2) neutralizing antibodies were added to some
LPS-stimulated wells prior to monocyte incubations. All experimental variables were
conducted in triplicate or quadruplicate wells per condition. Data represent mean
monocytes bound/mm? HIEC monolayer surface area +/- S.D, and are presented for one
of three representative experiments. Asterisk (*) indicates significant inhibition of

monocyte attachment (p< 0.05) versus LPS-stimulated HIEC.
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Next to leukocytes, the vessels and their endothelial lining play the most

important rele in inflammation

-Ilya Metchnikoff (1845-1916)
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ABSTRACT

Purpose: EphrinB2 interacts with the EphB4 receptor tyrosine kinase and regulates the
migration of various cell types (e.g., neural and endothelial cells; EC). This is
accomplished by inducing a bi-directional signal into both cells and results in cell
adhesion, repulsion or attraction by regulating intracellular signaling pathways that
influence the cytoskeleton. During inflammation, activated EC interact with leukocytes
and promote in the transmigration of the leukocytes into the inflamed tissue. We
hypothesize that EphrinB2/EphB4 interactions also play a role in mediating leukocyte

trafficking during ocular inflammation.

Methods: Unfractionated peripheral blood leukocytes (PBLs; monocyte depleted), CD4*
and CD8" T cells, CD19" B cells, and polymorphonuclear cells (PMNs) were isolated
from human blood, and treated with TNFa, SDF1a, IL-8 or o-IgM antibody from 30 min
to 24 hours. RNA or protein was isolated from these cells and EphrinB2 expression
measured. We next analyzed human iris tissue and purified iris ECs (HIEC) for the
expression of EphB4 by immunohistochemistry, RT-PCR, or western blotting in response
to TNFa, IL-1a or endotoxin (LPS). Lastly, confluent monolayers of HIEC were
exposed to soluble EphrinB2 from 0 to 60 minutes and phospho-Erk1/2 signaling

molecules were analyzed by western blot.

Results: Our studies reveal several novel findings: 1) Human PBLs constitutively
express EphrinB2. 2) TNFo and SDF1a stimulated PBLs upregulate their EphrinB2

expression. 3) Human CD4" T cells upregulate EphrinB2 expression after ~6 hours of

71



TNFa stimulation. 4) CD8" and CD19" cells express EphrinB2 upon isolation. 5) PMNs
upregulate EphrinB2 in response to TNFa, but not IL-8. 6) Some, but not all, blood
vessels of the human iris are EphB4”. 7) HIEC and iris explants constitutively express
EphB4, and TNFa, IL-1¢, or LPS does not alter its expression. 8) Soluble EphrinB2/Fc

modulates the phosphorylation levels of Erk1/2 in HIEC.

Conclusions: These observations indicate that a ligand expressed by stimulated
lymphocytes activates iris EC. These observations suggest a novel mechanism by which
iris EC can regulate lymphocyte trafficking during inflammation and a potential

mechanism by which EC could activate lymphocytes.
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Introduction:

The uveal tract is a highly vascularized region of the eye and consists of the iris,
ciliary body, and choroid tissues. We are interested in the pathogenic mechanism(s)
involved in a collection of uveal inflammatory diseases, termed anterior uveitis (AU). At
the onset of AU, endothelial cells (EC) in the iris and/or leukocytes become “activated,”
resulting in the transmigration of leukocytes from the blood into the iris stroma and
anterior chamber of the eye®”*®"®, This phenomenon is orchestrated by chemokines and
adhesion molecules on the surfaces of the iris EC and leukocytes®™, Inflammatory
pathologies of the eye share many of the molecular mechanisms employed during
inflammation elsewhere in the body. Leukocytes circulating in the blood stream are
recruited to the affected tissue and this process consists of a well-characterized, multi-
step process that begins with leukocytes coming into contact with and rolling along the
luminal surface of the EC**2. The leukocytes, with an appropriate signal, stop rolling,
become firmly adhered, and transmigrate through the EC and into the surrounding
tissue'®. Interestingly, only a fraction of the total number of rolling leukocytes become
firmly adhered to the EC'**'*, Furthermore, a si gnificant portion of leukocytes that are
firmly adhered to EC, apparently ready to begin the diapedesis process, will detach from
the EC and return into circulation'*"'*®. This observation implies that regulatory
mechanisms exist to counteract the action of inflammatory mediators and prevent the
activated leukocyte from extravasating. Indeed, leukocyte-expressed integrins (e.g., LFA,
Mac-1, VLA-4 and VLA-5) change their affinity for EC-expressed adhesion molecules

(e.g., ICAM-1, ICAM-2 and VCAM-1) upon engaging them. This is one of many
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mechanisms to regulate their firm adhesion to EC'*"*!; however, other mechanisms are

likely to exist.

Eph receptors and their Ephrin ligands comprise the largest family of receptor
tyrosine kinases known to date. Eph receptors are grouped into two classes (A or B),
depending on whether they interact with an EphrinA ligand (no cytoplasmic tail) or an
EphrinB ligand (possess cytoplasmic tail; http://cbweb.med.harvard.edu/eph-
nomenclature). Furthermore, when an EphB" cell comes in contact with an EphrinB* cell,
these molecules engage one another and initiate a simulataneous “bi-directional” signal
into both cells"**'**, The generation of this signal can result in modulating integrin
activity and reorganization of the actin cytoskeleton to generate adhesive or repulsive
signals'>*'3, Ephrin/Eph’s were first studied with respect to axon targeting during neural
development'*® and have since been implicated in vasculogenesis due to their ability to
regulate EC proliferation and migration''*'*'%7 We are specifically interested in
EphrinB2 and EphB4 because these molecules are uniquely expressed within the
vasculature and are well recognized as regulators of cell migration. EphrinB2 is
expressed by arterial EC, while EphB4 is expressed by venule EC. Their expression is
required to prevent arterial and venule EC from mixing and allow proper formation of
artery-capillary-vein boundaries®”!', It is interesting to note that EphrinB2 and EphB4
are key regulators of vasculogenesis and hematopoiesis, both of which share the
hemangioblast as a common precursor cell %170,

The functional studies of Ephrin/Eph molecules in immune cells are just
beginning to be appreciated'>®'"""1% Little is known about the expression profiles of

EphrinB2 and EphB4 in differentiated leukocytes of humans. EphrinB2 has been shown
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195-
5 197, whereas

to be expressed on human monocytes and in bone marrow stromal cells
EphB4 is expressed on human hematopoietic progenitor cells'®”'*®. In the mouse, Yu et
al. (2003) recently demonstrated that EphrinB2 is expressed on mouse T cells and on
monocytes/macrophages, but not on B cells. Yu et al. further showed that EphrinB2 was
capable of co-stimulating mouse T cells'’*. Since EphrinB2 and EphB4 can modulate the
adhesive and repulsive activities of migrating cells, we hypothesize that these molecules
also function to regulate the migratory properties of leukocyte trafficking. In support of
this notion, it has been demonstrated that some Ephrin ligands of A and B classes can
modify the migratory properties of T cells by in vitro assayslss. Noting that leukocytes
generally attach to and extravasate from postcapillary venules during

29,30,32,37,199,200

inflammation and that EphB4 is typically expressed on venule

EC?HA20 ye set forth to determine: if human peripheral blood leukocytes (PBLs)
express EphrinB2 and if so, can it modulate signaling pathways in human iris ECs

(HIEC).
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Resuits:
Expression of EphrinB2 Ligand by Human Peripheral Blood Leukocytes

The EphrinB2 and EphB4 signaling system is well established in the regulation of
cell migration. However, little is known about the expression and function of these
molecules in human immune cells. Here, we analyzed for the expression of EphrinB2 and
EphB4 in human PBLs and PBL subsets in response to TNFa and SDF1a. TNFo is well

201-204 5 hd has been shown to be

known as a general inflammatory mediator of PBLs
adhesion-strengthening and a stop signal for T cells migrating toward SDF1a%.
Furthermore, TNFa is highly expressed during inflammation of the iris ***%. PBLs were
stimulated for 5 hours with TNFa and compared with normal unstimulated PBLs for the
expression of EphrinB2 and EphB4 by RT-PCR (Figure 1A). We detected the expression
of EphB4 transcript in control PBLs, and TNFo did not appear to change its expression
levels. In contrast, EphrinB2 transcript was undetectable in unstimulated control PBLs,
but was seen after 5 hours of TNFa treatment. This observation prompted us to focus on
EphrinB2 expression by PBLs. We extended the time course to examine the temporal
expression of EphrinB2 in TNFa stimulated PBLs. The PBLs rapidly upregulated their
expression of EphrinB2 in response to TNFa (Figure 1B). Transcript was detected as
soon as 30 minutes after stimulation and peaked between 1 - 6 hours. By 24 hours,
EphrinB2 transcripts were undetectable.

