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Abstract

Retinal endothelial cells line the arborizing microvasculature that supplies and drains the neural
retina. The anatomical and physiological characteristics of these endothelial cells are consistent
with nutritional requirements and protection of a tissue critical to vision. On the one hand, the
endothelium must ensure the supply of oxygen and other nutrients to the metabolically active
retina, and allow access to circulating cells that maintain the vasculature or survey the retina for
the presence of potential pathogens. On the other hand, the endothelium contributes to the blood-
retinal barrier that protects the retina by excluding circulating molecular toxins, microorganisms,
and pro-inflammatory leukocytes. Features required to fulfill these functions may also predispose
to disease processes, such as retinal vascular leakage and neovascularization, and trafficking of
microbes and inflammatory cells. Thus, the retinal endothelial cell is a key participant in retinal
ischemic vasculopathies that include diabetic retinopathy and retinopathy of prematurity, and
retinal inflammation or infection, as occurs in posterior uveitis. Using gene expression and
proteomic profiling, it has been possible to explore the molecular phenotype of the human retinal
endothelial cell and contribute to understanding of the pathogenesis of these diseases. In addition
to providing support for the involvement of well-characterized endothelial molecules, profiling
has the power to identify new players in retinal pathologies. Findings may have implications for
the design of new biological therapies. Additional progress in this field is anticipated as other
technologies, including epigenetic profiling methods, whole transcriptome shotgun sequencing,
and metabolomics, are used to study the human retinal endothelial cell.
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1. Introduction

Diseases involving the retinal vasculature, including 2 ischemic vasculopathies (i.e., diabetic
retinopathy and retinopathy of prematurity) and various posterior forms of uveitis, are
important causes of blindness in both industrialized countries and developing nations.
Diabetic retinopathy affects approximately one-third of all persons who suffer from diabetes
mellitus (Kempen et al., 2004b), a disease that is expected to affect 300 million people
worldwide by 2025 (King et al., 1998). Retinopathy of prematurity accounts for up to one-
third of childhood blindness, particularly in countries with intermediate infant mortality
rates (Gilbert et al., 1997). Uveitis is a relatively uncommon disease, but due to an often
substantial impact on vision at a relatively earlier age, its socioeconomic impact is roughly
equivalent to that of diabetic retinopathy (Suttorp-Schulten and Rothova, 1996).

Retinal microvessels are complex structures, to which multiple cell populations contribute.
Microvascular dysfunction is associated with retinal ischemia and neovascularization in
diabetic retinopathy and retinopathy of prematurity, and leukocyte or microbial trafficking
and potentiation of retinal inflammation in posterior uveitis. In this review, we focus on the
critical participation of the retinal vascular endothelial cell in these pathological processes
and highlight elements of the endothelial molecular phenotype that may predispose the
retina to involvement in the stated diseases. We introduce our subject with a discussion of
relevant anatomy and physiology, as well as descriptions of the model systems that are used
to study the basic disease mechanisms.

2. Clinical significance of the retinal vascular diseases

2.1 Posterior uveitis

Inflammations that involve the intraocular tissues are termed uveitis. This large group of
diseases is classified anatomically into anterior uveitis (primarily involving the anterior
chamber), intermediate uveitis (primarily involving the vitreous), posterior uveitis (primarily
involving the retina or choroid), and panuveitis (involving the anterior chamber, vitreous,
and retina or choroid) (Bloch-Michel and Nussenblatt, 1987). Up to 10% of blindness in
Western nations has been attributed to uveitis (Nussenblatt, 1990; Suttorp-Schulten and
Rothova, 1996). In developing countries, the figure may be as high as 25% (London et al.,
2010). Although 3 United States population-based studies report different patterns of age-
stratified incidence, all show that more cases of uveitis begin during the working years than
at any other period in life (Darrell et al., 1962; Gritz and Wong, 2004; Suhler et al., 2008).
As a result, uveitis exacts an annual cost on society equivalent to that of diabetic retinopathy
(Suttorp-Schulten and Rothova, 1996). In particular, approximately 50% of individuals with
uveitis affecting the posterior segment of the eye suffer vision loss (Rothova et al., 1996).

Posterior uveitis is actually a diverse group of diseases with varied etiologies, including both
autoimmune and infectious entities (Rodriguez et al., 1996; Suhler et al., 2008).
Autoimmune uveitis may occur as part of a systemic inflammatory disease or be confined to
the eye. Isolated autoimmune uveitis may take the form of a specific ocular syndrome or, if
characteristic clinical features are not present, is often termed “idiopathic.” Large case series
of posterior uveitis from the United States (Rodriguez et al., 1996) and Germany (Jakob et
al., 2009) found that approximately 22% and 6% of cases were associated with systemic
diseases and approximately 15% and 25% of cases were due to specific ocular syndromes, in
the respective countries. In these same series, roughly 50% and 41% of cases were caused
by infections. In developing nations, the percentage of cases caused by infections is even
higher than in industrialized countries (London et al., 2010). Systemic inflammatory
diseases identified in the 2 series included sarcoidosis, Behcet’s disease, and multiple
sclerosis. Ocular syndromes identified in the 2 series included birdshot retinochoroidopathy
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and a number of other conditions characterized by multiple inflammatory lesions in the
retina and/or choroid, commonly grouped as the “white dot syndromes” (Quillen et al.,
2004). Although bacterial, viral and fungal infections were observed, by far the most
common infectious cause of posterior uveitis found in the United States and Germany was
ocular toxoplasmosis—infection of the retina with the parasite 7oxoplasma gondii—
accounting for one quarter of total cases of posterior uveitis in both studies. Clinical aspects
of ocular toxoplasmosis have been extensively described by Holland (Holland, 2003, 2004).

Management of uveitis depends on etiology. Since the 1950s, systemic corticosteroids have
been used as first-line treatment for patients with non-infectious posterior uveitis (Gordon,
1956). High-dose corticosteroid therapy is frequently effective, but the multitude of
metabolic side effects (Stanbury and Graham, 1998) necessitates the use of corticosteroid-
sparing agents for the long-term treatment most patients require. Immunosuppressive drugs,
including antimetabolites, T-cell inhibitors, and alkylating agents, are the most frequently
used corticosteroid-sparing agents (Jabs et al., 2000). Unfortunately, half of patients with
inflammatory eye disease who are treated with corticosteroid-sparing agents will eventually
stop treatment, primarily due to lack of efficacy or adverse effects (Baker et al., 2006). This
is an incentive for clinicians to consider recently developed biologic agents or locally
delivered corticosteroids for patients with posterior uveitis.

A biologic is defined as “a therapy based on a contemporary understanding of the disease
biology and usually produced by molecular (recombinant DNA or monoclonal) technology”
(James T. Rosenbaum, American Academy of Ophthalmology Annual Meeting, Uveitis
Subspecialty Day, 2005). Multiple publications describe the effectiveness of biologic agents
in patients with recalcitrant posterior uveitis, including drugs directed against lymphocyte
markers, tumor necrosis factor alpha, and interleukin-2 (Servat et al., 2012). On the other
hand, a number of these agents have been associated with serious systemic toxicities,
including potentially fatal infections and progressive multifocal leukoencephalopathy.
Locally administered corticosteroid therapy can avoid the complications of systemically
administered drugs. Local administration methods include periocular injection (Ferrante et
al., 2004), intravitreal injection (Kok et al., 2005) and, for extended delivery, implantation of
sustained release devices (Jaffe et al., 2006; Lowder et al., 2011). However, long-term
delivery of corticosteroids to the eye has its own hazards, including the potential to cause
visually significant cataract and elevated intraocular pressure requiring medical or surgical
interventions (Kempen et al., 2011; Pavesio et al., 2010).

Antimicrobial therapy is the primary treatment for infectious posterior uveitis, but a good
outcome with presently available agents is not guaranteed. For ocular toxoplasmosis in
particular, the literature lacks strong evidence for effectiveness of treatment for the acute
infection and none of the available drugs have proved capable of eradicating encysted
parasites from the human retina (Stanford et al., 2003). The rate of clinical recurrence is
estimated at 1 episode per 5 years (Holland et al., 2008). In addition, toxicity and
teratogenicity are important concerns for the standard antimicrobial treatments (Rothova,
1993).

2.2 Retinal ischemic vasculopathies

Diabetic retinopathy is an ischemic retinal vasculopathy that affects individuals who suffer
from diabetes mellitus. Retinopathy is routinely classified by clinical severity (Cheung et al.,
2010) as non-proliferative—or background—or proliferative. Both forms involve
microvascular lesions, but proliferative disease is distinguished by the presence of retinal
neovascularization. Clinically significant macular edema may complicate either form.
Diabetic retinopathy is the most common cause of blindness in young adults in Western
countries (Congdon et al., 2003), and prevalence is expected to increase in developing
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countries (Cheung et al., 2010). Statistics from the United States estimate that approximately
one-third of diabetic patients have eye involvement and one-third of these people have
vision-threatening retinopathy (i.e., preproliferative or proliferative retinopathy and/or
macular edema) (Kempen et al., 2004a).

Retinopathy of prematurity is an ischemic retinal vasculopathy that occurs as a complication
of premature birth. Retinal vascularization is incomplete prior to term, and therefore the
premature infant is born with retinas that are only partially vascularized. The disease is
staged according to vascular abnormalities that occur at the junction of vascularized and
avascularized retina (International Committee for the Classification of Retinopathy of
Prematurity, 2005). Retinopathy of prematurity causes up to 20% of childhood blindness in
countries with relatively high incomes and low infant mortality rates (i.e., less than 10 per
1000 live births) (Wheatley et al., 2002). However, rates as high as 33% have been recorded
in middle-income countries with intermediate infant mortality rates (i.e., 10-60 per 1000
live births) (Gilbert et al., 1997). Less common retinal ischemic vasculopathies include:
retinal vein occlusion, as may complicate glaucoma or systemic hypertension; sickle cell
retinopathy, which usually occurs in persons of African descent; and radiation retinopathy,
which may follow radiotherapy for ocular tumors.

For more than 20 years, the mainstay of treatment for retinal ischemic vasculopathy has
been the destruction of retina, including retinal pigment epithelium, by cryotherapy or
photocoagulation (Diabetic Retinopathy Study Research Group, 1981; Cryotherapy for
Retinopathy of Prematurity Cooperative Group, 1990; Early Treatment For Retinopathy Of
Prematurity Cooperative, 2003). While this therapy is effective, it may contribute to
structural complications, particularly if used to treat retinopathy of prematurity
(Hovakimyan and Cunningham, 2002; McLoone et al., 2006). Reductions in visual field,
color vision, and contrast sensitivity are also well documented in treated diabetic patients
(Fong et al., 2007). These disadvantages have provided incentives for investigators to
develop biological medical approaches to retinal ischemic vasculopathy.

Following recognition of the key role that VEGF plays in disease pathogenesis (Cheung et
al., 2010; Sapieha et al., 2010) and the success of VEGF antibody blockade in treating
neovascular age-related macular degeneration (Coleman et al., 2008), the potential
effectiveness of targeting VEGF in diabetic retinopathy and retinopathy of prematurity has
been explored. Clinical trials and case series indicate the approach might be of benefit
(Cheung et al., 2010; Micieli et al., 2009). However, there is potential for toxicity to retinal
neurons and glia, for which VEGF is a trophic factor (van Wijngaarden et al., 2005). Even
more concerning are reports of thromboembolism and extraocular hemorrhage related to the
effects of VEGF on non-ocular vascular beds following the exit of locally delivered anti-
VEGF antibody from the eye (Gillies and Wong, 2007; Ueta et al., 2009).

3. Anatomical and physiological considerations

3.1 Anatomy of the retinal microvasculature

The microvasculature that supplies and drains the inner retina is well described in the classic
anatomical text, Gray’s Anatomy (Standring, 2008). The central retinal artery derives from
the ophthalmic branch of the internal carotid artery, entering the optic nerve within the orbit
approximately 12 mm behind the globe and subsequently coursing through the lamina
cribrosa to access the retina. On the inner surface of the retina, superior and inferior
branches immediately give rise to temporal and nasal arcades, which supply the 4 quadrants
of the retina. Corresponding retinal veins drain these quadrants and meet at the optic nerve
head as the central retinal vein, which drains into the cavernous sinus both directly and via
the superior ophthalmic vein. The other intraocular circulations of the iris and choroid also
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derive from the ophthalmic artery, but via ciliary arteries, which branch off the main trunk
within the orbit subsequent to the central retinal artery.

Applying scanning electron microscopy to methacrylic methyl ester-injection/corrosion
ocular vascular casts of 80 human eyes has allowed detailed observations of the 3-
dimensional architecture of the retinal vascular network (Zhang, 1994). The retinal arteries
and veins lie in the nerve fiber and ganglion cell layers. Arteriolar branches give rise to
capillary networks, which exist in trilaminar form at the posterior pole. The layers include:
radial peripapillary capillaries in the inner nerve fiber layer, mostly in a “long chain”
pattern; an inner capillary plexus in the nerve fiber and ganglion cell layers; and a deep
capillary plexus in the inner plexiform layer and inner nuclear layer. These layers reduce to
2 at the equator and only 1 in the macula and far retinal periphery. The capillary networks
communicate via vertical “vascular bridges.” The macula contains a ring of terminal
capillaries surrounding a central zone 450 to 500 m in diameter, which appears avascular.
Vessels are also absent within 1 disc area of the ora serrata where another terminal
anastomosis exists. There are differences between the anatomy of the human retinal
microvasculature and that of other species (Zhang, 1994). A new microperfusion fixation
and immunostaining technique for processing retinal whole mounts, which are subsequently
imaged by confocal microscopy, results in impressive resolution and has permitted novel
observations relating to the human retinal microvasculature (Yu et al., 2010a; Yu et al.,
2010b). Most notably, in almost 1 in 5 normal human eyes, retinal capillaries are seen to
cross the fovea. This observation “may require a change in the concept of a completely
avascular fovea and may be relevant to many macular diseases” (Yu et al., 2010b).

3.2 Embryology of the retinal microvasculature

The development of the human retinal circulation in utero remains a subject of much
discussion, as exemplified in recent reviews by Fruttiger (Fruttiger, 2007) and Gariano
(Gariano, 2010). Studies using human fetal whole mounts and immunohistochemistry for
endothelial precursor markers suggest that in the human (Chan-Ling et al., 2004; Hasegawa
et al., 2008; Hughes et al., 2000; McLeod et al., 2006), as opposed to other species such as
the mouse (Fruttiger, 2002), retinal blood vessel formation begins at the level of the inner
capillary plexus and in the region of the optic nerve head. Growth is centripetal by a process
of vasculogenesis, which involves the development of rudimentary channels from
differentiation of vascular endothelial precursor cells within the tissue. This is followed by
expansion of the inner capillary plexus and the appearance of the deep capillary plexus and
peripapillary radial plexus, as well as the foveal region and temporal raphe. These latter
events occur by the process of angiogenesis, which refers to sprouting from existing
endothelial buds. The avascularity of the fovea remains an enigma, but recent findings by
the Provis laboratory are potentially highly relevant. These investigators find relatively high
expression of potent anti-angiogenic regulator, pigment epithelium-derived factor, and
repellent axonal guidance factors (which are likely to also affect endothelial cells) in the
macula (Kozulin et al., 2009b). These factors have been localized to the ganglion cell layer
in separate studies using macaque retinas (Kozulin et al., 2010; Kozulin et al., 2009a).
Another group (Gariano, 2010) presents indirect evidence of a role for lutein and other
macular pigments in foveal avascularity.

3.3 Physiology of the retinal circulation

There is disagreement in published literature regarding the presence of autonomic
innervation of the retinal vessels within the eye of humans and other species (Collin, 1966;
Hogan and Feeney, 1963; Lanigan et al., 1990; Menage et al., 1994). Whether such
innervation is present or absent, it is well accepted that blood flow within the retinal
circulation relies heavily on autoregulation. Recently the subject was reviewed
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comprehensively in this journal (Pournaras et al., 2008). Simplistically presented, perfusion
pressure and metabolic reactions act to influence the tone of retinal arterioles and capillaries,
to regulate retinal blood flow. Although not specifically studied, retinal endothelial cells are
likely to assist mural myocytes and pericytes in sensing and transducing mechanical forces.
The retinal endothelium is coated with a glycocalyx (Lawrenson et al., 2000), which has
been shown to function as a mechanical sensor and transducer in extra-ocular endothelia
(Tarbell and Ebong, 2008). Retinal vascular endothelium also has the ability to detect
chemical perturbations, including hypoxia and hypercapnia, and the metabolite, lactose
(Pournaras et al., 2008). The endothelium communicates a need for retinal vasodilation or
vasoconstriction, by production of molecular mediators that include nitric oxide, arachidonic
acid metabolites, and endothelin-1 (Pournaras et al., 2008).