We next wanted to confirm that the upregulation of EphrinB2 message translated
into an upregulation in EphrinB2 protein. To this end, we examined TNFa stimulated
PBLs by western blot analysis (Figure 1C) and observed that EphrinB2 protein regulation

matched their transcript profile. We focused on 1-6 hour stimulations since EphrinB2
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transcript levels appeared to peak in that interval. As expected, EphrinB2 protein was
detected at 4 and 8 hours after TNFo stimulation, but not in untreated PBLs (Figure 1C).
We hypothesize that the expression of EphrinB2 by PBLs regulates their
trafficking during inflammation and tested whether PBLs would also upregulate
EphrinB2 in response to the chemokine SDF1c. Thus, PBLs were stimulated with
SDFlo up to 6 hours and analyzed for EphrinB2 expression by RT-PCR. SDF1 ¢ induced
EphrinB2 in PBLs within a more restricted timeframe than TNFa (Figure 2). EphrinB2
was upregulated after 3 hours of SDF1a stimulation, but not at the earlier or later time
periods studied (Figure 2). This result was obtained in two independent experiments. The
observations in this section indicate that EphrinB2 is upregulated in response to
inflammatory stimuli, but did not provide information as to which PBL subset(s) were

responsible for this observation.

Expression of EphrinB2 Ligand by Human CD4", CD8*, CD19*, and PMN cells

To determine EphrinB2’s expression profile in lymphocyte subsets, PBLs were
isolated from whole blood by Ficoll-Paque separation, monocyte depleted and labeled for
FACS sorting as follows: CD4" T cells were targeted with anti-CD3-FITC and anti-CD4-
PE conjugated antibodies; CD8" T cells were targeted with anti-CD3-FITC and anti-
CD8-PE antibodies; and CD19" B cells were targeted with anti-CD19-TRI-COLOR
conjugated antibodies and sorted FACS analysis. Individual subsets were separated from
contaminating cell types (Figure 3A, C, and E), and an aliquot of sorted, purified cells

was re-scanned to confirm purity (Figure 3B, D, and F). This process yielded CD4" and
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CD8" cell populations of greater than 90% purity, while a purity of ~88% was obtained
for CD19" cells.

Lymphocyte subsets were then cultured for 24 hours prior to experimentation to
allow cells to become quiescent in case the selection process activated them. CD4+,
CD8+, and CD19+ cells had unique profiles of EphrinB2 expression and they all differed
from unfractionated PBLs. EphrinB2 mRNA was not detectable at 0 and 3 hours, but
was present after 6 hours of TNFo stimulation (Figure 4A). Unstimulated control CD8*
cells did express EphrinB2 (Figure 4A) and this expression remained after 3 hours of
TNFa stimulation but was undetectable after 6 hours. EphrinB2 expression was detected
in unstimulated control CD19" cells, but was undetectable at 3 and 6 hours after
activation with anti-human IgM F(ab’) fragments. We first attributed the detection of
EphrinB2 in our control CD8" and CD19" cells to our positive cell selection process,
which perhaps activated these cells. Therefore, we implemented negative selection
columns to circumvent this activity, but similar results were obtained (data not shown).
We then varied the time in culture before starting the assay, surmising that the cells were
perhaps upregulating EphrinB2 upon being in culture for the 24 hour time period. Yu et
al. (2003) reportedly observed an upregulation of EphrinB2 protein expression in mouse
T cells that were in culture overnight. We conducted experiments in which both positive
and negative selection methods were implemented to isolate CD8" and CD19" cells, and
the assays were started either immediately after cell isolation or were delayed until the
cells had been in culture for 48 hours. For all of these conditions we still obtained similar

results (data not shown) to those demonstrated in figure 4A.
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Lastly, we examined EphrinB2 expression in PMNs after stimulation with TNFo

or IL-8. TNFa and I1.-8 are well characterized modulators of PMN function. IL-8

207-210

potently chemoattracts PMNss to sites of inflammation where they may be activated

by TNFo*''?!, Isolated PMNs were stimulated with either TNF or IL-8 for up to 6
hours. EphrinB2 expression was upregulated after 1.5 hours of TNFq, stimulation, but not
at 0.5, 3 or 6 hours (Figure4B). In contrast, unstimulated PMNs did not express

EphrinB2, and IL-8 treatment did not appear to upregulate its expression.

Expression of EphB4 Receptor in Human Iris Tissue and HIEC

To test the hypothesis that leukocyte-expressed EphrinB2 modulates trafficking of
these cells during inflammation, we set forth to determine if blood vessels of the iris
express its activating receptor, EphB4. This result would suggest the presence of true
venules in the human iris, according to existing molecular criteria 27.113,114.200 geria]
sections of human iris were immunostained for EphB4 (Figure 5B and E) or von
Willebrand Factor (vWF; Figure 5C and F). All of the blood vessels stained with anti-
vWF, but EphB4 was detected in only a subset, presumably venules, stained with anti-
Eph4. High magnification analysis of EphB4™ vessels revealed that staining localized to
the EC lining of the vessels (compare EphB4: Figure 5E, arrow to vVWF: Figure 5F,
arrow). Interestingly, EphB4 was also detected in non-endothelial structures of the iris,
such as the sphincter papillary muscle (Asterisk: Figure 5B) and various stromal cells
(Asterisk: Figure SE).

We then wanted to determine if HIEC maintained their expression of EphB4 in

culture, and if TNFa and/or IL- 1o inflammatory mediators could regulate this
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expression. EphB4 was detected in control unstimulated HIEC, and neither TNFo. or IL-
loc altered its expression over a 24 hour time period (Figure 6A). To confirm that HIEC
expressed EphB4 protein, we tested HIEC cell lysates by western blot analysis. As shown
in figure 6B, EphB4 protein is expressed by cultured HIEC and its expression is not
altered by TNFa. at 6 hours. Another potent stimulator of PMNS, lipopolysaccharide
(LPS) also did not alter EphB4 expression in HIEC or in iris explants (Figure 6C). The
data gathered here indicate that EphB4 expression by HIEC is not lost during an
inflammatory situation and could potentially interact with leukocyte-EphrinB2 in these
conditions.

In line with our hypothesis, we next determined if EphrinB2 is capable of
regulating signaling pathways in HIEC, which would suggest a functional role for the
EphrinB2/EphB4 signaling axis in iris-derived EC. The chimeric EphrinB2/Fc protein is
a soluble ligand for the EphB4 receptor that has been shown to regulate signaling
pathways in other cell types 161167174 Confluent monolayers of HIEC were stimulated
with soluble EphrinB2/Fc for up to 1 hour. Cell lysates were then analyzed
simultaneously for phosho-Erk1 (p44) and phospho-Erk2 (p42) by western blot analysis.
Phosphorylation levels of Erk2 remained unchanged in HIEC after 5 and 15 minutes of
EphrinB2/Fc stimulation (Figure 7: HIEC bottom band). However, these levels were
reduced after 30 minutes and began increasing by 60 minutes. Erk1 phosphorylation
levels in HIEC appeared to increase within the first 5 minutes and remained unchanged
after 15 minutes of stimulation (Figure 7: HIEC, top band). These levels dropped to
below the level of detection by 30 minutes and remained undetectable after 60 minutes of

EphrinB2/Fc stimulation. EphrinB2 was reported to modulate the phospho-Erk1/2 levels
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of human mesenteric venule EC (HMesVEC) by interacting with EphB4'®’. Therefore,
HMesVEC were obtained and utilized here as a positive control cell type (data not
shown). Indeed, EphrinB2/Fc similarly regulated the phosphorylation levels of both
Erk1/2 in these cells within the same timeframe. TNFa was used as a positive control

stimulant, and as expected, it induced an increase in phospho-Erk1/2 in these EC.
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Discussion:

The extravasation of leukocytes is an essential process in normal and pathological
conditions (e.g., inflammation), and the molecules that regulate this process are well
studied. EphrinB2 and EphB4 are important signaling molecules that modulate the

215216 and we hypothesize that

migratory properties of various cells (e.g. neural and ECs)
these molecules contribute in the signaling events during leukocyte trafficking in the iris.
Little is known as to the expression and function of EphrinB2 and EphB4 in human
immune cells so we analyzed the expression of EphrinB2 in human PBLs. In line with
our hypothesis, we also investigated the expression of EphB4 in human iris tissue and
HIEC.

The most significant finding of this study was that human PBLs rapidly express
EphrinB2 in response to TNFa (0.5 hours), and its expression is modulated over a 24
hour period. This observation is unique in that it is the first known report of modulated
EphrinB2 expression by human PBLs in response to inflammatory stimuli. Given that
EphrinB2 is well characterized in regulating such activities as cell adhesion, repulsion,
and migration, these data suggested that PBL expressed EphrinB2 may also function in
this context. In support of this notion, Hamada et al. (2003) recently reported that mouse
B cells transfected with either EphrinB2 or EphB4 will undergo heterophilic cell
aggregation upon co-incubating these cells in culture'®%.