3.4 Microanatomy of the retinal endothelial cell

As a general rule, endothelial cells have flattened cytoplasm (except in the area where the
nucleus bulges), abundant mitochondria and ribosomes, and pinocytotic vesicles that are
more prominent in arterial forms (Rhodin, 1967, 1968). Distinguishing features of
endothelial cells of the retinal circulation in particular are a lack of fenestrations and the
presence of specialized “zonula occludens” intercellular junctions, which form stable and
extremely tight unions with neighboring cells (Hogan et al., 1971). These characteristics
contribute in large part to the blood-retinal barrier, which in health excludes circulating
solutes from the retina (Cunha-Vaz, 1979). In contrast, choroidal endothelial cells have
fenestrations with bridging diaphragms (Hogan et al., 1971). Within the retina, endothelial
form varies markedly with vessel order. Studies of the retinal vasculature in human and
porcine eyes reveal elongation of arteriolar endothelial cells that is most marked at the start
of the tree in comparison to the more polygonal shape of venular cells (Yu et al., 2010b; Yu
et al., 1997). This difference may relate to changes in blood flow and resulting local shear
stress along the vascular tree, and is reflected in a differential abundance and structure of F-
actin microfilaments—or stress fibers—in different retinal endothelial subpopulations.
Interestingly, however, these differences do not apply in the macular region, suggesting
“special features of macular hemodynamics” (Yu et al., 2010a).

3.5 Microenvironment of the retinal endothelial cell

Although the focus of our research and this review is the retinal endothelial cell, the cell
does not function in isolation. On the contrary, interactions with vascular mural cells,
neurons, and glial cells are critical for normal retinal endothelial cell functioning, and also
contribute to the development of retinal vascular diseases. The intimate relationship between
retinal endothelial cells and pericytes was recognized in the 1970s (Matsusaka, 1975), with
pericytes embedded within the endothelial basement membrane seen to be making formal
adhesive junctions with the endothelial cells. In this position, pericytes regulate multiple
aspects of retinal endothelial behavior, including survival and proliferation (Benjamin et al.,
1998; Darland et al., 2003). Loss of pericytes adversely impacts retinal endothelial cell
function early in the development of diabetic retinopathy, as reviewed (Motiejunaite and
Kazlauskas, 2008). Other work has drawn attention to the close relationships between retinal
vessels, and astrocytes and Muller cells, as well as retinal neurons (Yu et al., 2010b). The
functional importance of the interactions of retinal endothelial cells with these neighboring
cells is well exemplified by the essential role of astrocytes in endothelial cell guidance in
vascular patterning during retinal development (Dorrell and Friedlander, 2006) and the
ability of retinal ganglion cells, reacting to local levels of the metabolite succinate by
production of VEGF, to control retinal angiogenesis in health and disease (Sapieha et al.,
2008).

Prog Retin Eye Res. Author manuscript; available in PMC 2014 January 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Bharadwaj et al.

Page 7

3.6 Angiogenesis in the retina

Retinal angiogenesis is part of normal vascular development and a key component of retinal
neovascularization in ischemic vasculopathy. In both situations, retinal hypoxia stimulates
the synthesis of endothelial growth factors by various retinal cells. Vascular endothelial
growth factor (VEGF) was the first angiogenic factor identified in retinal ischemic
vasculopathy (Aiello et al., 1994) and almost simultaneously in retinal vascular development
(Stone et al., 1995), and while other hypoxia-induced and hypoxia-independent factors have
since been identified, it is clear that VEGF—or VEGFA—plays a critical role in normal and
pathological angiogenesis (Cheung et al., 2010; Sapieha et al., 2010).

Angiogenesis involves specialization of endothelial cells into “tip cells” and “stalk cells”
(Ferrara, 2004; Gerhardt, 2008). The migrating tip cells extend filipodia in association with
astrocyte processes. Behind each tip cell, stalk cells proliferate to grow the endothelial
sprout that initiates vessel formation. VEGF acts via at least 2 receptors, VEGFR-1 and
VEGFR-2, to direct endothelial tip cell migration and stalk cell proliferation. Remarkable
work from the Gerhardt group (Jakobsson et al., 2010), using computational modeling and
in vitro and in vivo genetic mosaic sprouting assays, shows that endothelial cells compete to
become tip cells and that competition is controlled by the balance of VEGFR-1 and
VEGFR-2 between a cell and its neighbors. Lower relative VEGFR-1 increases, and lower
VEGFR-2 decreases, the likelihood of being a tip cell, as signaled through the Notch system
by variation in the level of delta-like ligand 4. Recently, 2 publications have separately
implicated retinal microglia in endothelial tip cell anastomosis, which promotes the
arborization of vascular networks (Fantin et al., 2010; Rymo et al., 2011). Interestingly, this
effect appears to be independent of VEGF.

4. Molecular Phenotype of the Retinal Endothelial Cell

4.1 Molecular heterogeneity of vascular endothelial cells

4.2 Isolation

Vascular endothelial cell heterogeneity refers to the variations in structure and function that
differentiate endothelial cell subtypes across the body (Aird, 2006). Of particular interest in
translational medical research are the molecular distinctions between these populations, as
differences provide insights into disease pathogenesis and are potential targets for specific
therapies. Profiling of the vascular endothelium by gene expression microarray, in
particular, confirms the existence of heterogeneity between endothelial cells from different
tissues, for large vessel versus microvascular endothelial cells, and for arterial versus venous
endothelial cells (Chi et al., 2003b). Our research has been directed at defining the unique
molecular phenotype of the human retinal endothelial cells, by transcriptomic and proteomic
profiling. When we commenced this work, earlier studies on the responses of human retinal
versus umbilical vein endothelial cells, and bovine retinal versus brain endothelial cells, to
highly concentrated glucose had already suggested specific molecular features of the retinal
endothelial cell that might have implications for retinal ischemic vasculopathy in diabetes
mellitus (Grammas and Riden, 2003; Rymaszewski et al., 1992). Other pertinent studies
have showed differential expression of angiogenic proteins and receptors by bovine retinal
and choroidal endothelial cells in response to hypoxia (Brylla et al., 2003), and differential
impact of nerve growth factor on the angiogenic properties of human retinal and choroidal
endothelial cells (Steinle and Granger, 2003).

and culture of human ocular vascular endothelial cells

We have investigated the profile of the retinal endothelial cell at transcript and protein
levels, with the goal of increasing understanding of this cell’s involvement in retinal
vascular pathology. Since our interest is human disease, we have preferred to study retinal
endothelial cells from human eyes, as opposed to eyes of experimental animals. Although
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the molecular phenotypes of vascular endothelial cells from humans and other species have
not been systematically compared, groups working in various areas of vascular endothelial
cell pathobiology have observed differences that are likely to impact disease mechanisms
(Autar et al., 2011; Choo et al., 1997; Kalsi et al., 1999; Pan et al., 1998; Smolenski et al.,
2006). Gene expression may vary considerably between individuals. To address this
concern, we took retinal endothelial cells and the comparison cell population from the same
human eyes. We selected the choroidal endothelial cell as the control cell for several
reasons. Like the retinal endothelial cell, it is microvascular. Since the choroid lies
immediately adjacent to the retina, these cells’ microenvironments are as similar as possible,
and the choroidal and retinal circulations derive from the same artery. Importantly, the
choroidal vasculature is not primarily involved ischemic retinal vasculopathy or the most
common forms of posterior uveitis, as reported in large clinical series (Jakob et al., 2009;
Rodriguez et al., 1996).

Human cadaver globes provide the source of primary ocular endothelial cells. In our
experience, optimal yields are obtained if donors are younger than 50 at the time of death,
have no history of vascular disease, and have been deceased for less than 24 hours at the
start of the isolation procedure. We use paired globes to prepare each endothelial cell isolate.
Following careful dissection of retina and choroid from the globe, and manual removal of
the retinal pigment epithelium and pigmented choroidal cells from the choroid, the tissues
are digested with graded solutions of type 11 collagenase (beginning as high as 3 mg/ml) and
dispase (beginning as high as 0.3 mg/ml). Concentrations depend on the density of the
tissue, which is affected by factors including donor age, presence of vascular disease, and
time since death. Digestion of the tissue is facilitated by initial trituration, centrifugation to
separate cells and debris after enzymatic treatment, and final passage through a 40-pm filter.

Primary ocular endothelial cell isolates are cultured in MCDB-131 medium with endothelial
growth factors (EGM-2 SingleQuots supplement, omitting gentamicin, hydrocortisone, and
serum; Lonza Clonetics, St. Louis, MO) and up to 10% fetal bovine serum (with pH strictly
maintained at 7.2) until approximately 1 million endothelial cells are present, which may
take more than a week for retinal endothelial cells. At this point, Dynabeads (Invitrogen
Dynal AS, Oslo, Norway), pre-coated with murine anti-human CD31 antibody (BD
Biosciences Pharmingen, San Diego, CA), are used to purify the endothelial cells.
Separations may be repeated multiple times to ensure maximum yield. Several rounds of
magnetic bead purification and subsequent culture may be needed to obtain endothelial
cultures that are no less than 99% pure. Choroidal cultures, in particular, are initially heavily
contaminated with stromal cells, which must be removed. While flow cytometric sorting is
another potential approach to purification, in our hands this results in lower numbers of cells
and inferior purity of the cultures.

4.3 Transcriptome of the human retinal endothelial cell

We initiated studies of the molecular phenotype of the human retinal vascular endothelial
cell with gene expression profiling, using oligonucleotide arrays that included probes
designed to detect 8746 well-characterized human transcripts (Smith et al., 2007). Retinal
and control choroidal samples from 6 human donors were studied and replicates were
included for majority. In addition to non-stimulated cells, cells exposed to Toxoplasma
gondii and lipopolysaccharide—a commonly utilized inflammatory stimulus that is capable
of inducing posterior uveitis in rodents (Ruiz-Moreno et al., 1992)—were also studied.
Statistical assessment included normalization procedures developed for oligonucleotide
expression arrays (Irizarry et al., 2003; Li and Wong, 2001; Tusher et al., 2001),
significance analysis of microarrays (SAM) with the false-discovery rate set at 5% (Tusher
et al., 2001), and gene ontology annotation using the United States National Institutes of
Health Database for Annotation, Visualization and Integrated Discovery (DAVID).
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One notable observation from this work was the demonstration that although gene
expression differed between samples from different donors, and between stimulated and
non-stimulated cells from the same donor, the most obvious difference in gene expression
was between retinal and choroidal endothelial cells. This finding was clear evidence of the
existence of vascular endothelial diversity even within the eye, and of a unique molecular
phenotype of the retinal endothelial cell. By SAM, 779 transcripts (8.9%) were differentially
expressed by retinal endothelial cells compared to choroidal endothelial cells, including 330
transcripts (3.8%) that were relatively highly expressed. Another important finding came
from the gene ontology annotation, which showed that retinal endothelial cells expressed
relatively high levels of transcripts involved in the immune response, including cell adhesion
molecules, cytokines, chemokines, receptors, and enzymes involved in synthesizing
inflammatory proteins. This finding was consistent with the known role of retinal blood
vessels in leukocyte trafficking and regulation of inflammation in uveitis. Retinal
endothelial cells also expressed relatively high levels of certain transcripts involved in
response to stress, cell proliferation and adhesion, suggesting the possibility of a unique
reaction to ischemia and specific regulation of neovascularization.

In considering the results of this work, we speculated that differential gene expression
reflected differences in the interactions of transcription factors and respective c/s-regulatory
motifs(s) in human retinal and control choroidal endothelial cells. Taking an /n silico
approach, we used TRANSFAC Professional v11.4 (BIOBASE, Wolfenbuettel, Germany)
and CisModule (Zhou and Wong, 2004) to identify cis-regulatory motifs in promoter
sequences of genes that were differentially expressed by the 2 endothelial subpopulations
(Choi et al., 2008). Motifs corresponding to 5 transcription factors were significantly more
abundant in genes that were relatively highly expressed in retinal endothelial cells (i.e.,
glucocorticoid receptor, GCCR; high mobility group AT-hook 1, HMGAZ1,; heat shock
transcription factor 1, HSF1; p53, vitamin D receptor, VDR). As discussed in our
publication (Choi et al., 2008), there is ample evidence that all 5 transcription factors
regulate cellular processes involved in the growth of new vessels, including cell proliferation
and migration and endothelial monolayer integrity, as well as effects on apoptotic pathways.

These same transcription factors have also been implicated in inflammatory disease. GCCR
levels drop in the retina in endotoxin-induced uveitis, an effect which is reversed by
exogenous corticosteroid, suggesting an immunomodulatory function (Zhao et al., 2011).
Calcitriol (1,25-dihydroxyvitamin D3), which acts via VDR, can prevent or limit
experimental autoimmune uveoretinitis by preventing Th17 responses in particular (Tang et
al., 2009). Although not studied in relation to uveitis, HMGAL and HSF1 have both been
implicated in systemic inflammatory responses. Inhibition of HMGAL binding to the
promoters of inducible nitric oxide synthase and P-selectin increases survival and reduces
lung and liver inflammation in murine endotoxemia (Baron et al., 2010; Grant et al., 2009).
Genetic HSF1 deficiency promotes inflammation in a murine model of inflammatory bowel
disease, a systemic disease that is associated with uveitis (Tanaka et al., 2007). p53 is a
master tumor suppressor transcription factor, but also acts to reciprocally down-regulate
activity of NF-xb, which is a central transcription factor in inflammation (Gudkov et al.,
2011).

Our gene expression microarray study reinforced an important consideration for designing
similar experiments (Smith et al., 2007). Global gene expression patterns of retinal
endothelial cell isolates were examined graphically by multi-dimensional scaling (MDS).
The MDS plot simplifies a data set such that differences between samples can be viewed as
2- or 3-dimensional distances; points representing samples with similar gene expression are
clustered, and those representing divergent profiles are far apart. From the MDS plot
presented in Figure 1A, it is obvious that retinal endothelial cells from different donors have
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distinct gene expression profiles. We separately examined the expression levels of E-
selectin, intercellular adhesion molecule (ICAM)-1, vascular cell adhesion molecule
(VCAM)-1, CD44, and CX3CL1, and found that different retinal endothelial cell isolates
expressed different levels of these adhesion molecules (Figure 1B). Research is often based
on cells derived from a single human donor, but these data show the importance of studying
multiple donors when investigating the molecular profile of an endothelial cell population.

Recently an independent group published a transcriptomic profiling study, also comparing
cultured primary human retinal and choroidal endothelial cells (Browning et al., 2012), but
having some methodological differences from our study. Gene expression of ocular
endothelial cells, isolated from retina, choroid, and iris of 3 human donors, was profiled
using oligonucleotide arrays. Human umbilical vein endothelial cells from 3 additional
donors were also studied. A similar percentage of transcripts differed significantly between
the retinal and choroidal endothelial cells in both this study (i.e., 8.4%) and our study (i.e.,
8.9%). RNA was extracted when endothelial cells were 80% confluent and therefore
actively proliferating, which has obvious relevance to angiogenesis. Differential expression
of genes related to cell cycle, DNA replication, cell morphology, cell-to-cell interactions,
cell movement, and gene expression were highlighted. Interestingly, transcriptomes of iris
and choroidal endothelial cells differed less than 1%; although the authors did not speculate
on this reason for this finding, it might reflect the shared uveal location of the respective
vascular beds. As expected, differences were noted in the transcriptomes of retinal and
umbilical vein endothelial cells, leading the authors to conclude that the latter “are probably
not a suitable surrogate for the study of ocular ... disorders”.

4.4 Proteome of the human retinal endothelial cell

After we identified significant differences in the transcriptome of human vascular
endothelial cells of retinal versus choroidal origin, the logical next step was to compare the
proteomes of these 2 endothelial cell subsets. We combined 2-dimensional difference gel
electrophoresis (2D-DIGE) and tandem mass spectrometry to do this. Cultured retinal and
choroidal endothelial cells from 5 human donors were separately lysed by treatment with 40
mM Tris-2% SDS buffer extraction, followed by sonication. The samples were then
acetone-precipitated and labeled with Cy5 or Cy3 dyes. Isoelectrofocusing of the pooled
protein samples was done with pH 47 gradient strips and a Protean IEF Cell (Bio-Rad
Laboratories, Hercules, CA). Second-dimension separation employed 12% SDS-
polyacrylamide gels. Gels were scanned using the DIGE-enabled Typhoon 9400 imager (GE
Healthcare, Piscataway, NJ). Fluorescence intensities were analyzed by Phoretix 2D
Evolution v2005 (Nonlinear Dynamics, Durham, NC). Logs signal intensities were
normalized across the gels by matching medians to remove dye biases. Proteins that were
differentially abundant in at least 4 of 5 donors were identified by SAM with the FDR set at
5%, as also employed in our gene expression microarray study.