Our studies on SDF1« stimulated PBLs revealed an upregulation of EphrinB2
within a limited timeframe compared to TNFo stimulated PBLs. EphrinB2 was expressed

after approximately 3 hours of SDF1a treatment, but not at earlier or later times. The

differential expression pattern of EphrinB2 between TNFo and SDF1a stimulants is
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likely due to the general nature of these stimulants. TNFc is an autocrine stimulator, as
well as a potent paracrine inducer of many other inflammatory cytokines, including IL-1,
IL-6, IL-8, and GM-CSF*'"?". The production of these cytokines by one or all of our
PBL subsets could potentially influence EphrinB2’s expression in these cells. In contrast,
SDFla stimulated immune cells have been shown to selectively upregulate IL-8
production, without affecting TNFa, IL-18, IL-6, GM-CSF, IFN-y or RANTES
levels***'. SDFla is a potent chemoattractant of human T cells, monocytes, B cells, and

49’222'227, and low concentrations of SDF1a can attract T cells,

CD34™ progenitor cells
whereas high concentrations can repel some subgroups*®®. In other studies, Lu et al.
(2001) demonstrated that SDF10/CXCR4 signaling can be inhibited by soluble EphB
receptor, while Sharfe et al, (2002) demonstrated a substantial reduction in Jurkat and T
cells migration after EphrinA1 stimulation. These studies provided the first clues as to

how Ephrin/Eph interactions can regulate the chemoattractive properties of SDF1.

Exactly, how differential SDF1a concentrations regulate attraction or repulsion of T cells

remains unknown, but such a change in SDF1« sensitivity may be regulated by
EphrinB/EphB interactions. It is interesting to note the lack of EphrinB2 expression by
unstimulated PBLs. These observations suggest that under normal ir vivo conditions,
PBLs do not require EphrinB2 expression while performing routine surveillance activities
within the vascular tree, but can upregulate it in response to inflammatory stimuli.
Most forms of uveitis are mainly characterized by activated CD4™ T cells at
inflammatory foci, although activated CD8" cells are also present in lesser numbers >,

Furthermore, CD19" positive B cells do not generally infiltrate the iris, but are known to

play a role in the humoral response during bouts of uveitis*****. In our studies, we found
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that human CD4" T cells upregulated EphrinB2 after 6 hours of TNFa. stimulation. It is
unclear how EphrinB2’s expression profile by CD4" T cells fits into context with in vivo
T cell activation during uveitis, but indicates a potential role for it during T cell
activation. Of particular interest is the finding that CD8* and CD19" cells express
EphrinB2 upon isolation. The results obtained in these studies suggest either that both the
positive and negative selection procedures activated CD8" and CD19" cells or that an
inhibiting factor of EphrinB2 expression is present in whole PBL fractions. In either

scenario, it is interesting that stimulation of CD8" cells with TNFo and CD19* cells with

o-IgM antibodies down regulates their EphrinB2 expression at 3 and/or 6 hours. We
believe this to be the case since down regulation of EphrinB2 was stimulant, not time in
culture dependent. Nonetheless, results presented here on EphrinB2 expression by CD4",
CD8", and CD19" cells indicate they can express EphrinB2 and warrants further
investigation.

It is interesting to note that amongst the different leukocyte subsets, the PMN is
the only cell type that does not extravasate in the absence of a pathological condition.
However, when an inflammatory insult occurs, the PMN is the first cell to extravasate

7 The PMN is not the primary infiltrating cell in

from the blood via EC interactions
human forms of uveitis, but it does play a significant role in various animal models of
uveits>*®, We found that PMNs upregulated EphrinB2 after 1.5 hours of TNFq treatment,
but not at later time points. In contrast, the PMN chemoattractant IL-8 did not seem to

induce EphrinB2 expression. These results are intriguing in that IL-8 is a potent

chemoattractor of PMNs and induces their migration across EC monolayers. The
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complex signaling molecules that influence an EC-adhered PMN during diapedesis make
it difficult to assess the role of EphrinB2.

A unique feature of iris vasculature, which is different from other parts of the
body, is that blood flow velocity differs minimally between its arteries and veins®>’. In
general, depending on the vascular bed of interest, blood flow in arterioles is much faster
than within the post-capillary venules®*2%, In the iris, vessel composition is generally
homogenous, regardless of diameter. The vessels lack the typical cellular structure that
defines the arteries and veins of other tissues***. Only the capillaries are designated as
true capillaries based on their diameter (10-15 um), while the terms arteriole and venule
generally refers to pre- and post-capillary vessels***. As a result, iris vasculature is
currently characterized into arterioles and venules based on the direction of blood flow
(artery=blood flow towards pupil; vein=blood flow away from pupil). Nonetheless,
rolling, sticking, and extravasation of activated leukocytes typically occur within the
venules of the iris*’. Our finding that EphB4 is expressed by some, but not all iris vessels
indicates that the human iris does possess true venules according to existing molecular
criteria''****, Furthermore, this result supports the idea that leukocyte-expressed
EphrinB2 can interact with EphB4 on iris EC. The observation that HIEC and iris tissue
express EphB4 and remains unaltered after TNFa, IL-1o, or LPS indicates that it is
present under inflammatory conditions and in position to interact with leukocyte
expressed EphrinB2. Furthermore, the Erk1/2 signaling pathway is engaged in HIEC in
response to EphrinB2. Indeed, the Erk1/2 signaling pathway is involved in the regulation

of leukocyte trafficking, and inhibiting this pathway prevents leukocyte extravasation®*,

Preliminary results from our lab indicate that soluble EphrinB2 (2 pug/ml for 5 hours) can
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induce HIEC to upregulate their expression of various genes that regulate EC-EC
Jjunctions (e.g., MMP1, MMP2, paxillin, zyxin, rhoB, rtho-GDP, tho-GAP; data not
shown), further implicating a role for EphrinB2 in the modulation of EC monolayer
integrity.

We propose a hypothetical model for EphrinB2 / EphB4 interaction during
inflammation (Figure 7). An inflammatory stimulant (1) induces EphrinB2 expression on
the surface of a leukocyte (2). Upon margination and/or firm adhesion of the leukocyte,
EphrinB2 can then interact with iris EC-expressed EphB4 (3) and induce a simultaneous
bi-directional signal into both cells. This activity can then influence the outcome of
leukocyte trafficking (4; attach vs. detach). In this scenario, a leukocyte will encounter a
milieu of cytokines, chemokines, and adhesion molecules, all of which influence a
leukocytes decision to extravasate. The relative contribution of EphrinB2 / EphB4

signaling in this scenario remains to be determined.
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Figure 1: RT-PCR and Western blot analysis of Ephrin-B2 in human PBLs. Human
PBLs were stimulated with TNFa for 5 hours and their mRNA analyzed for EphB4 and
EphrinB2 expression (A). EphB4 transcripts (A, left=top band) were detected in
unstimulated, control (Con) PBLs, and did not appear to change in response to TNFa
(n=3). In contrast, unstimulated PBLs did not appear to express EphrinB2 mRNA, but did
upregulate its message in response to TNFo stimulation (A, right: top bands; n=3).
GAPDH was used as an internal control (bottom bands). An extended time course of
TNFa stimulated PBLs revealed that mRNA for EphrinB2 was upregulated at 30
minutes, peaked between 1 and 6 hours, and was undetectable by 24 hours (B; n=5).
Western blot analysis paralleled RT-PCR data in that EphrinB2 was undetectable in
control PBLs, but upregulated its expression in response to TNFa (C; molecular weight