Of 2514 protein spots detected on 2D-DIGE, 123 spots qualified for analysis; 20 spots were
more abundant in retinal endothelial cell samples and 11 were more abundant in choroidal
endothelial cell samples. These 31 protein spots were excised from gels and digested with
trypsin. Peptides were separated by reverse-phase chromatography, and 17 proteins
(including 11 more abundant in retina cells and 6 more abundant in choroid cells) were
identified by tandem mass spectrometry with a LTQ linear ion trap (Thermo Finnigan, San
Jose, CA). Eleven proteins more abundant in retinal endothelial cells included proteins
implicated in inflammation (i.e., calreticulin, peroxiredoxin-4, protein disulfide isomerase,
serpinB9, coactosin-like protein, vimentin, cathepsin B, annexin A3) and angiogenesis (i.e.,
calreticulin, peroxiredoxin-4, protein disulfide isomerase, vimentin, cathepsin B, annexin
A3).
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The data indicated that differences existed in the protein composition of human retinal and
choroidal vascular endothelium. However, only a small number of differentially expressed
proteins were identified. Several obstacles limit the yield by this method (Corthals et al.,
2000; Santoni et al., 2000). Proteins with extreme isoelectric points or molecular weights go
undetected in a single gel. Low abundance proteins may be missed due to the limited range
of available stains. Membrane proteins are poorly solubilized in the aqueous buffers required
for iso-electric separation and thus are also largely undetected; this is a particular concern
for our investigation of the retinal endothelial proteome because cell surface proteins are an
important aspect of an endothelial cell’s signature. We recently turned to shotgun
proteomics to establish a comprehensive list of retinal endothelial proteins.

Shotgun proteomics—*the direct and rapid analysis of the entire protein complement within
a complex protein mixture” (Wu and MacCoss, 2002)—combines a gel-free approach to
protein separation termed multidimensional protein identification technology (MudPIT) with
tandem mass spectrometry (MS/MS) and sophisticated software for rapid spectrum
matching. In MudPIT, digested protein is separated by 2-dimensional liquid chromatography
(2D-LC) and fed directly into the mass spectrometer (Link et al., 1999). Various methods
exist for measuring relative protein abundance in 2D-LC-MS/MS. The most straightforward
method is spectral counting. Within a complex sample, higher abundance proteins produce
more peptides, and consequently, a larger number of mass spectra. The number of mass
spectra assigned to a protein is directly related to abundance in the sample (Liu et al., 2004).

We conducted a pilot study to evaluate the value of MudPIT in profiling the human retinal
endothelial cell. Following standard isolation from 1 donor, retinal endothelial cells were
lysed by sonication. Whole protein extracts were solubilized in 8M urea, reduced/alkylated,
and digested with trypsin following dilution of urea to a 2M concentration. The digest was
analyzed by 2D-LC-MS/MS, using the LTQ linear ion trap. This yielded approximately
400,000 MS/MS spectra. The data set was analyzed by Sequest software v27 rev12 (Thermo
Finnigan) to identity peptides, and the numbers of spectra matching individual proteins were
tabulated using the program, Scaffold (Proteome Software, Portland, OR). Only high (i.e.,
greater than 0.99) confidence proteins that could be identified by 2 or more unique peptides
were included, resulting in the identification of 2457 proteins (Table 1). This result
illustrates the superiority of the shotgun approach for protein identification in human retinal
endothelial cells. A study comparing the retinal and choroidal endothelial proteomes of
multiple donors by this method is ongoing in our laboratory.

4.5 Immortalization of human retinal endothelial cells

While the human retinal endothelial cell is the ideal cell for investigating its role in retinal
vascular diseases, only limited numbers of cells can be isolated from paired human globes.
In our hands, the maximum number is approximately 12 million cells, which is insufficient
for follow-up studies of interesting molecules identified by molecular profiling. For this
reason, we investigated the possibility of obtaining large numbers of retinal endothelial
cells, without compromising the cell phenotype, by immortalizing the cells using
LXSN16E6E7 (generously provided by Denise A. Galloway, PhD, Fred Hutchinson Cancer
Institute, Seattle, WA). This murine amphotropic retroviral construct encodes the E6 and E7
oncogenes of human papilloma virus 16 and a gene conferring G418 antibiotic resistance
(Halbert et al., 1991).

Actively proliferating retinal endothelial cells were exposed for 24 hours to LXSN16E6E7
harvested from PA317 packaging cells, with 5 mg/ml hexadimethrine bromide in some
cases, and subsequently cultured in the presence of G418 antibiotic for a minimum of 4
days. Attempted immortalization of retinal endothelial cells from 11 donors was successful
in 4 (36%), defined on the basis of growth to greater than 6 passages with 1:3 or greater split
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at passage. Reasons for failure included low growth rate and overgrowth of non-endothelial
cells. Phenotype of the endothelial cells was retained following immortalization, as
demonstrated by cobblestone morphology, expression of CD31 and von Willebrand factor
(VWEF), and capillary-like tube formation on Matrigel (BD Biosciences Discovery Labware,
Franklin Lakes, NJ) (Figure 2). Although the success rate of this procedure, per our
definition, was less than 50%, when successful, the procedure provided substantial numbers
of endothelial cells for use in multiple studies. Human choroidal endothelial cells may be
similarly immortalized.

4.6 Supervillin: aretinal endothelial protein identified by molecular profiling

Molecular profiling has the potential to identify many novel proteins with potential
relevance to retinal vascular diseases. We illustrate this by presenting work on supervillin,
which was detected with relatively high expression in retinal endothelial cells by
transcriptomic profiling (Smith et al., 2007). Although originally described in 1997
(Pestonjamasp et al., 1997), at the time of writing, there are only 21 research publications
that relate to supervillin. The presence and role(s) of supervillin in endothelium have never
been investigated.

Supervillin is a 205 kDa member of the gelsolin superfamily of actin-binding proteins
(Silacci et al., 2004). A muscle-specific isoform, termed archvillin, is a closely related 250
KDa protein (Oh et al., 2003). Supervillin contains 6 gelsolin-related repeating units, plus an
actin-binding domain/nuclear localization signal (Archer et al., 2004). This protein is
expressed in human and mouse, and the structure is well conserved across species (Oh et al.,
2003; Pope et al., 1998). Expression is widespread, but varies considerably between tissues;
supervillin is expressed at very low levels in neural tissue (Pope et al., 1998). As well as
actin, supervillin binds myosin and filamin (Chen et al., 2003), and has been implicated in
cytoarchitecture at the plasma membrane and within the nucleus (Pestonjamasp et al., 1997;
Wulfkuhle et al., 1999). Supervillin promotes disassembly of cell-substrate focal adhesions,
inhibits cell spreading, and promotes invadopodial function (Crowley et al., 2009; Liu et al.,
2011; Takizawa et al., 2007; Takizawa et al., 2006). In addition, studies in HeLa cells
indicate that supervillin promotes cell motility (Fang et al., 2010). Although the gelsolin
family proteins control actin organization, various members have other unrelated functions
in cell processes, from controlling apoptosis to regulating phagocytosis (Silacci et al., 2004).
Nonetheless, a role for supervillin in endothelial cell function has not yet been investigated,
although CapG, another gelsolin family protein, is known to promote endothelial cell
motility (Pellieux et al., 2003).

We independently confirmed expression of supervillin in primary human retinal endothelial
cells by RT-PCR and western blot of total RNA and protein lysate, respectively, for 5 of 6
donors (Fig. 3A and 3B). One donor either did not produce supervillin or expressed it at a
level undetectable by western blot. Reports of supervillin involvement in cell motility
suggested a potential role in retinal vessel formation, which we studied using the
immortalized human retinal endothelial cells. We observed upregulation of supervillin when
endothelial cells were stimulated with human VEGF for up to 24 hours (Fig. 3C). We used
the CyQuant NF Cell Proliferation Assay (Life Technologies, Molecular Probes, Eugene,
OR), in which cellular DNA is tagged for quantification by fluorescent microplate reader, to
examine supervillin’s involvement in cell proliferation, which is a key component of vessel
growth. In separate experiments using endothelial isolates derived from 2 human donors,
supervillin-targeted siRNA knockdown resulted in significantly less proliferation than non-
targeted siRNA (Fig. 3D). In both experiments and shown for 1 donor (Fig. 3E), western
blot of protein extracts from siRNA-treated endothelial cells confirmed knockdown by the
targeted siRNA by 48 hours after transfection. These findings, taken with our previous
observation of high relative expression of supervillin by human retinal endothelial cells,
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suggest the hypothesis that supervillin may specifically regulate growth of retinal blood
vessels and make it an excellent candidate for further study in relation to the pathogenesis of
neovascularization in the retinal ischemic vasculopathies.

5. Autoimmune posterior uveitis

5.1 In vivo models

Experimental autoimmune uveoretinitis (EAU) is the standard in vivo model of human
autoimmune uveitis. The model was first described in the 1960s as “experimental allergic
uveitis” in guinea pigs immunized with homologous retina emulsified in complete Freund’s
adjuvant (Wacker and Lipton, 1965). Work conducted mainly at the National Eye Institute
in the 1980s (e.g. (Caspi et al., 1988; Gery et al., 1986)) led to the development of models in
genetically susceptible inbred mice and rats, and today these species are almost invariably
used for studies of EAU. Inflammation is induced by a variety of different protocols, but
frequently common is the use of bovine interphotoreceptor retinoid binding protein as the
uveitogenic antigen. While uveitis affects both anterior and posterior segments of the eye in
mouse EAU, the inflammation is based posteriorly and therefore this is appropriately viewed
as a model of autoimmune posterior uveitis. Inflamed eyes demonstrate findings that include
retinal vasculitis, retinitis and serous retinal detachments, subretinal neovascularization,
choroiditis and vitritis (Caspi et al., 1988). Late in the course of the inflammation, retinal
neovascular membranes develop (Chen et al., 2012).

The ocular leukocytic infiltrate is heterogeneous in EAU, including lymphocyte subsets,
macrophages and neutrophils; resident cells, such as perivascular macrophages, microglia
and retinal pigment epithelium also participate in the inflammation (Kerr et al., 2008).
Different subpopulations of CD4+ helper T cell may initiate EAU, including Th1 cells and
Th17 cells (Luger and Caspi, 2008; Nussenblatt, 1991). Th1 cells differentiate from naive
CDA4+ T cells when interleukin (IL)-12 activates STAT-4 and T-bet, and their signature
cytokine is interferon-gamma (IFN-y). Th17 cells differentiate under the control of RORyt
and are characterized by synthesis of IL-17—or IL-17A—as well as other inflammatory
cytokines (i.e., IL-17F, IL-6, IL-21, IL-22 and tumor necrosis factor [TNF]-a.). A relatively
small, but persistent, subset of helper T cells produce IL-17 and IFN-y, and have been
designated Th17/Th1 cells (Shi et al., 2008). A landmark study from the Caspi group (Luger
et al., 2008) shows that the effector response in EAU—Th1 or Th17—depends on the mode
and the environment of antigen presentation. Once EAU is initiated, macrophages play a
major role in the ensuing retinal damage, as convincingly demonstrated by the Dick
laboratory (Copland et al., 2007).

To uncover pathogenic mechanisms, the effect of relevant manipulations of the immune
system on the severity of EAU is determined. Traditionally, severity of EAU is measured by
standard histopathology on tissue sections, usually scoring both cellular infiltration and
structural damage to the retina (Dick et al., 1994). More recently, dissection of retinal whole
mounts has been combined with intravital or immunohistochemical staining of retinal cells
and molecules, which is often imaged by confocal microscopy (Xu et al., 2003a). Various
imaging systems provide a means for studying disease severity in vivo. Until recently,
fundus imaging in the mouse was not commonly performed due to limited availability and
cost of equipment. Five years ago, topical endoscopic imaging (TEFI) was first described.
This simple, inexpensive system involves applanation to the mouse cornea of a human tele-
otoscope, which is attached to a digital single-lens reflex camera and illuminated with a
xenon lamp (Paques et al., 2007). Several groups have used TEFI successfully to image the
posterior eye EAU (Copland et al., 2008; Xu et al., 2008), and a severity grading has been
developed that describes disease according to retinal infiltrates, optic disc inflammation,
retinal vasculitis and structural damage (Xu et al., 2008). TEFI may be adapted for
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fluorescein angiographic imaging of retinal vessels. Optical coherence tomography has been
applied to imaging retinal microstructure in mice with EAU (Oh et al., 2011). Scanning laser
confocal microscopy allows imaging of individual leukocyte interactions with the retinal
vessel wall following administration of appropriate intravital dyes (Parnaby-Price et al.,
1998a; Xu et al., 2002).

5.2 In vitro models

While most studies of retinal endothelial involvement in autoimmune posterior uveitis have
been conducted with animal models, some standard immunological methods are readily
adapted for the investigation of retinal endothelial properties during inflammation. Simple
experiments for evaluation of leukocyte-retinal endothelial cell interactions and retinal
endothelial responses to inflammatory molecules may be conducted using confluent cultured
cells. Various flow chambers may be used to simulate blood flow across cell monolayers.
The Boyden chamber, which is divided into upper and lower chambers by a filter (Boyden,
1962), may be used to study retinal endothelial transmigration of leukocytes when the filter
is coated with basement membrane substitute and seeded with endothelial cells.

The Woodruff-Stamper binding assay is helpful to address the concern of phenotypic drift
by cultured endothelial cells. Originally this assay was developed to examine the interaction
between lymphocytes and the endothelium of high endothelial venules in peripheral lymph
nodes (Stamper and Woodruff, 1977). In that setting, a suspension of lymphocytes is
overlaid onto cryostat-cut sections of unfixed lymph node, with agitation designed to
simulate blood flow. The assay has been modified by replacing lymph node with retina, for
observation of leukocyte binding to retinal vascular endothelium (Hill et al., 1997). As well
as demonstrating the affinity of a particular vessel for any given cell population, this assay
makes it possible to study molecules that potentially mediate an interaction, using specific
blocking antibodies.

5.3 Role of retinal endothelium in autoimmune posterior uveitis

Early work on EAU in the Lewis rat suggested important roles for the retinal endothelium in
the development of autoimmune posterior uveitis. Immunohistochemical examination of
eyes enucleated at the onset of EAU revealed expression of activation markers, class 11
antigen and fibronectin, on retinal endothelium, which stressed “the importance of the local
vasculature in the development of the immune response” (Fujikawa et al., 1987a). By
electron microscopy, endothelial cells in retinal venules showed morphologic changes
coinciding with maximum tissue inflammation (McMenamin et al., 1992). The changes,
which were described as “high endothelial venule-ness”, included increased numbers of
cytoplasmic organelles, and increased thickness and irregularity, with deep intercellular
clefts that contained lymphocytes and monocytes. These findings implied an essential
participation of the retinal endothelium in leukocyte trafficking into the retina in posterior
uveitis.

5.4 Leukocyte trafficking across retinal endothelium

Experiments applying scanning laser ophthalmoscopy and confocal microscopy to rat EAU
have demonstrated that leukocytes migrate into the posterior segment of the eye via the
retinal microvasculature (Parnaby-Price et al., 1998b). T cells also traffic across these
vessels in small numbers to conduct immune surveillance of this region (Xu et al., 2003b).
The experimental findings in EAU are supported by clinical observations in patients
suffering from autoimmune posterior uveitis, who show frequent involvement of the retinal
vessels (Sanders and Graham, 1988). One notable difference between human uveitis and
EAU is that patients with different forms of posterior uveitis may have involvement of
retinal arteries and/or retinal veins, whereas in EAU, leukocyte migration occurs primarily at
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the level of the post-capillary venule (Xu et al., 2003a). A series of intravital and
postmortem observations made in mouse EAU indicate that trafficking of leukocytes across
the retinal endothelium requires 3 sets of conditions: up-regulation of adhesive proteins by
the endothelium; priming of circulating leukocytes; and conducive hydrodynamic force
within the retinal vasculature (Xu et al., 2003a; Xu et al., 2004a).

Leukocytes cross the endothelium by moving either between (paracellular) or through
(transcellular) endothelial cells (Engelhardt and Wolburg, 2004). Transcellular migration is
considered the rule for organs with extremely tight endothelial junctions, such as the brain
(Garrido-Urbani et al., 2008). During transcellular migration, lymphocytic projections or
‘podosomes’ extend into endothelial ‘podoprints’, ultimately creating a transcellular pore
(Carman et al., 2007). Electron microscopic studies show that in retina, where endothelial
cells are connected by very tight junctions, leukocytes move transcellularly (Greenwood et
al., 1994; McMenamin et al., 1992). However, a thorough immunohistochemical
examination of retinal whole mounts from mice with EAU (Xu et al., 2005) reveals that
leukocyte adhesion to and transmigration across the endothelium triggers disruption and loss
of the junctional protein, occludin-1, and astrocyte disensheathment of the affected vessel.
The changes occur only in retinal venules and spare other vessels despite close anatomical
proximity. In light of these observations, one cannot discount the possibility of paracellular
movement of leukocytes through the retinal endothelium in posterior uveitis.

Regardless of the route of transmigration, circulating leukocytes access any tissue as a result
of complex molecular interactions with the local vascular endothelium. Chemokines control
leukocyte movement through the endothelium, and adhesion molecules tether leukocytes to
the endothelium (Ley et al., 2007). Although different leukocyte populations interact
similarly with the vascular endothelium, the relative importance of specific adhesion
molecules and chemokines appears to vary between the subsets. This is an area of active
research in relation to both uveitis and extra-ocular inflammatory diseases.

5.4.1 Adhesion molecules—While the field of leukocyte extravasation continues to
progress at fast pace, the literature contains excellent reviews that summarize the molecular
events involved in leukocyte migration in general (Chavakis et al., 2009; Ley et al., 2007;
Nourshargh et al., 2010) and across the retinal endothelium (Crane and Liversidge, 2008).
Families of adhesion molecules that have been studied in relation to posterior uveitis in
particular, include the selectins and members of the immunoglobulin superfamily. Selectins
on endothelial cells (i.e., P-selectin; CD62P, E-selectin; CD62E) and leukocytes (i.e., L-
selectin; CD62L) tether leukocytes to the endothelium via carbohydrate ligands (e.g., P-
selectin glycoprotein ligand (PSGL)-1; CD162). This binding readily dissociates, and
leukocytes begin to roll along the endothelial surface at low velocity. Chemokines on the
endothelial surface activate integrins, resulting in arrest and firm adhesion of leukocytes.
Well-described adhesive interactions occur between leukocyte function associated antigen-1
(LFA-1; CD11a/CD18) and very late antigen 4 (VLA-4; CD49d/CD29) on leukocytes, and
ICAM-1 (CD54) and VCAM-1 (CD106) on endothelial cells, respectively. Gene expression
profiling shows that human retinal endothelial cells constitutively express relatively high
levels of ICAM-1, VCAM-1 and E-selectin (Smith et al., 2007), which might predispose the
retina to inflammation if leukocyte activation status and shear stress were conducive.

Increased expression of P- and E-selectin on retinal venules is observed in tissue whole-
mounts one day prior to leukocyte extravasation in mouse EAU (Xu et al., 2003a). Using the
same model, but with adoptive transfer of CD4+ T cells polarized in vitro, a role for these
selectins in EAU was confirmed (Xu et al., 2004b). Exposure to antibody directed against P-
selectin glycoprotein ligand 1 inhibited rolling and infiltration of Th1-polarized, but not
Th2-polarized, cells. Endotoxin-induced uveitis is a rodent model that is widely employed to
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study anterior uveitis, but retinal involvement is also reported (Ruiz-Moreno et al., 1992).
Consistent with the observations made in EAU, in rats injected systemically with
lipopolysaccharide, cellular infiltration of the posterior segment was reduced by treatment
with the antibodies directed against E- and P-selectin (Suzuma et al., 1998a). Participation
of CD44 in posterior uveitis is also described. T cells and endothelium express this
transmembrane glycoprotein, which binds L-selectin and E-selectin, and may bind itself via
a hyaluronan bridge (Bonder et al., 2006; Dimitroff et al., 2001a; Dimitroff et al., 2001b).
Retinal venules demonstrate increased CD44 expression during initiation of EAU in mice
(Xu et al., 2004b). The importance of this finding was revealed with the adoptive transfer
model (Xu et al., 2004b). Anti-CD44 antibody inhibited rolling and infiltration of CD4+ T
cells, and the effect was most apparent for Th1-polarized cells.

Paralleling the changes in expression of E- and P-selectin during mouse EAU, ICAM-1 is
detected early and on retinal venules, where leukocytes extravasate (Xu et al., 2003a). In
contrast, VCAM-1 is expressed after the onset of leukocyte extravasation and occurs mainly
in the retinal arterioles. The timing of ICAM-1 versus VCAM-1 expression is consistent
with in vitro observations from an independent laboratory working in the rat (Greenwood et
al., 1995). Migration of rat CD4+ T cells across a non-activated retinal endothelial
monolayer in vitro was blocked by anti-ICAM-1, but not anti-VCAM-1, antibody. Yet, after
endothelial activation by IL-1p, anti-VCAM-1 antibody inhibited migration. Several groups
have demonstrated the inhibitory effect of targeting the ICAM-1/LFA-1 interaction in
murine EAU (Uchio et al., 1994; Whitcup et al., 1993; Xu et al., 2003a). One study showed
that this blockade targeted Th1-polarized cells in preference to Th2-polarized cells (Xu et
al., 2004b). We observed that anti-ICAM-1 antibody did not inhibit rat experimental
melanin-induced uveitis, a T cell-mediated inflammation affecting primarily the anterior
uvea (Smith et al., 2000). In other words, ICAM-1 appears to play a more important role in
posterior uveitis. A peptide inhibitor of VLA-4, termed a4-api, has been used to ameliorate
mouse EAU, implicating VCAM-1/VLA-4 interactions in leukocyte extravasation (Martin et
al., 2005).

Translational research using human cells or tissues supports a role for adhesion molecules in
the development of autoimmune posterior uveitis. By immunohistochemistry, E-selectin and
ICAM-1 were detected on retinal endothelium of cadaver eyes with no history of disease
(Duguid et al., 1992). In an independent report, ICAM-1 was detected on endothelial cells in
the posterior segment of eyes from 6 patients with uveitis, but not 7 normal eyes (Whitcup et
al., 1992). Another paper described expression of E-selectin, ICAM-1, VCAM-1, and CD44
to be significantly increased in an eye with acute sympathetic ophthalmia, in comparison to
an eye in the late, fibrotic stage and several normal eyes (Kuppner et al., 1993). Elevated
serum levels of soluble adhesion molecules (i.e., P-selectin, E-selectin and ICAM-1) have
been measured in patients with different forms of posterior uveitis, including primary retinal
vasculitis, Behcet’s disease, sarcoidosis and idiopathic disease (Arocker-Mettinger et al.,
1992; Aydintug et al., 1995; Haznedaroglu et al., 2000; Lee et al., 2007a; Sari et al., 2005;
Zaman et al., 1994). Serum levels of ICAM-1 and VCAM-1 drop in patients with Behcet’s
disease after immunosuppressive treatment (Verity et al., 1998). In one functional study,
antibodies directed against the LFA-1 subunit, CD18, or VLA-4 subunit, CD29,
significantly inhibited binding of peripheral blood lymphocytes to retinal endothelium in a
modified Woodruff-Stamper assay (Hill et al., 1997). In other work, anti-ICAM-1 antibody
reduced adhesion of human CD4+ T cells to a human retinal endothelial cell line by up to
50% (Liversidge et al., 1990).

Gene expression profiling in our laboratory using oligonucleotide arrays has showed that

expression of E-selectin, ICAM-1, and VCAM-1 increases significantly in retinal
endothelial cells after a 4-hour incubation with the general inflammatory stimulus,
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lipopolysaccharide (Smith et al., 2007). To follow-up on this result, we used real-time
quantitative RT-PCR to investigate the effect of several pro-inflammatory cytokines on the
retinal endothelial cell expression of adhesion molecules implicated in posterior uveitis:
tumor necrosis factor (TNF)-a, which is a master cytokine, and interferon (IFN)-y and
interleukin (IL)-17, which are prototype Thl and Th17 cytokines, respectively (Figure 4). In
comparison to unstimulated cells, immortalized human retinal endothelial cells treated for 4
hours with TNF-a showed a significant increase in the expression of ICAM-1, VCAM-1,
and E-selectin. A similarly timed exposure to IFN-y significantly up-regulated ICAM-1
expression and trended to increased VCAM-1 expression (p = 0.055), while exposure to
IL-17 significantly up-regulated E-selectin expression. We also examined the expression of
P-selectin and CD44 and found that none of the selected cytokines significantly altered
transcript levels in human retinal endothelial cells, with the exception of IL-17, which
induced a modest increase in P-selectin expression.

5.4.2 Chemokines—Chemokines are a large family of low molecular weight cytokines
with multiple chemoattractant activities. These functions include directing chemokine
receptor-bearing leukocytes along a concentration gradient towards a site of inflammation,
which may involve crossing an endothelium (Rot and von Andrian, 2004). Endothelial cells
synthesize an array of chemokines that are expressed on the luminal surface in association
with glycosaminoglycans or atypical chemokine receptors; additionally, they trancystose
chemokine produced by neighboring non-endothelial cells and similarly express the
cytokines (Middleton et al., 2002; Ulvmar et al., 2011). Chemokines also contribute to
leukocyte migration by interacting with G protein-coupled chemokine receptors on the
endothelial cell surface, activating integrins, and promoting firm adhesion between
leukocytes and endothelium, as discussed above. We have reported that human retinal
endothelial cells constitutively express relatively high levels of multiple chemokines,
including CCL2, CXCL1, CXCL2, CXCL3, CXCL6, CXCL8, CXCL10, CXCL11, and
CX3CL1 (Smith et al., 2007). This spectrum of chemokines sets up the endothelium to
attract a spectrum of leukocytes, including T cells, B cells, NK cells, monocytes, dendritic
cells, and neutrophils. Experiments conducted in mouse EAU indicate the participation of
retinal endothelial cell chemokines, including CCL2, CCL3, and CXCL10. Applying
immunohistochemistry to ocular cross-sections from mice in the early phase of EAU, one
group demonstrated expression of CXCL10 on retinal endothelium (Keino et al., 2003), and
a second group independently reported expression of CCL3 and CCL2 on retinal
endothelium (Crane et al., 2001). Treatment with anti-CCL3 antibody significantly reduced
the inflammatory and structural EAU scores, and leukocytes demonstrated faster velocity,
lower rolling efficiency, and less tissue infiltration, in comparison to mice treated with
irrelevant antibody (Crane et al., 2001). CCL5 has been detected in inflamed eyes, but in
association with T cells, not vascular endothelium (Crane et al., 2001), and consistent with
this, CCR5-knock-out mice and mice treated with anti-CCR5 antibody exhibit alterations in
T cell emigration into the eye. (Crane et al., 2006; Takeuchi et al., 2005).

Several published studies using cultured human retinal endothelial cells implicate multiple
endothelial chemokines in the development of retinal inflammation, covering a broad range
of leukocyte specificities and including CCL2, CCL3, and CXCL10. In one report,
stimulation of human retinal endothelial cells with the combination of master cytokines,
TNF-a and IL-1B, increased levels of all tested chemokines (i.e., CCL2, CCL3, CCL4,
CCL5, CXCL1, CXCLS5, and CXCL8), according to ELISA (Crane et al., 2000). Another
publication focused on CX3CL1—also known as fractalkine—which is a unique protein that
functions as an adhesion molecule in its membrane-anchored form and a chemokine when
cleaved (Silverman et al., 2003). Immunostaining of human ocular tissue confirmed
constitutive expression of CX3CL1 on retinal endothelium. Per ELICA, cultured human
retinal endothelial cells up-regulated the chemokine on exposure to TNF-a., IFN-y, and
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CD40 ligand, but not 1L-13 or IL-17, and down-regulated it in response to I1L-4.
Involvement of this chemokine in uveitis may depend on species, since mice without
functional CX3CR1 develop EAU of equivalent severity to that observed in wild-type
animals (Kezic and McMenamin, 2010). In our microarray profiling study, stimulating
human retinal endothelial cells with lipopolysaccharide increased gene transcripts of CCL2,
CCL8, CCL20, CXCL1, CXCL2, CXCL6, CXCL18, CXCL10, and CX3CL1 (Smith etal.,
2007). We were interested to know the effects of TNF-a., IFN-vy, and IL-17 on expression of
CXCL10 or CCL20, which specifically attract Th1 or Th17 cells, respectively (Sallusto et
al., 1998; Singh et al., 2008), and approached this with real-time quantitative RT-PCR.
When immortalized human retinal endothelial cells were stimulated for 4 hours with TNF-a.,
levels of both CXCL10 and CCL20 transcript increased significantly. As expected, the Thl
cytokine, IFN-v, significantly increased expression of CXCL10 alone, but surprisingly,
stimulation with IL-17 did not impact expression of CCL20 significantly (Figure 5).

5.5 Effects of retinal endothelium on the inflammatory response

In posterior uveitis, retinal endothelial cells respond to a variety of molecular signals, but
they also produce molecules that may influence the course of the inflammation, including
certain membrane-bound proteins, enzymes and cytokines. Cytokines have long been
recognized as important molecular mediators of uveitis (Wakefield and Lloyd, 1992).
Interleukin-1p and TNF-a are master cytokines with multiple pro-inflammatory activities
that are clearly involved in autoimmune posterior uveitis and its animal model. Patients with
posterior uveitis may exhibit elevated intraocular levels of TNF-a and IL-B (Ahn et al.,
2006; Franks et al., 1992; Kuiper et al., 2011), and polymorphisms in the genes encoding
these cytokines predispose to Behcet’s disease, which commonly manifests as posterior
uveitis (Du et al., 2009). Therapies that inhibit the activity of TNF-a have become standard
in the management of recalcitrant uveitis involving the posterior segment of the eye
(Sfikakis, 2010), and there is recent interest in targeting IL-p for treatment of the disease
(Gul et al., 2012). Consistent with the human experience, intravitreal injection of TNF-a or
IL-B in rabbits induces retinal perivascular inflammation and breakdown of the blood-retinal
barrier (Luna et al., 1997). Both TNF-a and IL-p are expressed at significantly elevated
levels in eyes of mice with active EAU (Hashida et al., 2005), and severity of the
inflammation is significantly reduced by intervention that lowers the levels of these
cytokines (Kitamei et al., 2006).

Human retinal endothelial cells produce TNF-a and IL-B, as well as IL-6, which may be
secreted in response to the 2 master cytokines (Smith et al., 2007; Tezel et al., 2001). IL-6 is
a pleiotropic cytokine that induces the differentiation and/or activation of various leukocyte
subsets (Kishimoto et al., 1995). In our microarray study, human retinal endothelial cells
constitutively expressed relatively high levels of IL-6 transcript, and increased this
expression almost 20-fold following a brief exposure to lipopolysaccharide (Smith et al.,
2007). Expression of pro-inflammatory cytokines by these cells appears to be modulated,
since lipopolysaccharide also induced up-regulation of suppressor of cytokine signaling
(SOCS)1 (Smith et al., 2007), which down-regulates pro-inflammatory cytokine signaling
(Krebs and Hilton, 2001). SOCSL1 is highly induced in the retina at the onset of peak of
inflammation (Takase et al., 2005), and SOCSL transgenic rats or mice develop relatively
mild EAU by clinical and standard histopathological assessment, with reduced expansion
and retinal immigration of CD4+ T cells producing IFN-y or IL-17 (Yu et al., 2011).

Human retinal endothelial cells also are capable of immunomodulation through the
production of IFN-B when the innate immune toll-like receptor 3 is activated, as might occur
in retinal vasculitis (Lee et al., 2007b). Following the pioneering work by Koetter and
Zierhut, it has become clear that Type | IFNs, including IFN-a and IFN-f, may be highly
effective anti-inflammatory agents in various forms of severe uveitis, particularly that due to
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Behcet’s disease (Becker et al., 2005; Bodaghi et al., 2007; Deuter et al., 2010). Elevated
levels of Type 1 interferons have been detected in the serum of patients with different forms
of retinal vasculitis (Kotter et al., 2005; Lee et al., 2007b). Studies in rodents suggest these
cytokines effect inhibition of uveitis though the reduced production of pro-inflammatory
cytokines by cell populations that include CD4+ T cells (Okada et al., 1998a; Okada et al.,
1998b; Sun et al., 2011).

Enzymes synthesized by retinal endothelial cells include members of the matrix
metalloproteinase (MMP) family (Smith et al., 2007). These zinc-dependent endopeptidases
have multiple activities in health and disease, the most studied of which is degradation of
various components of the extracellular matrix (McCawley and Matrisian, 2001). As one
example, leukocytes use MMPs to enable them to transmigrate the endothelial basement
membrane and access target tissue during inflammation. The activity of MMPs is regulated
by a family of promiscuous tissue inhibitor of metalloproteinases (TIMPs) that also are
synthesized by endothelial cells (Smith et al., 2007).