~40 kDa; n=3).
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Figure 2: Upregulation of EphrinB2 transcript in PBLs in response to SDF1¢. . Human
PBLs were stimulated from 0 to 6 hours with SDF1 and analyzed for the expression of
EphrinB2 transcript. SDF1o-stimulated PBLs upregulated EphrinB2 after 3 hours of
stimulation which indicated that PBLs could differentially regulate mRNA for EphrinB2

depending on inflammatory mediator (compare to figure 1B; n=2).
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Figure 3: Positive selection of human lymphocyte subsets. PBLs were FACS sorted after
incubating them with fluorochrome-labeled antibodies targeted against CD3, CD4, CD8,
and CD19. CD4" and CD8" cell populations of greater than 90% purity were obtained,
while CD19* cells were ~88% pure. Panels A, C, and E indicate gating of specified cell
types from the monocyte depleted PBL fraction. Panels B, D, and F demonstrate cell

purity after FACS sorting.
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Figure 4: EphrinB2 mRNA expression in PBL and PMN leukocyte subsets. TNFo,
stimulated CD4", CD8", and a-IgM stimulated CD19* were analyzed for EphrinB2
mRNA by RT-PCR. EphrinB2 transcript was undetectable in unstimulated and 3 hour
TNFo-stimulated CD4" cells, but did upregulate its expression after 6 hours (A: left
panel; n=5). Interestingly, unstimulated control CD8" cells expressed EphrinB2 mRNA,
and its expression was maintained after 3 hours of TNFo stimulation. However,
EphrinB2 mRNA was undetectable in these cells after 6 hours of TNFa. stimulation (A:
middle panel; n=4). Similar to CD8" cells, unstimulated control CD19" cells expressed
EphrinB2 mRNA, but was undetectable after 3 and 6 hours of anti-IgM stimulation (A:

right panel; n=5). EphrinB2 transcript was detected in PMNs only after 1.5 hours of
TNFa stimulation and was undetectable at 3 and 6 hours (B; n=2). IL-8 did not

upregulate EphrinB2 mRNA expression.
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Figure 5: Immunohistology of EphB4 in human iris tissue. Serial sections of human iris
were immunostained for either EphB4 (B & E) or von Willebrand Factor (vWF; C & F).
Arrows in B&E indicate vessels that are positive for EphB4 and vWF (E & F).
Arrowhead in B demonstrates a vessel that is negative for EphB4, but positive for vWF
(C; arrowhead). Asterisks indicate positive EphB4 staining in sphincter papillae muscle
(B) and stromal cells (E). A and D are representative images of sections incubated with
pre-immune, control antibodies. In A, B, and C, the pupil is located on the left, while the
ciliary body region (unseen) is located to the right. In D, E, and F, orientation of iris
tissue is the same as in A, B, and C, but at higher magnification. Original magnifications:

A-C=200X; D-F=400X (n=3).
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Figure 6: EphB4 mRNA and protein expression in HIEC and iris explants. HIEC
expressed EphB4 transcripts under normal, unstimulated culture conditions and these
levels did not change in response to either TNFo. or IL-1ct over a 24 hour period (A;
n=3). Likewise, western blotting detected EphB4 protein in unstimulated HIEC (B) and
did not change after 6 hours of TNFa stimulation (n=2). Lastly, LPS was used as an
exogenous stimulant to activate HIEC and human iris explants (C), and neither changed

their EphB4 expression levels in response to the stimulus (n=3).
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Figure 7: Soluble EphrinB2/Fc modulates signaling pathways in HIEC. Erk2
phosphorylation levels remained constant in HIEC after 5 and 15-minute stimulations
with EphrinB2/Fc. After 30 minutes, detectable levels diminished and then began
increasing by 60 minutes. Phospho-Erk1 levels increased within 5 minutes and were
unchanged after 15 minutes of stimulation. Phospho-Erk1 levels decreased below the
level of detection at 30 minutes and remained undetectable after 60 minutes. *TNF is a
potent inducer of Erk1/2 phosphorylation in various cell types. TNFo. was used here as a
positive stimulant for HIEC (n=2) to confirm that their phospho-Erk1/2 levels could be

regulated.
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Figure 8: Proposed model of EphrinB2 / EphB4 in leukocyte trafficking during
inflammation. 1. Circulating leukocytes are activated in response to inflammatory
mediators (e.g., TNFa). 2. Activated leukocytes upregulate EphrinB2 on their cell
surface in response to stimuli. 3. Leukocyte EphrinB2 and endothelial EphB4 engage one
another to initiate a “bi-directional” signal into both cells and influence leukocyte

trafficking (4.) at sites of inflammation.
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"The nearer the arteries are to the heart, the more they differ from the veins in
their constitution, and are more robust . . . but in the furthest dispersions . . . they

are so like in their constitution, that . . . it is a hard business to know one from the

other"’

-William Harvey (1578-1657)
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Chapter 5

Soluble Forms of EphrinB2 and EphB4 Reduce Neovascular
Tuft Formation in the Mouse Model of ROP
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Abstract:

Purpose: EphrinB2 ligands, and their EphB4 receptors, are key regulators of EC (EC)
proliferation, migration, adhesion, and repulsion during mammalian vascular
development. Arteriole ECs express EphrinB2 while venule ECs express EphB4, and
during vessel formation, these molecules engage one another to modulate proper artery-
capillary-vein boundaries. We hypothesize that these molecules also play a role in
pathological neovascularization (NV) in the mouse model of oxygen-induced retinopathy

and that soluble versions of these molecules can alter this neovascularization.

Methods: C57BL/6 mice at postnatal day 7 (P7) were exposed to 75% oxygen (O3) for 5
days (until P12) and allowed to recover in room air to induce retinal NV. Retinas were
dissected from unexposed and O, exposed mice between P7-24 and analyzed for
EphrinB2 and EphB4 transcript expression by semiquantitative RT-PCR. Some O,
exposed mice had one eye-injected intravitreally with 150 ng/1.5 pls of soluble
EphrinB2/Fc or EphB4/Fc chimeras during transition from high O, to room air (P12) and
reinjected on P14. Contralateral eyes were injected with human IgG antibodies as
controls. All injected eyes were collected during peak disease (P17) and processed for

quantification of preretinal nuclei and blood vessels.

Results: EphrinB2 was constitutively expressed in the developing retina and hyperoxia
treatment did not alter this expression. In contrast, EphB4 expression was modulated
during normal retinal development and was altered by hyperoxia. Furthermore,

intravitreally injecting soluble versions of these molecules significantly reduced the
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pathological neovascularization in this model. The number of preretinal nuclei in
hyperoxia treated mice was reduced by 66% (p<0.05) in EphrinB2-injected eyes, while
EphB4 treatment yielded a 69% reduction (p<0.05), compared to control injections.

Intraretinal vessel development was not altered by the injections.

Conclusions: EphrinB2 and EphB4 are expressed in the developing mouse retina, and
hyperoxia treatment differentially affects EphB4 expression. Furthermore, intravitreal
treatment with soluble EphrinB2/Fc or EphB4/Fc significantly reduces the extent of
oxygen-induced retinopathy without affecting intraretinal vessel development. The exact
mechanism of action of the soluble molecules remains unknown, but we hypothesize that
they interfere with endogenous EphrinB2 / EphB4 interactions between EC-EC and/or
EC-stromal cells to affect proliferation and migration. These results suggest that
endogenous EphrinB2 and EphB4 are regulators of retinal NV during oxygen-induced

retinopathy and may serve as novel targets for therapeutic intervention.
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Introduction:

The erythropoietin-producing hepatocellular (Eph) receptor family is the largest
group of receptor tyrosine kinases known to date. These receptors are further subdivided
into groups A and B, depending on whether they bind an Eph-interacting (Ephrin) ligand
of the A or B class (http://cbweb.med.harvard.edu/eph-nomenclature). All Ephrin ligands
contain an extracellular and transmembrane domain; however, Ephrin ligands of the B
class possess a cytoplasmic tail that the A class lacks '*°. In general, Ephrin homodimers
will engage Eph homodimers to regulate such cellular events as cell migration,
proliferation, attraction, and repulsion. A unique feature of the B class Ephrin/Eph
interaction is “bi-directional” signaling 12 That is, since Ephrins and Ephs of the B class
contain cytoplasmic domains, interaction with each another induces simultaneous
signaling into both the EphrinB and EphB bearing cells 21624724,

EphrinB2 ligands and EphB4 receptors have emerged as key regulators of
vascular development and are primarily expressed by the endothelial cells (EC) of
developing arteries and veins, respectively. Specifically, EC of developing arteries
express EphrinB2 ligands, while EphB4 receptors are expressed by venous EC 2713115,
During vessel formation, arteriole and venule EC undergoing proliferation and migration
come into proximity of each another. Engagement of venule EphB4 by arteriole
EphrinB2 causes the EC to stop proliferating and migrating and thus prevents these cell
types from intermingling''®. Mouse embryos lacking EphrinB2 or EphB4 exhibit lethal
defects in early angiogenic remodeling. *”''>'"**% These mice improperly formed

capillary beds and poorly differentiated arteries and veins. Therefore, signaling resulting

from EphrinB2/EphB4 interaction is necessary for proper vascular network development
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by allowing correct boundary formation between arterioles and venules '*!%,

Furthermore, recent studies indicate that these molecules may also be critical regulators
of postnatal neovascularization ''>163231:252

Diseases of the retina are a major cause of vision loss in developed countries (i.e.,
retinopathy of prematurity, diabetic retinopathy, age-related macular degeneration). A
critical component of these disease processes involves neovascularization of the retina
"7 As a result, several animal models have been developed and utilized to study both
normal and pathological vascularization of the retina. These models have allowed direct
identification of several critical molecular factors that are directly involved in modulating
retinal neovascularization and have furthered the understanding of this biological process
108,109.253