Early evidence that MMPs were involved in the development of posterior uveitis came from
an interventional study in rat EAU with BB-1101, which is a broad-spectrum MMP inhibitor
(Wallace et al., 1999). Incidence and clinical severity of inflammation were significantly
reduced, and retina was protected per histological examination. Subsequent work revealed
similar anti-inflammatory activity of a selective MMP-2/MMP-9 small peptide inhibitor in
mouse EAU (EI-Shabrawi et al., 2004). High levels of MMP-2 and MMP-9 have been
measured in ocular fluids taken from patients with different forms of uveitis (EI-Shabrawi et
al., 2000), and both MMPs have been detected in human and bovine retinal endothelial cells
by RT-PCR (Behzadian et al., 2001; Li et al., 2010). Studies using bovine cells show
MMP-2 and MMP-9 probably contribute to breakdown of the blood-retinal barrier in
posterior uveitis; purified MMP-2 or MMP-9 increases the permeability of simulated bovine
retinal endothelium in a transwell system and effects degradation of junctional occludin
(Behzadian et al., 2001; Giebel et al., 2005). Work from our group (Smith et al., 2007) and
others (Li et al., 2010) with human retinal endothelial cells suggests roles for additional
MMPs and TIMPs in posterior uveitis, including MMP-3, MMP-10, MMP-12, MMP-14,
and TIMP1, but additional investigation is required before conclusions can be drawn.

From multiple studies conducted in rodent EAU, backed by research using diseased human
eyes, an important role for oxidative stress in posterior uveitis has been recognized (Nguyen
and Rao, 2011; Rao, 1990). A key player is nitric oxide, which is produced from arginine
and oxygen through the action of inducible nitric oxide synthase (NOS2) or constitutively
expressed neuronal (NOS1) and endothelial (NOS3) forms (Lowenstein et al., 1994).
Although NOS is not essential for EAU to be manifest, inhibition of the enzyme reduces
inflammation in and protects the structure of the retina (Liversidge et al., 2002; Silver et al.,
1999; Thillaye-Goldenberg et al., 2000). Immunohistochemistry was used to show NOS2
expression in the retina of eyes from 8 patients with sympathetic ophthalmia, which is a
form of uveitis that follows sensitization to retinal antigens (Parikh et al., 2008). Ahead of
leukocyte infiltration in rodent EAU, photoreceptors demonstrate NOS?2 activity (Rajendram
et al., 2007), and subsequently, infiltrating macrophages and resident microglia are major
producers (Broderick et al., 2002; Zhang et al., 1999). Retinal endothelium may be a
supplementary source of NOS in posterior uveitis. Our shotgun proteomic profiling confirms
human retinal endothelial cell expression of NOS3, as well as eNOS interacting protein,
which regulates enzymatic activity. Research conducted with bovine cells shows that
endothelial cells express NOS2 when stimulated with TNF-a and/or IFN-y (Chakravarthy et
al., 1995). Other enzymes provide protection against oxidative stress, such as superoxide
dismutase (SOD), which converts superoxide to hydrogen peroxide, and is up-regulated
early in mouse EAU (Saraswathy and Rao, 2009). Our gene expression array profiling
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detected high levels of SOD2 in human retinal endothelial cells, with significant increase
following stimulation with lipopolysaccharide (Smith et al., 2007).

Vascular endothelium, including that in retina, does not constitutively express Class Il
antigen and thus cannot be considered a professional antigen-presenting cell. However,
expression of Class 11 antigen by Lewis rat retinal endothelial cells is induced during EAU
and in culture, leading to speculation of a potential capacity to present antigen to T cells
non-professionally (Fujikawa et al., 1987b; Fujikawa et al., 1989). While it is unclear what
might occur in vivo, subconfluent rat retinal endothelial cells support retinal antigen-induced
T cell proliferation that is potentiated by IFN-y (Wang et al., 1995). Retinal endothelium
also may impact the activation of the infiltrating monocytes that are responsible for much of
the damage to local tissue during posterior uveitis. Involvement of CD200 and receptor,
CD200R, in this process has been thoroughly investigated in the Dick laboratory (Dick et
al., 2003). CD200 is a member of the immunoglobulin superfamily that is expressed on
vascular endothelium and neurons within human and rodent retina (Dick et al., 2001).
CD200R is expressed on cells of myeloid derivation. Agonist CD200R antibody inhibited
IFN-y-induced production of nitric oxide and IL-6 by mouse bone marrow-derived
macrophages (Copland et al., 2007). Consistent with this observation, retinas of CD200
gene-deficient mice exhibited relatively high NOS2 activity early in EAU, and experienced
earlier onset and greater severity of inflammation, with prominent apoptosis of ganglion
cells and photoreceptors (Broderick et al., 2002). Parallel studies in rats with EAU treated
with anti-CD200R antibody yielded similar results (Banerjee and Dick, 2004).

6. Infectious posterior uveitis

6.1 Interaction of the retinal endothelium with infectious pathogens

As highlighted in several editorials and dedicated issues of 7hrombosis and Haemostasis
(Herwald, 2007; Schnittler and Preissner, 2009; Schnittler and Preissner, 2005), it is only
recently that the critical involvement of the vascular endothelium in limiting the access of
infectious pathogens to body sites, and the mechanisms by which disease microbes target the
endothelium, have been recognized. Mechanisms involve invading or transmigrating host
endothelial cells, as well as impacting host cell machinery that may support or inhibit
replication of the microbe, or modulate the immune response. Some pathogens utilize a
leukocyte taxi to move across an endothelial barrier; this mechanism is considered
particularly important in infections of the central nervous system (CNS) because of the
presence of the blood-brain barrier. Most endogenous ocular infections that present as
posterior uveitis are acquired following systemic infection, and therefore require that the
retinal endothelium be breached by the responsible micro-organism. The most common
infectious posterior uveitis is caused by Toxoplasma gondii.

6.2 Ocular toxoplasmosis

7. gondiiis an obligate intracellular protozoan parasite with an “apical complex,” placing it
in phylum Apicomplexan (Black and Boothroyd, 2000). The complex, which defines the
anterior end of the parasite, contains specialized secretory granules known as micronemes
and rhoptries that are critical for host cell invasion. 7. gondiiexists in 3 forms: (1) an
oocyst, which is produced by sexual reproduction and, after maturation, contains a small
number of highly infectious sporozoites; (2) a tachyzoite, the form that characterizes an
active infection; and (3) a tissue cyst, which contains multiple relatively dormant
bradyzoites (Dubey et al., 1998). Although sexual reproduction takes place only in the
intestine of the feline primary host, all other mammals and birds may act as secondary hosts
for 7. gondii. Most humans are infected following oral ingestion of cysts in pork and lamb,
or oocysts released into the environment in the feces of infected cats (Montoya and
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Liesenfeld, 2004). In a minority of cases, tachyzoites cross the placenta from a newly
infected pregnant woman to her unborn child.

After ingestion by a human host and conversion to the tachyzoite form within the intestinal
epithelium, 7. gondii disseminates throughout the body primarily via the blood stream and
lymphatics (Roberts and McLeod, 1999). Tachyzoites proliferate to high numbers within
cells of target organs, and lyse cells on egress (Black and Boothroyd, 2000). Although the
parasite infects all nucleated cells, in the human host, the infection persists in retina, brain,
and muscle. The reasons for the CNS localization of 7. gondii are poorly understood, but it
is hypothesized that either: (1) the mechanisms responsible for immune privilege promote
persistence of the parasite; or (2) tachyzoite entry into the CNS is facilitated (Montoya and
Remington, 1997). Certainly immunomodulatory cytokines expressed in the retina promote
tachyzoite proliferation (Nagineni et al., 2002). Studies from our group have explored the
interaction between 7. gondiiand the human retinal endothelial cells.

It seems very possible that retinal endothelium is exposed to free 7. gondii tachyzoites
following infection, since circulating tachyzoites have been detected in the blood of
immunocompetent patients (Silveira et al., 2011). We have addressed the possibility that
tachyzoites might exhibit specific tropism for retinal endothelial cells by comparing
infection in different subtypes of endothelial cells, including retinal endothelial cells, in
simple infectivity assays (Smith et al., 2004). Intracellular growth of RH strain 7. gondii
tachyzoites was measured by uptake of 3H-uracil in cell cultures, since parasites, but not
mammalian endothelial cells, incorporate uracil directly through pyrimidine salvage. Results
of these studies showed that tachyzoites proliferated more rapidly within human retinal
endothelial cells than aortic, human umbilical, and dermal endothelial cells. New work from
our group suggests that, in addition to the possibility of entering the retina by infecting
endothelial cells, 7. gondiitachyzoites may also gain access to the tissue by a different
interaction with the retinal vascular endothelium. Using the Boyden chamber assay, we have
demonstrated that tachyzoites are capable of transmigrating simulated human retinal
endothelium, without significant disruption of the endothelium (Furtado et al., 2012).

Infection or transmigration are initiated by molecular attachment of the 7. gondii tachyzoite
to the host cell. Tachyzoites bind vascular endothelium in intact human retina under flow
conditions (Chipps et al., 2006), and the binding-invasion step occurs relatively quickly for
human retinal endothelial cells (Zamora et al., 2008). Sulfated proteoglycans have been
implicated as host receptors on non-endothelial cells (Carruthers et al., 2000; Monteiro et al.,
1998; Ortega-Barria and Boothroyd, 1999). In this respect, results of our gene expression
microarray study might be relevant, showing that human retinal endothelial cells express
relatively high levels of multiple sulfotransferases. These include carbohydrate
sulfotransferases 1, 2, 11, and 12, N-deacetylase/N-sulfotransferases 1 and 2,
sulfotransferase 1B1, and tyrosylprotein sulfotransferase 1 (Smith et al., 2007). High levels
of these enzymes may confer high retinal endothelial surface expression of sulfated
proteoglycans, which would promote tachyzoite adhesion. Other potential host receptors for
T. gondii tachyzoites that are expressed at high levels by human retinal endothelial cells, per
our transcriptomic profiling study, include integrin av and ICAM-1. Tachyzoites bind
laminin (Furtado et al., 1992), as does endothelial integrin av when complexed with integrin
B3 (Kramer et al., 1990); a laminin bridge is used by the tachyzoites to attach to human
fibroblasts (Furtado et al., 1992). Our work using the Boyden chamber assay reveals that
ICAM-1, but not VCAM-1, blockade significantly inhibits 7. gondiitachyzoite migration
across simulated human retinal vascular endothelium (Furtado et al., 2012). This is
consistent with work conducted previously in the Sibley laboratory, showing ICAM-1 binds
tachyzoite micronemal protein, MIC2, and facilitates migration across simulated human
intestinal epithelium (Barragan et al., 2005).
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Infection of retinal endothelial cells with 7. gondiiresults in expression of various
molecules that participate in the immune response. We used gene expression microarray
profiling to study the response of human retinal endothelial cells to infection with 7. gondii
tachyzoites. The 62 transcripts that were up-regulated 4 hours following exposure included
ICAM-1 and VCAM-1. These cell adhesion molecules are used by lymphocytes, dendritic
cells, monocytes, and innate immune cells that are expected to react to a retinal infection. It
is possible that this up-regulation also promotes migration of infected leukocytes across
retinal endothelium; these cells have been shown to traffic tachyzoites across the blood-
brain barrier (Courret et al., 2006; Lambert et al., 2006). Also upregulated were CCL2,
CXCL2, and CCL38, which could attract a wide variety of innate and adaptive immune cells
to a site of infection. Finally, we noted up-regulation of IL-6, which has the ability to
proliferate and activate T cells and differentiate B cells. Retinal endothelial cells might also
regulate the reactive inflammation in ocular toxoplasmosis, since the nuclear factor of kappa
light polypeptide gene enhancer in B-cells inhibitor, alpha (IKBA), was also found to be up-
regulated. Results from an independent group’s investigation of the response of rat retinal
endothelial cells to infection are very consistent with our own observations (Knight et al.,
2005). At 2 hours post-infection, these cells up-regulate chemokines, CCL2, CCL4, CCL5,
CXCL1, and CX3CL1, and adhesion molecule, ICAM-1.

6.3 Endogenous endophthalmitis

Our observations of 7. gondiitachyzoite interactions with the retinal endothelium leads to
questions about how other systematically contracted infectious agents might move into the
retina. Endogenous bacterial endophthalmitis is an uncommon, but eye-threatening infection
characterized by diffuse intraocular inflammation that is acquired via the retinal circulation
(Jackson et al., 2003). Listeria monocytogenes is one of the most common Gram-positive
organisms recovered from eyes with endogenous bacterial endophthalmitis, and Escherichia
coli isa common Gram-negative pathogen in this disease (Jackson et al., 2003). Endogenous
endophthalmitis may also result from fungal infection, most commonly with the yeast
Candida albicans (Chhablani, 2011). Although the route of bacterial or fungal migration
from the bloodstream to the retina has not been studied, interactions between L.
monocytogenes, E. coli, and C. albicans with non-ocular endothelial subpopulations have
been investigated.

L. monocytogenes crosses the blood-brain barrier to cause meningitis. Infectivity studies in
human brain vascular endothelial cells show bacterial invasion, intracellular replication, and
spread to adjacent cells, leaving the endothelium intact (Greiffenberg et al., 1998). At least 2
bacterial proteins mediate host cell surface recognition, invasion, or both: internalin A,
recognizing host epithelial (E)-cadherin; and internalin B, recognizing hepatocyte growth
factor receptor, Met (Bonazzi et al., 2009). However, the studies implicating E-cadherin
have been conducted in non-endothelial cell populations (Bonazzi et al., 2009), and whether
Met-internalin B interactions account for brain tropism is undetermined. One group
(Greiffenberg et al., 1998) observed no difference in invasion of human brain endothelial
cells when internalin A was deleted from L. monocytogenes, but significantly reduced
invasion when internalin B was deleted. On the other hand, an independent group (Wilson
and Drevets, 1998) observed no difference in binding or invasion of these cells by internalin
A-deleted, internalin B-deleted and doubled deleted L. monocytogenes mutants. While the
non-observation of a protein in a proteomics experiment does not discount its presence on a
cell in vivo, our pilot MudPIT analysis of cultured human retinal endothelial cells did not
identify either E-cadherin or Met in these cells.

Similar to our finding of 7. gondiitachyzoite trophism for human retinal endothelial cells,
human vascular endothelial invasion by £. coliis specific to brain endothelial cells and is
not observed for other endothelial subpopulations, including umbilical vein and aortic

Prog Retin Eye Res. Author manuscript; available in PMC 2014 January 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Bharadwaj et al.

Page 23

endothelial cells (Kim, 2000). £. coli rrafficking is a complicated process involving multiple
host-bacterial interactions (Kim, 2003). Some identified bacterial-human brain endothelial
ligands that specifically mediate binding and invasion include OmpA with gp96 homolog
(Prasadarao et al., 2003), IbeA with vimentin (Zou et al., 2006), and cytotoxic necotizing
factor 1 with 67 kDa laminin receptor (Kim et al., 2005a). According to our shotgun
proteomics analysis, human retinal endothelial cells express each of these ligands. Although
tested in human umbilical vein cells, an interesting twist on this observation is that FadA
adhesion of Fusobacterium nucleatum, which is an oral commensal, binds vascular
endothelial (VE)-cadherin (Fardini et al., 2011). As expected for an endothelial junctional
protein, we find VE-cadherin in human retinal endothelial cells, although not differentially
expressed. Binding translocates VE-cadherin from junctional complexes, and this is
associated with increased permeability of the endothelium and increased transmigration of
E. coli as evaluated by transwell migration assay. In other words, F. nucleatum, which could
readily be introduced into the blood stream during tooth brushing, may enable £. coli
passage across endothelium.

In a flow chamber, using immortalized microvascular endothelial monolayers to simulate
the vascular wall, different forms of C. albicans bind readily when shear stress is matched to
that in capillaries and postcapillary venules (Grubb et al., 2009). Using a transwell system
populated with human brain endothelial cells on collagen, transendothelial migration occurs
without loss of monolayer integrity, and by transmission electron microscopy, it is possible
to observe the fungus in intracellular vacuoles without disruption to the cell (Jong et al.,
2001). Studies of human umbilical vein cells indicate that endothelial N (neural)-cadherin
may coordinate endocytosis of C. albicans (Phan et al., 2005). By affinity purification, with
subsequent protein sequencing and confirmatory immunblotting and immunostaining,
neuronal (N)-cadherin was identified as a C. albicans hyphal binding protein. However,
when blockade by siRNA almost completely silenced N-cadherin, endocytosis was only
reduced by approximately 30%, suggesting the involvement of other ligands. Indirect
evidence suggests the possible involvement of av integrin in fungal adhesion. Human
umbilical vein endothelial avp3 binds vitronectin when presented in clustered form (Zanetti
etal., 1994), and C. albicans germ tubes bind vitronectin (Santoni et al., 2001). Thus it is
possible that clusters of vitronectin on the fungus provide a molecular connection to the
vascular endothelium. These observations of a role for av integrin and N-cadherin in C.
albicans-endothelial binding are particularly interesting in light of the relatively high levels
of expression of these 2 molecules by human retinal endothelial cells, per our gene
expression microarray analysis (Smith et al., 2007).

6.4 Viral infections of the retina

A number of systemically acquired viruses infect the human retina, and these presumably
reach this tissue via the hematogenous route. On the other hand, studies of viral infection of
the retinal vascular endothelium are scant. Cytomegalovirus (CMV) is a herpesvirus that
infects most persons across the globe, and causes clinically significant retinal infections in
the context of immune compromise. CMV retinitis develops in 20% to 25% of untreated
persons infected with human immunodeficiency virus (Holland, 1992), and the condition
continues to be a common infection in patients with acquired immune deficiency syndrome
(AIDS) despite the introduction of highly active anti-retroviral therapy (Jabs, 2011). In the
context of AIDS, CMV has a wide cellular tropism, with generalized organ involvement. On
the other hand, in a healthy individual, the virus infects a limited number of cells to establish
latency, and endothelial cells are one such cell (Jarvis and Nelson, 2007). The virus
demonstrates differential infectivity of different endothelial subpopulations (Jarvis and
Nelson, 2007), but although CMV is known to infect human retinal endothelial cells (Rao et
al., 1998), there have been no studies that have specifically addressed susceptibility of
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retinal endothelial cells to infection. Following initial contact with heparin sulfate
proteoglycans, interactions with epidermal growth factor receptor (EGFR) (Chan et al.,
2009), platelet-derived growth factor receptor (Soroceanu et al., 2008), and various integrins
(Feire et al., 2004) mediate virus entry into the cell. Our shotgun proteomics study shows
that human retinal endothelial cells express EGFR and multiple integrins.

7. Retinal ischemic vasculopathies

7.1 In vivo models

The classic model of retinal ischemic vasculopathy was developed by in the early 1990s
(Smith et al., 1994). In summary, when newborn mouse pups are placed in a hyperoxic
environment (i.e., 75% oxygen) from postnatal day (P)7 through P12, and returned to
atmospheric air at P12, all the pups develop retinal neovascularization. This peaks at P17
through P21, with subsequent regression of the new vessels and neovascular tufts and
development of normal vascular morphology by P24. With the development of standardized
methods of quantifying retinal neovascularization and the availability of genetically
modified mice, the model of oxygen-induced retinopathy (OIR) has become routine in the
investigation of processes of retinal neovascularization and neovascularization in general
(Aguilar et al., 2008). Variants of the model in different species have distinct advantages and
disadvantages. Having a larger eye than the mouse, the rat is suited for therapeutic
experiments that involve intraocular injection (Hartnett, 2010; Penn et al., 1993). However,
the method of inducing retinopathy is relatively labor-intensive, requiring alternating high
and low oxygen levels every 12 to 24 hours for 7 to 14 days after birth, followed by room air
for up to 7 days. Kittens and dog pups have eyes sized closer to those of humans, but these
species are expensive to maintain and practically difficult to study (Kremer et al., 1987;
McLeod et al., 1998). Retinal detachment, which may be observed in advanced retinal
ischemic vasculopathy is a clinically-relevant feature of the canine model. A zebrafish
model of hypoxia-induced retinopathy has been developed, which allows for rapid screening
of orally administered antiangiogenic agents (Cao et al., 2008).

Standard methods for retinal neovascularization measurement in murine OIR are: (1)
fluorescein-dextran angiography to determine the extent of retinal neovascularization by
fluorescence microscopy on flat mounted retinas; (2) lectin staining of retinal vasculature to
demarcate neovascular tufts on flat mounted retinas; and (3) staining and counting of
neovascular endothelial nuclei in whole eye cross sections to determine the number of
endothelial cells that have penetrated the vitreal side of the internal limiting membrane
(Connor et al., 2009). Digital imaging and analysis software allow the investigator to rapidly
and accurately quantify vaso-obliteration, neovascularization, and regression of new vessels
in the retina (Connor et al., 2009; Stahl et al., 2009).

Identification of molecules involved in the development of retinal ischemic vasculopathy
has provided the basis for other animal models. Given that VEGF is a key stimulus for
retinal neovascularization, it is not surprising that intravitreal injections of VEGF or other
methods to increase intraocular VEGF have been used in various species to mimic the
neovascular phase of the disease in particular (Lebherz et al., 2005; Ohno-Matsui et al.,
2002; Rakoczy et al., 2003; Shen et al., 2006; Tolentino et al., 1996). Another example, that
also highlights the value of an unbiased profiling approach, is the rat carbonic anhydrase
(CA)-1 retinal vascular permeability model. When a proteomics screen of vitreous samples
from patients with diabetes mellitus identified elevated CA-1 in the presence of retinopathy,
investigators developed a rat model in which intraocular injection of CA-1 resulted in
increased retinal vascular permeability and intraretinal edema (Gao et al., 2007).
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Although widely used to study ischemic retinal neovascularization, OIR most closely
represents retinopathy of prematurity. Additional animal models have been developed to
specifically investigate other forms of retinal ischemic vasculopathy. The streptozotocin rat
model of diabetic retinopathy is typically induced in rats by intravenous or intraperitoneal
injection of streptozotocin (50 — 100 mg/kg body weight) (Papachristodoulou et al., 1976;
Sosula et al., 1972). Multiple spontaneous rodent and primate models of human diabetic
retinopathy are also reported (e.g. (Johnson et al., 2005; Kim et al., 2005b; Shinohara et al.,
2000; Sima et al., 1985)). Although the proliferative stage of diabetic retinopathy is typically
not observed, these models are very useful for studying background pathology in the retinal
vasculature, including changes in capillary form and capillary leakage. Diabetic dog and cat
models offer the advantage of a larger eye and may exhibit retinal changes that mimic the
human condition better than rodent models, but are less easily supported (Gardiner et al.,
1994; Linsenmeier et al., 1998). Recently, the Kimba transgenic mouse that overexpresses
VEGF within photoreceptors was crossed with the Akita mice with hyperglycemic
background (Rakoczy et al., 2010). The resulting “Akimba mouse” exhibits severe retinal
pathology, including retinal edema and neovascularization. Retinal vein occlusion may be
recapitulated in mice or rats by argon laser photocoagulation of retinal veins after
intravenous administration of the photolabile dye, rose bengal (Zhang et al., 2007; Zhang et
al., 2008). In the central retinal vein occlusion model, the retina becomes ischemic and
edematous within minutes, while occlusion of a branch retinal vein results in less severe
disease. Laser-induced retinal vessel occlusion has been performed in rabbits, pigs, and
nonhuman primates (Ameri et al., 2008; Mendrinos et al., 2011; Virdi and Hayreh, 1982).

7.2 In vitro models

Assays using cultured retinal endothelial cells or retinal tissue have been instrumental for the
dissection of the molecular mechanisms of retinal ischemic vasculopathy. Integrity of the
retinal endothelial component of the blood-retinal barrier may be readily studied in a
transwell system. Confluent endothelial cells are cultured on the filter barrier to establish
tight junctions, and subsequently the rate of diffusion of a tagged high molecular weight
compound (e.g., rhodamine-isothiocynate labeled 70-kDa dextran) between chambers is
measured (Harhaj et al., 2006).

Capillary-like tubule formation is commonly employed to study retinal endothelial cell
participation in the formation of blood vessels. This assay has been developed and modified
across many laboratories and over many years, using different endothelial cell
subpopulations, including human retinal endothelial cells ((Bishop et al., 1999; Crabtree and
Subramanian, 2007; Donovan et al., 2001; Kanzawa et al., 1993; Lawley and Kubota, 1989;
Sanz et al., 2002) and Figure 2). Endothelial cells are grown on an extracellular matrix
substitute (e.g., Matrigel; BD Biosciences, Franklin Lakes, NJ), which may be supplemented
with growth factors or various non-endothelial cell populations. Proliferation and migration
of the endothelial cells results in formation of capillary-like tube structures over a period of
24 hours, and these may be quantified using digital images and computer software, for
length of tubes and number of branch points. Secondary sprouting may also be measured
after the original tubules collapse (Castellon et al., 2002). To recognize the impact of the
microenvironment on endothelial cell behavior, and the potential for dedifferentiation of
endothelial cells in culture, other groups have described technically challenging assays, in
which outgrowth of vessels from retinal explants is measured (Im et al., 2005; Knott et al.,
1999)

Blood vessel growth requires several activities from the endothelial cell, which may be
interrogated separately in different assays. These include endothelial cell proliferation,
endothelial cell migration, and degradation of the local basement membrane. To quantify
proliferation simply, cells are counted using a hemocytometer with trypan blue stain, either
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manually or using an automated system such as Countess (Life Technologies, Carlsbad,
CA). There are several commercially available indirect methods, such as the CyQuant NF
Cell Proliferation Assay (Life Technologies, Molecular Probes), which measures DNA
content, and the XTT Cell Proliferation Assay (ATCC, Manassas, VA), which measures cell
metabolism. One of the most common endothelial cell migration assays uses the transwell
system (Alessandri et al., 1983). Endothelial cells are plated on the upper surface of the
filter, and medium in the lower chamber is supplemented with an angiogenic or anti-
angiogenic agent under investigation. After incubation, migrated endothelial cells are
identified by Wright’s stain, and counted. To examine degradative activity of endothelial
cells, one straightforward assay involves seeding cells below confluence on glass cover slips
that are pre-coated with fluorescein isothiocyanate-gelatin (Bowden et al., 2001). At the end
of the assay, areas of matrix degradation associated with each cell are measured under
epifluorescence.

7.3 Role of the retinal endothelium in retinal ischemic vasculopathy

Different types of retinal ischemic vasculopathy are initiated in different pathological
settings, but common angiogenic factors are released in response to ischemia, which leads to
breakdown of the blood-retinal barrier and/or retinal neovascularization. Over a decade ago,
the hypothesis of “hyperglycemia-induced overproduction of superoxide by the
mitochondrial electron-transport chain” was first proposed to connect the different
pathogenic mechanisms of diabetic vasculopathy including: overactivity of the polyol
pathway; high levels of advanced glycation end-products; protein kinase C family
activation; and increased hexosamine pathway flux (Brownlee, 2001). Today this theory still
holds (Stitt, 2010), although additional interacting mechanisms have been identified
(Cheung et al., 2010). Endothelial dysfunction is accompanied by loss of pericytes
(Motiejunaite and Kazlauskas, 2008) and basement membrane thickening (Roy et al., 2010),
and retinal ischemia ensues. As recently reviewed (Sapieha et al., 2010), within the retina of
a premature infant, which lacks normal autoregulation and antioxidants, high levels of
oxygen lead to oxidative stress, initiating nitrative stress and lipid peroxidation of cell
membranes, and suppress production of growth factors. These events are particularly toxic
to endothelial cells. Retinal vascular development ceases, and there is microvascular
degeneration, with resultant retinal ischemia.

7.4 Molecular mediators of retinal ischemic vasculopathy

As previously stressed (see section 3.6), VEGF is the key regulator of normal angiogenesis,
as well as pathogenic mechanisms involved in retinal ischemic vasculopathy. However,
multiple factors have been implicated in the development of, or protection against, this
group of diseases. Even an extensive review cannot do justice to the considerable body of
literature on the subject. Included in this section is a limited discussion of research relating
to VEGF, the angiopoietin-Tie system, and the insulin-like growth factor system, with focus
on the participation of the retinal endothelial cell in retinal ischemic vasculopathy.

7.4.1 Vascular endothelial growth factor—More than 2000 reports have been
published on subjects relating to VEGF and the retina to date. In all forms of retinal
ischemic vasculopathy, leakage from the vasculature and neovascularization occur in large
part as the consequence of elevated VEGF levels in the face of hypoxia. Various biological
therapies that inhibit these processes act by impeding the action of this potent endothelial
growth factor. Per one recent comprehensive review (Otrock et al., 2007), the VEGF family
of secreted glycoproteins includes VEGF -A, -B, -C, -D, -E, -F, and placental growth factor.
Unqualified VEGF, which has been the primary focus of research and development in
relation to retinal ischemic vasculopathy, refers to VEGF-A. The gene encoding VEGF
yields alternatively spliced products that are translated into angiogenic isoforms of different
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lengths, designated by the length of the amino acid chain (i.e., VEGF121, VEGF14s,
VEGF1g5, VEGF1g83, VEGF139, and VEGFyqg). Of its multiple isoforms, VEGF1gs is
considered the most relevant to retinal ischemic pathology (Ishida et al., 2003a). Differential
splicing also generates anti-angiogenic VEGF isoforms, which are identified by ‘b’
following the amino acid number (i.e., VEGF121p, VEGF1g5p, and VEGF1g9p)(Qiu et al.,
2009). Vascular endothelial growth factor may be synthesized by multiple populations
within human retina, including endothelial cells, pericytes, neurons, and the retinal pigment
epithelium (Adamis et al., 1993; Boulton et al., 1998; Lutty et al., 1996; Vidro et al., 2008).

There are at least 5 transmembrane tyrosine kinase receptors for VEGF family members
(i.e., VEGFR-1 (Flt-1), VEGFR-2 (KDR), VEGFR-3 (Flt-4), neuropilin (NP)-1, and NP-2)
(Otrock et al., 2007). Vascular endothelial growth factor binds VEGFR-1 and -2, and NP-1
and -2; VEGFR-2 activation is primarily responsible for signaling the pro-angiogenic
activities of this glycoprotein, but VEGFR-1 binding may influence cell migration (Kanno et
al., 2000; Otrock et al., 2007). Immunohistochemical observations of human eyes from 18
cadavers without history of diabetes mellitus and 27 cadavers with such history indicated
constitutive expression of VEGFR-1, but not VEGFR-2, in health, and up-regulation of
VEGF-R1 and new expression of VEGFR-2 in diabetes for the majority (Witmer et al.,
2002).

Consistent with this observation, cultured proliferating human retinal endothelial cells
express both VEGFR-1 and -2 (Stewart et al., 2011). Hypoxia induces VEGF receptor
expression by retinal endothelial cells. The endothelium of retinal vessels in mouse pups
immunostains for VEGFR-2, and when OIR is induced, the number of immunoreactive
vessels in avascular areas is significantly increased in comparison to room air-exposed
control mice (Suzuma et al., 1998b). Studies from independent groups using bovine retinal
endothelial cells show up-regulation of transcript encoding VEFGR-2 (Takagi et al., 1996),
or VEGFR-1 and -2 (Brylla et al., 2003) when cells are exposed to hypoxia. The Rhesus
macaque retinochoroidal cell line, RF/6A, consistently expresses VEGFR-2 constitutively,
and this expression is increased on exposure to low oxygen tension (Ottino et al., 2004).

Hypoxia inducible factor (HIF) is a transcription factor that binds a hypoxia-response
element (HRE) within the promoter of the VEGF gene when cellular oxygen is low
(Forsythe et al., 1996; Levy et al., 1995). The HIF heterodimer consists of oxygen-sensitive
and -insensitive HIF-a. and HIF-B subunits. Different HIF-a subunits give rise to different
HIFs, although most research to date has focused on HIF-1. In normal oxygen tension, HIF-
a is targeted for degradation via proline hydroxylation and von Hippel-Lindau protein-
chaperoned ubiquitination; oxygen starvation permits dimerization of HIF-a and HIF-$
subunits to generate active HIF (lvan et al., 2001; Jaakkola et al., 2001). Although HIF is
arguably the most important transcriptional regulator of VEGF expression, a microarray
gene expression analysis suggests that more than 2% of all genes in human endothelial cells
are regulated by HIF-1 (Manalo et al., 2005).

The importance of HIF-1 in the development of retinal ischemic vasculopathy is clear from
work with animal models. In OIR, retinal HIF-1a and HIF-2a become markedly elevated
within hours of return from hyperoxia to room air in neurons and glial cells, respectively
(Mowat et al., 2010; Ozaki et al., 1999). Elegant studies that investigated the association
between acute intensive insulin therapy and diabetic retinopathy in the streptozotocin rat,
showed such therapy produced breakdown of the blood-retinal barrier, as a consequence of
increased VEGF expression, via HIF-1a (Poulaki et al., 2002). Various interventions
targeting HIF, including knockout of the relevant VEGF promoter binding site, and
administration of digoxin or the small chemical inhibitor, YC-1, stabilize the blood-retinal
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barrier and/or reduce neovascularization in mouse OIR (DeNiro et al., 2010; Vinores et al.,
2006; Yoshida et al., 2010).

While studies using in vivo models have focused on non-endothelial sources of HIF, in vitro
research using tissues and cells support a role for retinal endothelial cell HIF in retinal
ischemic vasculopathy. Immunostaining showed the presence of HIF-1a in pre-retinal
fibrovascular membranes obtained at vitrectomy from 12 patients with proliferative diabetic
retinopathy, and this was more obvious in predominantly vascular in comparison to
predominantly fibrotic specimens (Lim et al., 2010). Human retinal endothelial cells are
capable of producing both HIF-1a and HIF-2a when exposed to hypoxia (DeNiro et al.,
2009), and electrophoretic mobility shift assays demonstrate HIF-1 binding to VEGF
promoter sequences following hypoxic exposure in bovine retinal endothelial cells
(Miyamoto et al., 2002). Under normoxia and hypoxia, YC-1 inhibits proliferation and
migration of human retinal endothelial cell, and reduces formation of capillary-like tubules
by these cells (DeNiro et al., 2009). The same inhibitor reduces outgrowth of vessels from
mouse retinal explants cultured under hypoxic conditions (DeNiro et al., 2009).