Recent studies have indicated that the developing retinal vascular system of the
mouse express EphrinB2 and EphB4 in the forming arterioles and venules, respectively
4 Furthermore, we and others have observed the expression of EphrinB2 and EphB4 in
pure cultures of human retinal ECs, suggesting that these cell cultures may be of arteriole
and venule in origin 160 In addition, stimulating these cultures of retinal EC, as well as
EC derived from other tissues, with soluble EphrinB2/Fc or EphB4/Fc can modulate their
proliferation and migration in vitro ''®'’. These data indicate that EphrinB2 and/or
EphB4 may be therapeutic targets in the regulation of retinal neovascularization. In
support of this idea, other studies have shown that blockade of various Eph receptors can
reduce postnatal angiogenesis >>**°, Taken together, we hypothesize that EphrinB2 and
EphB4 contribute to the neovascularization process that occurs in oxygen-induced

retinopathy and that intravitreal treatment with soluble forms of these molecules can
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modulate this neovascularization. In this study, we describe the expression patterns of
EphrinB2 and EphB4 in normal retinal development and in retinal development after
oxygen-injury. We further assess the pathological neovascularization in oxygen-injured

retinas after intravitreal treatment with soluble forms of EphrinB2 or EphB4.
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Results:
EphrinB2 and EphB4 expression in normal and oxygen-injured retinas

To determine the endogenous expression levels of EphrinB2 and EphB4 mRNA
in normal and oxygen-injured retinas, we exposed neonatal C57BL/6 pups to 75%
oxygen for 5 days between postnatal (P) days P7 and P12 (Figure 1) and allowed them to

109257 We then dissected the retinas, isolated

recover in room air for 12 days (until P24)
the total RNA, and performed semi-quantitative RT-PCR (Figure 2). By this method, we
were able to detect the expression of EphrinB2 and EphB4 in the retinas of P7 mice.
Interestingly, we were unable to detect any changes in the levels of EphrinB2 mRNA
during normal retinal development or during retinal development after oxygen-injury. In
contrast, EphB4 mRNA levels were modulated during normal retinal development and
reached peak levels between P12 and P14. Furthermore, after five days of hyperoxia
treatment, EphB4 mRNA was downregulated to below the levels of untreated, normal
mice on P12. However, upon allowing hyperoxia-exposed mice to recover in room air,
EphB4 mRNA levels immediately increased and peaked between P14 and P21. The
levels of EphB4 mRNA then equalized to those of normal untreated mice by P24. These
data demonstrate that these molecules are expressed under these experimental conditions

and can potentially modulate the neovascularization that occurs in hyperoxia-injured

retinas.

EphrinB2/Fc or EphB4/Fc Treatment of Oxygen-Injured Retinas

We next wanted to determine if treating oxygen-injured retinas in vivo with soluble

forms of EphrinB2 or EphB4 could alter the neovascularization that occurs upon room air
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recovery. The chimeric EphrinB2/Fc and EphB4/Fc proteins employed in this study are
dimerized in their active form by the Fc portion of human IgG. The dimers bind to their
respective receptors on the cell surface and induce signaling within that cell which would
have occurred normally by cell-cell contact. Our control injections consisted of human
IgG. We exposed mice to high oxygen as described (see Figure 1), and allowed the mice
to recover in room air for 5 days (P17), the day in which peak disease occurs. During
room air recovery, we injected intravitreally 150ng of either EphrinB2/Fc or EphB4/Fc
on P12, and gave a second injection on P14. The eyes were then processed for routine
histological analysis. We first assessed the pathology that occurred in the oxygen-injured
retinas to confirm the validity of our model. As expected, we observed a high number of
pre-retinal neovascular tufts in non-injected eyes after oxygen-induced injury (Figure
3A). We then compared pre-retinal tuft formation in the non-injected eyes to the pre-
retinal tufts in the injected eyes. We found that control IgG injected eyes (Figure 3B) had
slightly reduced pre-retinal tuft formation compared to uninjected eyes (Figure 3A).
However, upon comparing control IgG injected eyes (Figure 3B) to experimentally
injected eyes, we observed a vast reduction in the presence of pre-retinal tufts in the
EphB4/Fc (Figure 3C) and EphrinB2/Fc (Figure 3D) injected eyes. To confirm this
observation, neovascular nuclei anterior to the inner-limiting membrane were quantified
in a masked fashion and the data statistically analyzed (Figure 4). EphrinB2/Fc injections
yielded a 66% reduction over control IgG injections, while EphB4 yielded a 69%

reduction (n=12-25).

Intraretinal vessel development after EphrinB2/Fc or EphB4/Fc treatment
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Since the experimental injections exhibited a profound effect on pre-retinal tuft
formation, we became curious as to whether the injections also affected the development
of the intraretinal vascular beds (superficial and deep) in this disease model. Control and
experimental tissue sections generated in the previous study were immunostained for type
IV collagen (a blood vessel marker) and we then analyzed the superficial and deep
vascular networks. As is demonstrated in the representative micrographs shown in Figure
5, we did not observe a marked change in staining pattern in the superficial and deep
vascular beds of mice receiving EphrinB2/Fc (Figure 5B), EphB4 (Figure 5D) or their
respective controls (Figures SA and 5C). This observation was further confirmed upon
quantitating these vascular beds. Neither experimental nor control injections significantly
affected the number of vessels in the superficial (Figure 6A) or deep (Figure 6B) vascular

beds.
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Discussion:

Here we report that, 1) EphrinB2 is constitutively expressed in normal developing
retinas and exposure to hyperoxia does not alter this expression; 2) EphB4 expression is
modulated during normal retinal development, and hyperoxia treatment can alter this
expression; 3) intravitreal injection of soluble mouse EphrinB2/Fc or EphB4/Fc
significantly reduces the number of pre-retinal cells that gather within the pathological
tufts; 4) intravitreal injections do not affect the developing intraretinal vascular network
from P12 to P17.

Expression gradients of various classes of Ephrins and Ephs have previously been
reported in the retina 2°%6!, Specifically, EphrinB2 expression is detected in the neural
cells of the retina and plays an important role during retinotectal mapping of axons during
visual system development 2°'2%, Interestingly, EphB4 is not detected in the neural cells
of the retina 2*°. However, both EphB4 and EphrinB2 are expressed in the developing
retinal vasculature of the mouse, and this expression is localized to the developing
arteries and veins at P3, P7, and P12 by Saint-Geniez et al.®*. This report was limited to
three timepoints P3, P7, and P12. Here we report on the expression of EphrinB2 and
EphB4 over a broader developmental period (P7-P24) in normal and oxygen-injured
retinas.

Although we did not detect changes in EphrinB2 mRNA levels, it is possible that
there were some changes in the vascular EC that were masked by a background of neural
transcripts. If indeed the venules of the retina are the only location that EphB4 is
expressed, then this would make detection of subtle modulation of vascular EphB4 more

sensitive. Furthermore, the EphB4 PCR data gathered here would be reflective of the
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amount of EphB4 positive vessels that were present in the retina. Therefore, down
regulation of EphB4 transcript in oxygen-injured retinas compared to normal unexposed
retinas presumably reflects the halting of vessel growth that results from hyperoxia
treatment. Furthermore, the shift in peak levels of EphB4 transcript from P12 through
P14 in normal uninjured retinas, to P14 through P21 in oxygen-injured retinas may
presumably reflect the regrowth of vessels upon ischemic conditions due to room air
recovery. These data demonstrate that EphrinB2 and EphB4 are expressed under these
experimental conditions and can potentially modulate the neovascularization that occurs
in hyperoxia-injured retinas.

The most significant finding of this study was that intravitreal injection of soluble
EphrinB2/F¢ or EphB4/Fc into hyperoxia-injured eyes resulted in a 66-69% reduction of
pathological pre-retinal tuft formation. Interestingly, we found that our control IgG
injected eyes had a slightly reduced pre-retinal tuft formation compared to the uninjected
control eyes (Figure 3A & 3B). This phenomenon may have occurred as a result of the
release of anti-angiogenic factors from the intraocular puncture wound and has been
previously described by the Penn lab for the rat model of oxygen-induced retinopathy
266267 The exact mechanism by which soluble EphrinB2/Fc or EphB4/Fc reduce pre-
retinal neovascularization remains unknown.