Transcription enhancer activator domain family member 4 (TEAD4)—also referred to as
transcriptional enhancer factor (TEF)-3 or related transcriptional enhancer factor (RTEF)-1
—is a member of the TEA DNA binding family. Interaction of this transcription factor with
VEGF was originally described in relation to bovine aortic endothelial cells. In these cells,
binding of TEADA4 to a sequence of Spl response elements remote from HRE in the VEGF
promoter increases the expression of VEGF under hypoxic conditions (Shie et al., 2004).
Subsequent publications from the same group have showed a role for TEAD4 in the
transcriptional regulation of HIF-1a and VEGF-B in extra-ocular endothelial cell
populations (Jin et al., 2011; Xu et al., 2011). One of us (BA) has investigated the
expression of TEAD4 in cells that include human retinal endothelial cells, and in mouse OIR
and laser-induced central retinal artery occlusion in the Rhesus macaque (Appukuttan et al.,
2007; Appukuttan et al., 2012).

Analysis of cultured primary human retinal endothelial cells reveals that TEAD4 message is
alternatively spliced to produce multiple isoforms, as well as the full-length TEAD413¢s,
and that certain isoforms are produced only under hypoxic stress. There are differences in
the ability of each isoform to regulate the VEGF promoter, and although the majority of the
isoforms activate the promoter, TEADA4,¢ is unique in repressing gene expression whether
cells are exposed to normal or low oxygen tension. Different isoforms are detected within
the developing mouse retina, and expression similarly varies between mice with OIR and
room air-exposed pups. Levels of TEAD4 are also responsive to oxygen tension; 24 hours
after occlusion of the central retinal artery, TEAD4 is up-regulated in the Rhesus retina
(Appukuttan et al., 2012).

7.4.2 Angiopoietin-Tie system—Recently summarized in relation to diabetic
retinopathy (Hammes et al., 2011), the angiopoietin(Ang)-Tie system is essential for
development of a normal retinal vasculature and for maintenance of a mature vasculature.
On the other hand, perturbations in the system contribute to retinal vascular pathology in a
complex manner that depends in part on temporal and environmental factors. Angl activates
the endothelial cell receptor tyrosine kinase, Tie2. Ang2 also binds Tie2, but with lower
affinity and less potency, and may act as an agonist or an antagonist of Tie2 (Maisonpierre
etal., 1997; Yuan et al., 2009). As was applied to humans by our shotgun proteomic
profiling of human retinal endothelial cells, Tie2 and Ang2, but not Angl, are expressed by
endothelial cells. Retinal pericytes are one source of Angl (Wakui et al., 2006). Pericytes
also express Tie2 and collaborate with endothelial cells in effecting the vascular changes
that are mediated by the Ang-Tie system (Pfister et al., 2008). Ang2 has been implicated in
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human retinal ischemic vasculopathy. In one study, immunostaining co-localized Ang2 with
Tie2 and an endothelial cell marker (i.e., von Willebrand factor) in approximately half of 38
fibrovascular membranes removed from eyes with advanced retinopathy of prematurity
(Umeda et al., 2003). Another study showed vitreous levels of Ang2 were significantly
elevated in eyes of 30 patients with active proliferative diabetic retinopathy, when compared
with levels in eyes of 11 patients with inactive proliferative disease and 18 persons who did
not have diabetes mellitus (Watanabe et al., 2005).

Many investigators have addressed the role(s) of the Ang-Tie system in ischemic retinal
vasculopathy in in vivo models and in vitro systems. Several studies involving mice OIR
show that Ang2 expression increases in the retina during this model, with the level peaking
at P17 when retinal neovascularization is active, while Angl expression does not vary (Das
et al., 2003; Hackett et al., 2000; Oh et al., 1999). In adult rats exposed briefly to hypoxia,
up-regulation in the retina of Ang2 protein is also detected (Sivakumar et al., 2008). Despite
a difference in kinetics, 2 reports agree that expression of Ang2 message and protein rises in
the retina of streptozotocin-injected diabetic rats, but not non-diabetic control rats, while
Angl levels are not affected (Ohashi et al., 2004; Rangasamy et al., 2011).

Systemic treatment of mouse OIR with a Tie2 antagonist (i.e., muTEK delta Fc)
significantly reduces the formation of neovascular capillary fronds in the retina (Das et al.,
2003). In the same model, heterozygous or homozygous Ang2 gene-deletion results in less
or no retinal neovascularization by histopathological examination at P17, despite a
rudimentary retinal vasculature that would be expected to confer marked ischemia (Feng et
al., 2009; Hackett et al., 2002). As anticipated from this result, retinal neovascularization is
decreased when Ang?2 is overexpressed in the retina from P12 to P17 by inducible transgene;
however, if Ang2 is overexpressed from P20, when neovascularization begins to regress,
this regression is accelerated (Oshima et al., 2005). The findings are consistent with Ang2
having either vasoproliferative or vasoregressive activity depending on the presence in
ischemic retina or absence, respectively, of VEGF (Hammes et al., 2011). In mice that
transgenically overexpress Angl within the retina between P12 and P17, OIR-related
neovascularization is reduced (Nambu et al., 2004), although if expression is activated on
P20, retinal new vessels regress at normal speed (Nambu et al., 2005). In adult
streptozotocin-injected rats, intravitreal injection of Angl reduces retinal vascular leakage,
while intravitreal injection of Ang2 increases leakage, as demonstrated by extravasation of
Evans blue-tagged albumin (Joussen et al., 2002; Rangasamy et al., 2011). Following
intravitreal injection of VEGF, retinal Angl transgenic mice demonstrate reduced retinal
vascular leakage of [3H]-mannitol in comparison to wild-type controls (Nambu et al., 2004).

Research with cultured retinal endothelial cells provides additional insights into the
involvement of the Ang-Tie system in retinal ischemic vasculopathy. VEGF stimulates the
expression of Ang2, but not Angl, in cultured bovine retinal endothelial cells (Oh et al.,
1999). Hypoxia also induces Ang2 expression in these cells, although by a non-VEGF-
directed mechanism since the effect is not neutralized with anti-VEGF antibody. Human
retinal endothelial cells cultured in highly concentrated glucose, at a level similar to that in
the blood in untreated diabetic mellitus, up-regulate Ang2 expression (Rangasamy et al.,
2011). Endogenous Ang?2 causes increased permeability of simulated human retinal
endothelium in a transwell system (Rangasamy et al., 2011). Coincident with increased
permeability, gaps form between endothelial cells, and VE-cadherin staining is lost as the
junctional protein is phosphorylated. Studies using porcine retinal endothelial cells and the
transwell system show that Ang?2 effects on vascular permeability are potentiated by VEGF
(Peters et al., 2007). Cultured bovine retinal endothelial cells produce elevated levels of
MMP-9 when treated with Angl or Ang2 (Das et al., 2003), consistent with the well
established role of the MMPs in angiogenesis (Stetler-Stevenson, 1999).
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7.4.3 Insulin-like growth factor system—Since insulin-like growth factor (IGF)-1 was
first sequenced over 30 years ago (Rinderknecht and Humbel, 1978), a complex IGF system
involving ligands, receptors, and binding proteins has been recognized (Firth and Baxter,
2002; Martin and Baxter, 2011). In relation to retinal ischemic vasculopathy, most work in
this area has focused on IGF-1. Insulin-like growth factor-1 is produced within the eye and
also synthesized extraocularly, primarily by the liver. Thus and although there is debate
about the relative importance of the 2 sources, IGF-1 may achieve effects by autocrine,
paracrine, and endocrine routes. Soluble IGF-1 binds with highest affinity to cell surface
receptor, IGF-1R, to signal activity. The bioavailability of IGF-1 is impacted by the insulin
receptors and insulin-like growth factor binding proteins (IGFBPs), which may sequester
IGF-1 or concentrate the growth factor near its receptor. Six high affinity IGBPs have been
described to date, and intraocular activities independent of IGF-1 are described (Chang et
al., 2007; Kielczewski et al., 2011; Lofqvist et al., 2007).

Examination of rodent eyes indicates that IGF-1 may be produced by many retinal cells
including photoreceptors and other neuronal populations, glial cells and retinal vascular
endothelium (Lofqvist et al., 2009; Sivakumar et al., 2008). Immunostaining of cultured
primary human retinal endothelial cells reveals presence of IGF-1, IGF-1R, and IGFBP1
through IGFBP5 (Spoerri et al., 1998), and we detected IGFBP6 transcript in human retinal
endothelium in our expression profiling study (Smith et al., 2007). Early work on the
involvement of the IGF-1 family in retinal ischemic vasculopathy was nicely summarized in
a review from the Grant laboratory (Shaw and Grant, 2004), which has made major
contributions on the subject.

Several groups have investigated the expression of IGF-1 and related proteins in human
ocular material taken from patients with diabetic retinopathy. Changes in the level of IGF-1
and increase in IGF-1R expression are supportive of a role for the growth factor in retinal
ischemic vasculopathy, and apparent contradictions between results of different studies may
reflect patient factors such as duration of disease and level of ischemia, as well as
methodological differences. Application of immunoassays to vitreous of multiple groups of
patients with proliferative diabetic retinopathy—and other forms of retinal ischemia—versus
patients without retinal ischemic vasculopathy showed significantly increased concentration
of IGF-1 in ischemic eyes (Burgos et al., 2000; Meyer-Schwickerath et al., 1993; Spranger
et al., 2000). Epiretinal fibrovascular membranes removed from 5 patients with proliferative
diabetic retinopathy at vitrectomy strongly bound radioactive IGF-1, and this was inhibited
by addition of non-radioactive IGF-1 to the assay, suggesting expression of IGF-1R in
retinal neovascular tissue (Ulbig et al., 1995). By colloidal gold quantitative
immunocytochemistry, retinal endothelial cells isolated from eyes of 3 deceased persons
with a history of non-proliferative diabetic retinopathy showed significantly reduced levels
of IGF-1 in comparison to isolates from 3 donors with no past history of diabetes mellitus
(Spoerri et al., 1998). This was associated with increased expression of IGF-1R, and
IGFBP1, 2, 3, and 5, and reduced expression of IGFBP4. In a separate study, retina from 6
cadavers with a history of diabetes mellitus under 15 years duration contained significantly
less IGF-1 transcript and significantly higher IGF-1R than 6 non-diabetic donors
(Gerhardinger et al., 2001).

Despite some differences in results, multiple animal studies have similarly supported an
important role for IGF-1 in ischemic retinal vasculopathy. Intravitreal injection of human
recombinant IGF-1 in pigs induces retinal microvasculopathy with vascular tortuosity and
formation of microaneurysms, accompanied by retinal vascular leakage, as might be seen in
non-proliferative diabetic retinopathy (Danis and Bingaman, 1997) Intravitreal injection of
IGF-1 in mice induces a breakdown of the blood-retinal barrier, as measured by significant
extravasation of [3H]-mannitol into the retina versus kidney and lung (Derevjanik et al.,
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2002). Mice that transgenically express IGF-1 from retinal neurons develop features of
background diabetic retinopathy, including intraretinal microvascular abnormalities, as well
as retinal neovascularization, in adulthood (Ruberte et al., 2004). They also experience
increased retinal vascular permeability when studied with radioactive and fluorescent
trackers, which correlates with altered expression of zonula occludens (ZO)-1 and claudin-1
junctional proteins (Haurigot et al., 2009).

The landmark study from the L.E. Smith group demonstrated that in mouse OIR, an IGF-1R
peptide antagonist, JB3, significantly reduced peak retinal neovascularization, in comparison
to a control peptide (Smith et al., 1999). Subsequent collaboration between Smith and
Hellstrom, involving experimental studies with IGF-1 gene deficient mice and clinical
observations made in premature infants, led to an important hypothesis of retinopathy of
prematurity (Hellstrom et al., 2001). After premature birth and in the absence of sufficient
IGF-1, retinal vascular development initially ceases. Hypoxia results, and VEGF increases
to a commiserate degree, which if sufficiently high when the IGF-1 level recovers, promotes
neovascularization. Insulin-like growth factor-1 has been measured both at increased and
decreased levels in streptozotocin-injected diabetic rats in comparison to non-diabetic
controls (Gerhardinger et al., 2001; Lowe et al., 1995; Poulaki et al., 2004). However,
systemically administered anti-IGF-1R antibody reduced VEGF levels, and decreased retinal
vascular leakage and leukostasis—an early hallmark of diabetic retinopathy discussed in
Section 7.5—in these animals(Poulaki et al., 2004).

Itis clear that IGF-1 plays an important role in retinal endothelial cell survival.
Transcriptomic profiling by both our group (Smith et al., 2007) and another team (Browning
et al., 2012) demonstrates relatively high expression of IGF-1R on human retinal endothelial
cells. Conditions of highly concentrated glucose and serum starvation induce apoptosis of
human retinal endothelial cells, but this effect is partially abrogated when cells are cultured
with IGF-1 (Wilson et al., 2001). Mitogen-activated protein kinase signaling is used by
VEGF to induce endothelial cell proliferation; following treatment with the IGF-1R peptide
antagonist, JB3, bovine retinal endothelial cells do not maximally activate MAP kinase
activation in response to VEGF (Smith et al., 1999). Similarly, a minimal level of IGF-1, in
conjunction with VEGF, is required to activate the Akt pathway, which is important for cell
survival (Hellstrom et al., 2001). Experiments in cultured cells suggest that endothelial cells
may be induced to produce IGF-1 when exposed to disease-relevant stimuli. Exposure to
low oxygen tension increases IGF-1 production by endothelial cells isolated from bovine or
human retina ((Eter et al., 2002) and Table 3).

The ability of IGF-1 to promote retinal endothelial cell proliferation has been observed for
several species, including the human (Browning et al., 2012; Castellon et al., 2002; Devi et
al., 2011). Retinal endothelial cells may be particularly responsive to IGF-1. When the
response of proliferating human retinal and choroidal endothelial cells is compared, both cell
populations show dose-related growth in the presence of VEGF, but retinal endothelial cells
alone grow on exposure to IGF-1 (Browning et al., 2012). Further, bovine retinal endothelial
cells proliferate at a higher rate than bovine aortic endothelial cells, when treated with IGF-1
(King et al., 1985). Insulin growth factor-1 is able to induce migration of human retinal
endothelial cells through a transwell filter (Grant et al., 1987), and promotes formation of
capillary-like tubes and secondary sprouting on basement membrane substitute (Castellon et
al., 2002). In experiments using a rat retinal endothelial cell line, IGF-1 reduces
transelectrical resistance of retinal endothelial monolayers in transwells, and this change is
associated with a fall in the level of VE-cadherin (Devi et al., 2011).
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7.5 Endothelial cell death and survival in retinal ischemic vasculopathy

A role for inflammatory mediators is increasingly recognized in the retinal ischemic
vasculopathies. Observations of leukocytes accumulating within the retinal vasculature and
transmigrating retinal vessels have focused most research in this area on the adhesion
molecules expressed by the retinal vascular endothelium (Noda et al., 2012).
Groundbreaking work has established a model in which retinal hyperoxia induces increased
ICAM-1 expression on retinal endothelial cells (Ishida et al., 2003b). In turn, this promotes
the accumulation of leukocytes within the retinal vasculature, triggering retinal endothelial
apoptosis. Vascular remodeling or vaso-obliteration follows when this occurs in the context
of development or disease, respectively. Histopathological examination of human globes
from diabetic patients reveals an increased expression of ICAM-1 on the retinal endothelium
(McLeod et al., 1995). Other work has shown the ability of rodent retinal endothelial cells to
up-regulate ICAM-1 in vivo following streptozotocin-induced hyperglycemia (Gustavsson
et al., 2010) and in response to intravitreal injection of VEGF (Lu et al., 1999), which is
abundantly present in ischemic retinal vasculopathy. Accordingly, anti-ICAM-1 antibody
significantly limits retinal leukostasis and vascular leakage in rat streptozotocin-induced
diabetes (Miyamoto et al., 1999). The finding of similar retinal vascular development after a
course of OIR in ICAM-1-gene-deleted mice versus wild-type controls remains to be
reconciled (Kociok et al., 2009).