Angiogenesis can be divided into three distinct phases: initiation (induction of
sprouting), invasion (cell proliferation, migration and matrix degradation), and
maturation (remodeling, lumen formation and differentiation of EC) 268 Several lines of
evidence indicate that EphrinB2 / EphB4 “forward” and “reverse” signaling can influence

each of these angiogenic phases. In general, forward signaling (EphrinB2 to EphB4)
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decreases the proliferation and migration of EphB4 bearing cells, while reverse signaling
(EphB4 to EphrinB2) increases the proliferation and migration of EphrinB2 bearing cells
16161167 These activities have been well studied in various tissues and cell culture

160

models, and are just now being explored in the eye . VEGF, the primary initiator of

269271 is detected in the mouse retina as early as one day after

angiogenesis in the retina
birth 2’2, and regulates EC sprouting (initial phase of angiogenesis) '®. In vitro, VEGF
induces the proliferation, sprouting and migration of EC (1 and 2™ phases of
angiogenesis), and co-stimulation of the EC with VEGF and EphrinB2/Fc suppresses
these activities ''°. This phenomenon is attributed to inhibition of both VEGF induced
phosphorylation of ERK1/2 and suppression of Ras activity. Furthermore, Sturz et al., 27
have provided direct evidence implicating EphrinB2/Fc in the inhibition of EC migration
by directly activating EphB4’s kinase activity. Other studies have shown that
EphrinB2/Fc can suppress EC spreading in culture due to inhibition of focal contacts,
suggesting that EphrinB2 signaling affects EC-EC interactions via cytoskeletal regulation
"2 1t is possible that intravitreally injecting EphrinB2/Fc allows it to bind EC as they
penetrate through the inner-limiting membrane of the retina and reduces their
proliferation and migration.

The observation that EphB4/Fc injections reduced angiogenesis in our model is
contrary to the general outcome of reverse signaling because stimulation of endogenous
EphrinB2 with soluble EphB4/Fc induces the migration and proliferation of retinal and
other types of EC in vitro "'®'%'%" However, a growing body of literature suggests that

the outcome of “forward” or “reverse” signaling is dependent on several factors. EC from

different vascular beds might possess a unique complement of Eph receptors and Ephrin
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16 g g
O. Microenvironment

ligands, which can produce different responses upon activation
might also alter EC Ephrin/Eph signaling systems. For example, Maekawa et al.'®
showed that EphrinB2/Fc saturated pellets surgically implanted into the mouse cornea
cause a significant amount of angiogenesis. This result is opposite of what we show here
and what others have reported for EphrinB2/Fc forward signaling''®'*"'%2, The
discrepancy in these data might stem from a variety of conditions that directly or
indirectly affect the outcome of exogenous EphrinB2 treatment of mice such as 1) VEGF
levels in the oxygen-induced retinopathy model vs. in the avascular cornea, 2) tissue
specific EphrinB2/EphB4 expression, 3) age of mice (P7-P24 in our study vs. 8-10wk old
mice Maekawa et al.'®*). These dichotomous results have an in vitro parallel: Maekawa er
al., also demonstrated that EphrinB2/Fc induces the migration of HUVECS in a dose
dependent manner, while Kim ez al. ''® reported that EphrinB2/Fc inhibited VEGF

1. 'S and Maekawa

induced EC proliferation and migration. A difference in the Kim ez a
et al.'” studies are that the former group stimulated their HUVEC with VEGF, while the
latter did not. It has been suggested that growth factor activated EC, as occurs during

angiogenesis and vessel organization, are particularly responsive to EphrinB2 and

EphB4°7,
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Figure 1: Timeline of retinal vessel formation in normal development and oxygen-
induced retinopathy in the mouse. This scheme was created based on the protocol
developed by Smith et al. (1994)'%, and further characterized by Davies et al.™’.
Experimental mice placed in 75% O, (hyperoxia) on P7 exhibit interrupted development
of superficial, transitional, and deep vascular networks of the retina. Some superficial
vessels become obliterated during hyperoxia. Mice are moved back to room air on P12,
which triggers a relative ischemic condition in the retina. The retina then exhibits
pathological growth of vessels in the superficial layer, with pre-retinal vascular tufts
extending through the inner-limiting membrane into the vitreous.

(dashed line = interrupted vessel growth; thin line = normal vessel growth; thick line =

pathological vessel growth).
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Figure 2: RT-PCR analysis of EphrinB2 and EphB4 expression in the retina during
normal development and in oxygen-induced retinopathy. Total mRNA was isolated from
the retinas at various stages of postnatal development (P7-P24) and analyzed by semi-
quantitative PCR. EphrinB2 transcript levels remained unchanged in normal developing
retinas (N) and hyperoxia-injured retinas (O-). In contrast to EphrinB2, EphB4 transcript
levels were modulated during normal development and five days (P7-12) of O, exposure
altered this expression pattern. The retinas of four mice/condition were pooled for total

RNA isolation. Micrograph is representative of one of five experiments conducted.
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Figure 3: Mice were exposed to 75% O2 from P7-P12. On P12 the mice were injected
upon return to room air, with either control IgG, soluble EphrinB2/Fc, or EphB4/Fc and
then re-injected on P14. The mice were then allowed to develop to peak disease (P17)
before enucleating and fixing of eyes. Sections in these micrographs are H&E stained and
representative of non-injected (A), control IgG-injected (B), and EphB4/Fc (C) or
EphrinB2/Fc (D)-injected retinas. Brackets in each panel identify neovascular tufts just
anterior the inner-limiting membrane. A slight reduction in neovascular tufts occurred
between non-injected (A) eyes and control IgG-injected (B) eyes. EphB4/Fc (C) and
EphrinB2/Fc (D) injected eyes demonstrated a large reduction in neovascular tufts

compared to control IgG (B)-injected eyes. (Original magnification=400X).
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Figure 4: Pre-retinal nuclei were counted in a masked fashion and data the statistically
analyzed. Intravitreal injection of EphrinB2/Fc reduced the number of pre-retinal nuclei
by 66%, in comparison to control IgG-injections (P<0.05). Similarly, EphB4 injections
reduced the number of preretinal nuclei by 69% (P<0.05). Statistics performed were
based on the median of the averages using Kruskal-Wallis one-way analysis of variance
with a Dunn’s method of multiple comparison procedure (n=12-25 mice /condition and

represent approximately 5 different litters of mice).
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Figure 5: Immunodetection of blood vessels in tissue sections (P17) from EphrinB2/Fc

(B), EphB4/Fc (D) injected eyes, and their respective control injections (A, C). Blood
vessels in the superficial (+) and deep ( [ ) layers are labeled in red. There was no

apparent difference in superficial and deep vascular bed formation. (Original

magnification=400X).
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Figure 6: Quantification of blood vessels in the superficial (A) and deep (B) vascular
beds of the retina on P17. EphrinB2/Fc and EphB4/Fc injections did not significantly
alter the amount of blood vessels in either superficial (A) or deep (B) vascular beds,
compared to control IgG injections. Blood vessels in superficial and deep regions were
counted and analyzed using a one-way ANOVA with a Tukey’s multiple comparison test

(n=12-16 mice/condition and represent approximately 5 different litters of mice).
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Chapter 6: Summary and Conclusions
Summary

Ocular inflammatory diseases are a leading cause of blindness. Although the
understanding of the underlying molecular mechanisms has increased over the past
decade, it nonetheless remains incomplete. Given the ethical and technical barriers in
conducting mechanistic studies of AU in humans, a variety of investigative animal
models have been developed’'. These systems have provided some insight into the
biology of ocular inflammation, but the translation of data from animal studies into
humans remains difficuit.

It was initially hypothesized that the basic inflammatory properties of HIEC
contribute to leukocyte trafficking during anterior uveitis. I set forth to test this
hypothesis by first isolating the EC of human iris tissue. A protocol was developed to
reliably isolate pure HIEC, which could then be propagated in culture for study. The
basic inflammatory properties of these cells were then studied. It was determined that
HIEC constitutively express mRNA and protein for ICAM-1 and ICAM-2, and little to no
expression of VCAM-1 or E-selectin. However, upon stimulation of HIEC with LPS or
TNFa, protein and mRNA levels of ICAM-1, VCAM-1 and E-selectin were potently
upregulated and were sensitive to stimulants in a time and dose manner. These data are in
line with their previously suspected roles in uveitis®’*'**13 In contrast, ICAM-2
protein and mRNA were slowly down regulated by inflammatory agents over time, but
nonetheless remained present and functional. Furthermore, this is the first report to
demonstrate the regulated expression of ICAM-2 in any ocular microvascular cell. Lastly,
the functional ability of these cells to bind leukocytes was then analyzed, and it was

determined that cytokine- or LPS-activated HIEC increased their adhesiveness for
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leukocytes. These data suggest that the inflammatory properties of HIEC are similar in
function to those of EC from other parts of the body. However, subtle differences in
expression of inflammatory mediators between HIEC, choroidal EC and retinal EC
remain to be determined. Furthermore, if subtle differences do exist, then it will be
important to determine if these differences translate into making one tissue more or less
susceptible to inflammation.

The extravasation of leukocytes is a complex process. Numerous molecular
interactions occur between the leukocyte and EC that lead to intracellular signaling in
both cells. Given that the Ephrin/Eph signaling system regulates the migratory properties
of various cell types, it was hypothesized that they could also function in regulating
leukocyte extravasation during AU. To date, little is known on the expression and
function of EphrinB2 in leukocytes. To this end, human PBLs were examined for the
expression and potential modulation of EphrinB2 by various inflammatory stimuli. The
studies of this section revealed several novel findings on the expression of EphrinB2 by
immune cells. The most significant finding was that unstimulated human PBLs do not
express EphrinB2, but rapidly upregulate its expression in response to TNFo or SDF1 ¢,
both of which are potent inflammatory stimulators of PBLs. Interestingly, unstimulated
PBLs also expressed EphB4, but its expression did not seem change in response to TNFa.
Since cellular infiltration during AU is characterized by CD4" cells, and to some extent
CD8" T cells, the ability of individual PBL subsets to express EphrinB2 was investigated.
It was determined that unstimulated CD4™ T cells do not express EphrinB2, but rapidly
upregulate its expression after 6 hours of TNFo stimulation. Unexpectedly, unstimulated

CD8" T cells and CD19" B cells expressed EphrinB2 and its expression appeared to be
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down regulated upon stimulation. The ability of PMNs to express EphrinB2 was also
investigated. It was determined that TNFo did upregulate PMNs expression of EphrinB2s
expression after 1.5 hours of stimulation, but not at earlier or later times. Interestingly,
IL-8, a potent chemoattractant for PMNs, did not induce them to express EphrinB2.

In line with the hypothesis, I next wanted to discern if human iris tissue and/or
cultured HIEC express EphB4. The finding that EphB4 is expressed by some, but not all
iris vessels indicates that the human iris does possess true venules according to existing
molecular criteria''“**. Furthermore, the observation that iris tissue and HIEC
constitutively express EphB4, even after stimulation, indicate that it is in position to
interact with leukocyte expressed EphrinB2. This notion is further supported by the
observation that the HIEC Erk1/2 signaling pathway is activated in response to EphrinB2.
Indeed, the Erk1/2 signaling pathway has already been implicated in the regulation of
leukocyte trafficking, and inhibition of this pathway prevents leukocyte extravasation®*,
These observations suggest that a ligand expressed by stimulated lymphocytes activates
iris EC and suggest a novel mechanism by which iris EC can regulate lymphocyte
trafficking during inflammation.

Lastly, the functional role of EphrinB2 and EphB4 was explored in pathological
NV using a mouse model of oxygen-induced ROP. It was hypothesized that since
EphrinB2 and EphB4 are potent regulators of angiogenesis, inundating the posterior
region of the eye with soluble EphrinB2 or EphB4 could alter neovascularization in this
system. First, it was determined that EphrinB2 was constitutively expressed in the
developing retina , and that hyperoxia treatment did not alter its expression. In contrast,

EphB4 expression was modulated throughout normal retinal development, and its
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expression was altered in response to hyperoxia. These data are in line with current
known functions of EphrinB2/EphB4 in the regulation of angiogenesis''*!™*, It was
observed that soluble, chimeric versions of EphrinB2 and EphB4 reduced neovascular
tuft formation in this model, without affected intraretinal vessel development. The exact
mechanism of action of these soluble molecules remains unknown. However, it is
hypothesized that they are blocking endogenous EphrinB2/EphB4 binding between EC-
EC and/or EC-stromal cells, thus interfering with the progression of this disease. These
results support the hypothesis that endogenous EphrinB2 and EphB4 are regulators of
retinal NV during oxygen-induced retinopathy and may serve as novel targets for

therapeutic intervention.

Conclusions

The isolation and culture of HIEC has yielded a critical, invaluable reagent in the
study of ocular EC biology. Until the published report on HIEC isolation, described in
chapter 3 of this dissertation, the iris endothelium remained one of the last major tissues
of the human eye to have their EC isolated and studied. Since their isolation and
characterization in 2001, HIEC have been used in a various studies involving, ocular EC
heterogeneity, their expression of a novel chemokine called Fractalkine'?, and now in the
biological implication of their expression of Ephrin/Ephs. There is much anticipation on
determining the underlying mechanism on why iris vascular beds become inflamed
during bouts of AU, while those of choroid and retina do not. Equally important is the
possible existence of a unique vascular “address” on iris endothelium that can be utilized

to target therapeutic drugs to this tissue.
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The finding that human PBLs upregulate EphrinB2 in response to inflammatory
stimuli is intriguing. Currently, little information exists regarding EphrinB2 expression in
immune cells. The fact that Ephrin/Eph signaling modulates the migration of different
cell types suggests that this system may also function in similar fashion by human
leukocytes. Various experimental reagents (i.e., blocking antibodies and soluble adhesion
molecules, receptor antagonists against cytokines), aimed at preventing/reducing
leukocyte-EC interactions, are currently available. Similar reagents could be developed
should the Ephrin/Eph system function in leukocyte extravasation.

Lastly, the finding that soluble EphrinB2 and EphB4 reduce pathological NV in
the mouse model of ROP suggests that these molecules play a significant role in this
disease process. Currently, the predominant clinical treatment for neovascular
retinopathies is laser photocoagulation. This treatment has shown some efficacy at
reducing disease, but can often lead to such adverse effects as a reduction in peripheral
and night vision. Other lines of treatment have focused on VEGF and its various
signaling molecules. However, the targeting of the Ephrin/Eph system may prove to be a
more specific inhibitor of ocular angiogenesis. Alternatively, combination (i.e.,
Ephrin/Eph and VEGF systems) antiangiogenic therapies could be implemented for

synergistic effects to occur.
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Appendices

The following abstracts are from co-authored, peer-reviewed manuscripts, of which I

contributed my critical scientific and/or technical laboratory skills.
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Appendix A

Murine endotoxin-induced uveitis, but not immune complex-induced uveitis, is
dependent on the IL-8 receptor homolog.

PURPOSE: To determine the roles of the murine interleukin-8 receptor homolog (mIL-
8Rh, neutrophil chemokine CXC receptor 2) and macrophage inflammatory protein-
lalpha (MIP-1alpha, a CC chemokine) in two eye inflammation models: endotoxin-
induced uveitis (EIU) and immune complex-induced uveitis (reverse passive Arthus
reaction (RPAR) uveitis).

METHODS: For the EIU model, 250 ng E.coli endotoxin was injected into the vitreous
of mIL-8Rh-/- mice or heterozygous littermate mIL-8Rh+/- controls and into MIP-
lalpha-/- mice or congenic MIP-1alpha+/+ controls. Eyes were harvested after 24 h for
histologic characterization of infiltrating cells and IL-6 bioassays. For the RPAR model,
mouse antiserum against human serum albumin (HSA) was injected into the vitreous of
mIL-8Rh-/-, mIL-8Rh+/-, MIP-1alpha-/-, and MIP-1alpha+/+ mice. Twenty-four hours
later, animals were challenged with intravenous HSA. Eyes were harvested after 4 h for
analysis.

RESULTS: RPAR resulted in the deposition of immune complexes at the ciliary area and
iris with the subsequent development of uveitis. Genetic deficiency of mIL-8Rh reduced
the median number of infiltrating cells in EIU by 63% (p < 0.01) but had no effect on
RPAR-induced inflammation. In the ETU model, macrophages comprised a much higher
percentage (45%) of infiltrating cells in mice lacking mIL-8Rh than in controls (17%).
Loss of the MIP-1alpha gene had no apparent effect on RPAR uveitis and a 39%
reduction of infiltrating cells in EIU that was not statistically significant. IL-6 activity in
aqueous humor was much less in mice with RPAR uveitis than in those with EIU. Neither
gene deletion had a significant impact on IL-6 levels in either disease model.

CONCLUSIONS: Chemokines acting via mIL-8Rh have a significant role in the
induction of neutrophil infiltration during EIU but not during RPAR uveitis. MIP-1alpha
is not critical for either EIU or RPAR-induced uveitis. The differential dependence on IL-
8-like chemokines is in accord with the two forms of uveitis having different etiologies
and, therefore, potentially different optimal therapies.

Reference:

Brito, B.E., O’Rourke, L.M., Pan, Y., Huang, X., Park, J.M., Zamora, D.0O. Cook, D.N.,
Planck, S.R., and Rosenbaum, J.T. “Murine endotoxin-induced uveitis, but not
immunocomplex-induced uveitis, is dependent on the IL-8 receptor homolog.” Curr Eye
Res 1999; 19(1): 76-85.
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Appendix B

Constitutive and Inflammatory Mediator-Regulated Fractalkine Expression in
Human Ocular Tissues and Cultured Cells.

PURPOSE: Fractalkine (FKN) is a dual adhesion molecule-chemokine that plays a role in
inflammation but has not been explored in the eye. In the current study, constitutive
expression of FKN was identified in human iris and retina, and its regulation by various
cytokines by endothelial cells (ECs) and stromal cells from human iris, retina, and
choroid was investigated.

METHODS: Human iris and retina explants were evaluated for FKN mRNA and protein
expression using RT-PCR and immunohistochemistry, respectively. Cultured ocular ECs
and stromal cells were stimulated with various inflammatory mediators (endotoxin;
TNFa; interferon-gamma; interleukin (IL)-1alpha, -4, -10, -13, -17, and -18; and/or
CD40 ligand, or combinations thereof), with FKN mRNA being subsequently evaluated
by cDNA array and/or RT-PCR and FKN protein by enzyme-linked immunoculture assay
(ELICA) and/or by Western blot analysis.

RESULTS: Iris and retina explants constitutively expressed FKN protein in
microvascular ECs and also in several stromal cell types. Iris and retina both express
FKN mRNA. TNFo upregulated FKN in iris explants. All ocular microvascular ECs and
stromal cultures expressed low FKN mRNA and/or protein levels, which were variably
upregulated by endotoxin, TNFa, interferon-gamma, IL-1alpha, and/or CD40 ligand, but
not by IL-18. In ECs, the Th2 cytokines IL-4 and -13, but not IL-10, reduced TNFa.-
induced FKN protein. IL-17, usually considered pro-inflammatory, reduced TNFot-
induced FKN protein in ocular ECs.

CONCLUSIONS: FKN is expressed in various ocular tissues and cells. Inflammatory
mediator modulation of ocular FKN expression suggests that this adhesive chemokine
may play important roles in regulating leukocyte efflux in inflammatory eye diseases,
such as anterior uveitis and retinochoroiditis.

Reference:

Silverman, M.D., Zamora, D.O., Pan, Y., Texeira, P.V., Baek, S.H., Planck, S.R., and
Rosenbaum, J.T. “Constitutive and Inflammatory Mediator-Regulated Fractalkine
Expression in Human Ocular Tissues and Cultured Cells.” Invest Ophthalmol Vis Sci

2003; 44(4): 1608-1615.
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Appendix C

Susceptibility of Retinal Vascular Endothelium to Infection with Toxoplasma gondii
Tachyzoites

PURPOSE: Retinochoroiditis infection with the protozoan parasite Toxoplasma gondii is
the most common cause of posterior uveitis worldwide. Tachyzoites spread throughout
the body through the blood stream and lymphatics, but preferentially encyst in the eye
and other parts of the central nervous system (CNS). It s unknown whether T. gondii
penetrates the CNS selectively or whether these sites of immune privilege have limited
capacity to eradicate the parasite.

METHODS: Human vascular cell lines, including retinal (three lines from three different
donors), aortic, umbilical vein, and dermal microvascular endothelium, as well as human
foreskin fibroblasts, were grown to confluence in 24-well plates. Cells were incubated
with RH-strain 7. gondii tachyzoites in the presence of [°H]-uracil. Trichloroacetic acid-
insoluble radioactivity was measured as an index of 7. gondii proliferation, because
tachyzoites, but not human cells, incorporate uracil directly through pyrimidine salvage.

RESULTS: Tachyzoites showed higher [°H]-uracil incorporation after incubation with
retinal vascular ECs in comparison with aortic (55% more), umbilical vein (33% more)
and dermal (34% more) ECs. In eight separate assays, significantly greater radioactivity
was measured for tachyzoites cultured with retinal versus other cell subtypes (P < 0.05),
except for one assay in which differences reached only borderline significance (P <0.07).
In contrast, experiments comparing different retinal endothelial lines revealed no
difference between any pair. Growth of the tachyzoites was approximately 2.8-fold
higher in retinal endothelium than in foreskin fibroblasts, the cell subtype often used to
investigate processes of T. gondii infection.

CONCLUSIONS: Enhanced susceptibility of retinal vascular endothelium to infection by
T. gondii tachyzoites may explain, at least in part, preferential localization of 7. gondii to
the retina. Susceptibility may relate to preferential binding of tachyzoites to the retinal
vascular endothelial surface, relative ease of penetration into the cell, rate or replication
within the cell and/or cell response to infection.

Reference:

Smith, J.R., Franc, D.T., Carter, N.S., Zamora, D.O., Planck, S.R., Rosenbaum, J.T.
“Susceptibility of Retinal Vascular Endothelium to Infection with Toxoplasma gondii
Tachyzoites.” Invest Ophthalmol Vis Sci 2004; 45(4): 1157-1161.
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Appendix D

Toll-Like Receptor 4 and CD14 Expression in Human Ciliary Body and TLR-4 in
Human Iris ECs

We investigated the expression of the functional endotoxin receptor proteins Toll-like
receptor-4 and CD14 in human eyes. Toll-like receptor-4 and CD14 proteins were
detected by immunohistochemical analysis of sections of whole human eyes embedded in
paraffin with monoclonal antibodies against human toll-like receptor-4 (HTA-125),
human CD14 (RPA-M1), or as a control, an irrelevant mouse IgG1k (MOPC-21).
Incubation of explants with a neutralizing anti-toll-like receptor-4 monoclonal antibody
was used to determine if lipopolysaccharide stimulation of tumor necrosis factor or
interleukin-6 secretion was dependent on Toll-like receptor-4 activity. Reverse
transcription-polymerase chain reaction was used to detect mRNAs for toll-like receptor-
4, tumor necrosis factor-a, interleukin-1p, interleukin-6 and interleukin-8, 3 hours after
stimulation of cultured iris microvascular ECs. By immunohistochemistry, human ciliary
body non-pigmented epithelial cells showed strong expression of the endotoxin receptor
proteins, toll-like receptor-4 and CD14. Toll-like receptor-4 antibodies significantly
inhibited lipopolysaccharide-stimulated tumor necrosis factor secretion by the ciliary
body. Toll-like receptor-4 mRNA was constitutively expressed in iris ECs and slightly
down-regulated by endotoxin. mRNA levels for tumor necrosis factor-a, interleukin-1p,
interleukin-6 and interleukin-8 were all increased by endotoxin treatment. This is the
first report that shows intraocular (ciliary body and iris) expression of toll-like receptor-4,
other than in cornea. Our results show that the ciliary body also expresses CD14, which is
anatomically colocalized with toll-like receptor-4. This suggests a potential interaction
between both molecules during endotoxin activation of ciliary body cells. The
juxtaposition of toll-like receptor-4 and CD14 in the anterior uveal tract helps to explain
the sensitivity of the iris/ciliary body to bacterial endotoxin as seen in the standard animal
model of endotoxin-induced uveitis.

Reference:

Brito, B.E., Zamora, D.O., Bonnah, R.A., Pan, Y., Planck, S.R., and Rosenbaum, J.T.
“Toll-Like Receptor 4 and CD14 Expression in Human Ciliary Body and TLR-4 in
Human Iris Endothelial Cells.” Exp Eye Res 2004; 79: 203-8.
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Appendix E

B3-Adrenergic Receptors Mediate Choroidal EC Migration and Tube Formation
with No Effect on Cell Proliferation

PURPOSE: To determine the expression pattern and role of Bs-adrenergic receptor
signaling in human choroidal ECs in culture

METHODS: Human choroidal ECs were stained with antibodies to determine Bs-
adrenergic receptor expression using immunofluorescence. Choroidal ECs were
stimulated with BRL37344, a specific B;-adrenergic receptor agonist, and cell
proliferation, migration and cord formation were measured. Cell proliferation, migration,
and tube formation were also investigated in the presence of BRL37344 with pre-
treatment with inhibitors to the extracellular signal-regulated kinase (ERK1/2), Src, and
phosphatidylinositol-3-kinase (PI3K) cell signaling cascades.

RESULTS: Bs-adrenergic receptor expression was greater in choroidal ECs than in
mesenteric ECs. Stimulation of human choroidal ECs with BRL37344 produced a 203%
increase in cell migration relative to control values. Migration was inhibited by prior
administration of inhibitors to Src, PI3K, and Akt. Cord formation was increased by
300% in BRL37344-treated cells, and was blocked by pre-treatment with Src and PI3K
inhibitors. Proliferation was significantly increased following BRL37344, but not to the
extent of migration or cord formation.

CONCLUSIONS: These results demonstrate the presence of B;-adrenergic receptors in
choroidal ECs. These receptors mediate the three primary stages of angiogenesis in vitro
of cell proliferation, cell migration, and tube formation. Thus, modulation of ;-
adrenergic receptors may be a novel approach to address vascular growth noted in
choroidal neovascularization.

Reference:

Steinle, J.J., Zamora, D.O., Rosenbaum, J.T., and Granger, H.J. “B3-Adrenergic
Receptors Mediate Choroidal Endothelial Cell Migration and Tube Formation with No
Effect on Cell Proliferation.” (Manuscript In Preparation: To Be Submitted to Curr Eye
Res).
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