Several other retinal endothelial adhesion molecules (i.e., VCAM-1 and E-selectin) have
been investigated in relation to retinal leukostasis, albeit in fewer studies. Blockade of
integrin a4, which with integrin g1 forms the VCAM-1 ligand, VLA-4, significantly
reduces retinal vascular leakage (lliaki et al., 2009). The authors were concerned that
VCAM-1 was not up-regulated in streptozotocin-induced rat diabetes, and suggested that
other endothelial ligands such as fibronectin or MadCAM-1 might be responsible for these
effects. However, an independent group demonstrated significant upregulation of VCAM-1
on retinal vascular endothelium in the streptozotocin mouse model, using confocal
immunofluorescence (Gustavsson et al., 2010). In bovine retinal endothelial cells, migration
was promoted by serum from diabetic patients versus healthy controls, and this effect was
blocked by specific antibody targeting VCAM-1 (Olson et al., 1997). In the same study,
antiE-selectin antibody also reduced the migration potency of diabetic serum. E-selection
was not increased on retinal endothelium in human diabetic eyes (McLeod et al., 1995), but
the phenomenon of selectin shedding has been invoked to explain this apparent discrepancy
(Noda et al., 2012). Our gene expression profiling data, showing high relative expression of
ICAM-1, VCAM-1, and E-selectin by human retinal endothelial cells, points to a
predisposition of the human retinal vasculature to leukocyte adhesion, which may increase
its susceptibility to vasculopathy (Smith et al., 2007).

Leukostasis in retinal vessels results in retinal endothelial loss and breakdown of the blood-
retinal barrier via the Fas/Fas ligand apoptosis pathway. As shown in studies conducted
using the rat streptozotocin-induced model (Joussen et al., 2003), a diabetic state induces
increased expression of Fas on retinal endothelium. In addition to augmented expression of
FasL on leukocytes, this sets the stage for apoptotic programmed cell death. Indeed, TUNEL
staining reveals retinal endothelial apoptosis in diabetic rats. Antibody directed against FasL
prevents retinal endothelial cell loss and reduces retinal vascular permeability in this model.
Increased numbers of pre-retinal endothelial nuclei with reduced TUNEL staining,
indicative of increased retinal neovascularization and reduced apoptosis, are consistently
observed in OIR in the gld C57BL/6 mouse (Barreiro et al., 2003; Davies et al., 2003). In
this mouse, FasL has a Fas binding deficit in comparison to FasL in C57BL/6 wild-type
mice
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Other pathways that result in activation of caspases and consequent apoptosis of retinal
endothelial cells are also described in relation to retinal ischemic vasculopathy. Oxidative
stress is a known trigger of apoptosis, via release of cytochrome ¢ from mitochondria. After
alloxan injection, rats develop a streptozotocin-like diabetic syndrome and exhibit high
levels of lipid peroxides and caspase-3 activity within the retina (Kowluru and Koppolu,
2002). On the other hand, a diet supplemented with anti-oxidants reduces the high lipid
peroxide and caspase-3 levels. Changes in cultured bovine retinal endothelial cells exposed
to highly concentrated glucose mimic those seen in the diabetic rat retina and are similarly
reversed with various antioxidants (Kowluru and Koppolu, 2002). This result has been
independently replicated in bovine and human retinal endothelial cells (EI-Remessy et al.,
2011; Mohr et al., 2002). There is controversy in the literature regarding the ability of
hyperglycemia to directly activate apoptosis. Highly pure cultures of human retinal
endothelial cells do not produce oxygen reactive species on exposure to high glucose
concentration (Busik et al., 2008). However, they do so in response to pro-inflammatory
cytokines, TNF-a and 11-1pB, and other retinal cells, including Mueller cells and retinal
pigment epithelial cells, secrete these cytokines when treated with highly concentrated
glucose. When co-cultured with human Muller cells and exposed to high concentration
glucose, caspase-3 is activated in human retinal endothelial cells. This finding is consistent
with our observation of increased expression of caspase-3 when human retinal endothelial
cells are stimulated with lipopolysaccharide, which is a general pro-inflammatory stimulus
(Smith et al., 2007).

Work using a rat retinal endothelial cell line strongly suggests that caspase-independent (i.e.,
mediated by apoptosis-inducing factor) apoptosis may also occur in the context of retinal
ischemic vasculopathy (Leal et al., 2009). When the endothelial cells were exposed to
hydrogen peroxide, caspase-3 was activated. In contrast, exposure to highly concentrated
glucose or the nitric oxide donor, NOC-18, induced changes in nuclear morphology and
annexin V binding indicative of apoptosis, but did not activate caspase-3. Instead,
translocation of apoptosis inducing factor from mitochondria to nucleus was observed.

The autophagy-lysosomal pathway is a survival strategy that allows a cell to degrade non-
essential components and potentially survive exposure to multiple physiological and
pathological stresses.(Kroemer et al., 2010) Intracellular vesicles, known as
autophagosomes, engulf organelles and proteins, and chaperone them to lysosomes for
immediate degradation. Hypoxic stress is one initiator of autophagy that has been studied
quite extensively in tumor pathobiology (Schlie et al., 2011). Key mediators of hypoxia-
induced autophagy, such as Beclin 1, BCL2/adenovirus E1B 19 kDa protein-interacting
protein (BNIP)-3, microtubule-associated protein light chain (MAPLC)-3, and autophagy-
related gene (ATG)5, have been identified in cancer cells (Bai et al., 2012; Can et al., 2011;
Song et al., 2011; Wu et al., 2011). Both HIF-1a-dependent and -independent mechanisms
have been recognized in tumor growth. We investigated the ability of human retinal
endothelial cells to develop an autophagy response in the setting of oxygen starvation, since
this is a key feature of human retinal ischemic vasculopathy.

To address whether human retinal endothelial cells undergo autophagy under hypoxic
conditions, we performed a preliminary screen of genes involved in the lysosomal
degradation process. Confluent cultures of immortalized human retinal endothelial cells
were incubated in modified MCDB-131 medium with 2% FCS and endothelial growth
factors, and exposed to 1% oxygen or room air for 48 hours. Subsequently, total RNA was
isolated using the RNeasy Mini Kit (Qiagen, Valencia, CA). Response to hypoxia was
determined by RT-PCR for VEGF45. Primer sequences and expected product size appear in
Table 2. Quantitative real-time RT-PCR was performed with the Chromo4 Thermocycler
and iQ SYBR Green Supermix (both from Bio-Rad Laboratories, Hercules, CA). The RT2
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Profiler PCR Array System (SABiosciences, Qiagen, Frederick, MA) was used to profile the
expression of 84 autophagy-associated genes in hypoxic versus normoxic human retinal
endothelial cells. Total RNA was reverse transcribed using the RT?2 First Strand Kit (SA
Biosciences, Qiagen), and the autophagy array plate was cycled on the Chromo4
Thermocycler, per the manufacturer’s instructions. Data were analyzed using the RT2
Profiler PCR Array Data Analysis software (SABiosciences, Qiagen).

Expression of VEGFg5 was significantly increased 6-fold for hypoxic human retinal
endothelial cells in comparison to normoxic cells, confirming that the treated cells had
experienced hypoxic stress (Figure 6). After normalization to 5 house-keeping genes (i.e.,
B-2-microglobulin, hypoxanthine phosphoribosyltransferase 1, ribosomal protein L13a,
glyceraldehyde-3-phosphate dehydrogenase, and -actin), analysis of data from quintuple
PCR arrays found 21 genes significantly up-regulated and 11 genes significantly down-
regulated in human retinal endothelial cells as a result of exposure to hypoxia (Table 3).
However, just 4 genes (i.e., CXCR4, Cathepsin S, DNA-damage regulated autophagy
modulator 1 and tumor necrosis factor) showed increases that were greater than 1.5-fold, and
down-regulated transcripts included ATG3, ATG4A, ATG4C and ATG9B, which are
involved in autophagic vacuole formation. While it would be appropriate to continue these
studies by evaluating autophagy at the protein level, our findings imply that human retinal
endothelial cells have quite limited capacity to activate autophagy, which may translate to a
susceptibility to stress. In other words, and consistent with the observation of endothelial
cell apoptosis in early diabetic retinopathy, human retinal endothelial cells may be
particularly susceptible to the low oxygen tensions that occur in the retinal circulation in
diabetes mellitus.

8. Future Directions

Further clarification of the molecular phenotype of the human retinal endothelial cell,
particularly in the context of disease-relevant stimulations, will increase understanding of
the pathogenesis of retinal vascular diseases. As molecular biological technologies, analysis
software, and reference databases advance, novel information will continue to flow from this
form of research. Profiling by multiple approaches has merit as this provides a more global
overview of the molecular phenotype. Concordance in abundance identified by different
molecular profiling methods increases confidence in the results. However, discordance may
suggest new hypotheses with respect to the cell’s biology. Several systems that have been
used to interrogate the molecular phenotype of different extraocular endothelial cells would
also provide interesting insights about the retinal endothelial cell. These include: genome-
wide methylation profiling to elucidate epigenetic signature (Lagarkova et al., 2010); ligand-
receptor screening, which is best approached by phage display (Pasqualini et al., 2010); and
metabolomics to characterize the spectrum of small-molecule metabolites (Yuan et al.,
2011).

Most relevant to our research is the relatively recent development of RNA-seq—also termed
whole transcriptome shotgun sequencing—which is likely to replace gene expression
microarray as the preferred form of transcriptome profiling within the next 5 years. While
this technique has several applications, arguably the most exciting is the identification and
quantitation of transcript isoforms related to alternative splicing or single nucleotide
polymorphisms, in addition to known full-length transcripts (Ozsolak and Milos, 2011). The
methodology has already been applied to an extraocular endothelial cell population, in a
study that compared pulmonary microvascular endothelial cell gene expression in response
to thrombin (Zhang et al., 2012). The authors observed significantly increased expression of
150 genes, but also up-regulation of 480 known transcript isoforms and 1,775 previously
unknown isoforms, in treated versus control endothelial cells.
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Of immediate future interest is the specific molecular profile of retinal endothelial cell
subpopulations (i.e., arterial and venous retinal endothelial cells). Vascular endothelial
molecular diversity differentiates arterial and venous locations outside the eye. In the largest
endothelial profiling study to date, combined data for cells isolated from arteries or veins at
multiple sites revealed 817 vein-specific genes and 59 artery-specific genes (Chi et al.,
2003a). Evidence from clinical and experimental posterior uveitis indicates that such
diversity also exists within the eye. The pattern of arterial versus venous involvement varies
according to the specific etiology of the uveitis, a feature often used diagnostically (Sanders
and Graham, 1988). Studies in mice with EAU, which is characterized by leukocyte
immigration at the post-capillary venule, indicate that retinal arterioles and venules differ in
terms of cell adhesion molecule expression at the onset of the disease (Xu et al., 2003a).

Aurteries can be distinguished from veins on the basis of expression of ephrin-B2 and EphB4
respectively (Wang et al., 1998). This distinction is present at the fetal onset of
angiogenesis, when these molecules are important in determining vascular cell fate(Harvey
and Oliver, 2004), and persists into adult life (Shin et al., 2001). Capillaries also express
ephrin-B2 and EphB4, establishing arterial versus venous identities within the
microcirculation (Shin et al., 2001). We have used immunohistochemistry to show that
human retinal vessels exist as subpopulations of ephrin-B2-positive endothelial cells,
consistent with arterial phenotype, and ephrin-B2-negative endothelial cells, indicative of
venous identity (Figure 7). Thus ephrin-B2 expression could be used as the basis for flow
cytometric separation of freshly isolated human retinal endothelial cells prior to culture.
Alternatively, laser capture microdissection could be used to isolate arterial and venous
endothelium from intact human retina, following immunodetection of ephrin-B2, to provide
material for transcriptomic, proteomic, and other analyses.

The ideal treatment for a retinal vascular disease would be a drug that inhibited a key
pathogenic mechanism, but had no impact on physiological processes. While posterior
uveitis and retinal ischemic vasculopathy involve multiple cell populations, the retinal
endothelial cell is a central player. Thus, targeting the involvement of the retinal endothelial
cell would be a logical therapeutic approach in these diseases. Inventive treatment strategies
directed against the retinal endothelium have already been described in animal models. A
multimerized endothelin enhancer upstream of the human Cdc6 promoter chimera
effectively delivers an IGF-1R targeted ribozyme to proliferating endothelial cells in vitro
(Luz-Madrigal et al., 2007). When injected intravitreally, the ribozyme reduces retinal
neovascularization in mouse OIR and laser-induced retinopathy, without adversely affecting
the normal retinal vasculature. A baculoviral construct with GFP reporter expression
controlled by VEGF-R1 promoter shows expression limited to the retinal endothelium when
injected intravitreally in rats (Shaw et al., 2006). This system has not been used to deliver
therapeutic proteins to the endothelium, but could readily be adapted for that purpose. The
molecular composition of the human retinal endothelial cell in conditions relevant to health
and disease provides a strong basis for the development of effective biologic therapies for
posterior uveitis and retinal ischemic vasculopathy.
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Figure 1.

(A) Multi-dimensional scaling plot shows global gene expression by retinal endothelial cells
from 6 human donors. Circles designate individual donors. (B) Relative gene expression of
selected adhesion molecules in retinal endothelial cells from the same human donors.
Normalized fluorescence intensity, which reflects hybridization to the relevant array probes,
was averaged for each donor and expressed in log2 scale. Generated using previously
published data (Smith et al., 2007).
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Figure2.

Photomicrographs of human retinal endothelial cells immortalized by transduction with
LXSN16E6E?7. Cell retain an endothelial phenotype as indicated by: (A) Cobblestone
morphology. Original magnification: 200X; (B) Capillary-like tube formation after 24-hour
incubation in 5% CO, and at 37 °C on Matrigel (BD Biosciences Discovery Labware,
Bedford, MA). Original Magnification: 100X. (C-D) Expression of (C) CD31, as detected
by mouse monoclonal anti-human CD31 antibody (concentration: 10 pg/ml; clone: JC70A:
isotype 1gG1x; BD Pharmingen Biosciences, San Diego, CA) and Alexa Fluor 488-
conjugated goat anti-mouse IgG antibody (concentration: 5 pg/ml; Life Technologies,
Molecular Probes, Eugene, OR) and (D) VWF, as detected by Alexa Fluor 488-conjugated
rabbit polyclonal anti-human VWEF antibody (concentration: 16 pg/ml; fraction: 19G;
DAKO, Glostrup, Denmark) and Alexa Fluor 488-conjugated anti-rabbit 1gG antibody
(concentration: 5 pg/ml; Life Technologies, Molecular Probes). Propidium iodide nuclear
counterstain (Life Technologies, Molecular Probes). Original magnification: 400X. Paired
cell cultures stained with antibody directed against an irrelevant antigen showed no positive
staining.
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Figure 3.

Gel images of supervillin (A) RT-PCR product (165 bp) and (B) protein (205 kDa, p-actin at
42 kDa) from primary retinal endothelial cells of 6 human donors (D1-D6). L = ladder./ =
no cDNA. (C) Gel image of supervillin protein in human retinal endothelial cells stimulated
with VEGF (20 ng/ml, Millipore, Temecula, CA) for 0, 4 and 24 hours. (D) Graph showing
proliferation of immortalized retinal endothelial cells from 2 human donors initially plated at
3000 cells/wells in a 96-well plate, 96 hours after transfection with supervillin (SV) or non-
targeted (NT) siRNA using Targefect-siRNA transfection kit (Targeting Systems, El Cajon,
CA). SV siRNA: sense = 5'-GGCGGUCCCUCAUCAAGAAGC-3’, anti-sense = 5'-
UUCUUGAUGAGGGACCGCCCU-3" (designed using siDirect (Naito et al., 2004)). NT
siRNA: sense = 5"-CGCCGACGUUUAACGGAAGCC-3’, anti-sense = 5’-
CUUCCGUUAAACGUCGGCGCA-3". n = 4-8 wells/condition. D = donor. * = p < 0.003.
(E) Gel image of supervillin protein in the sSiRNA-treated human retinal endothelial cells
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that were used in the proliferation experiment shown in (D — donor 1), 48 hours following
transfection.
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Figure 4.

Graphs showing relative expression of E-selectin, P-selectin, ICAM-1, VCAM-1, and CD44
transcript by immortalized human retinal endothelial cells following exposure to one of the
following conditions: medium alone; TNF-a (10ng/ml, R&D Systems, Minneapolis, MN);
IFN-y (20ng/ml, R&D Systems); and IL-17 (100ng/ml, R&D Systems). Endothelial cells
were cultured to confluence in modified MCDB-131 medium (Sigma-Aldrich, St. Louis,
MO) with 2.5% FBS (Hyclone, Logan, UT) and endothelial growth factors (EGM-2
SingleQuots supplement (Clonetics-Lonza, St. Louis, MO), omitting gentamicin,
hydrocortisone and serum, at 1:4 dilution), and subsequently incubated with or without
cytokine for 4 hours. Total RNA was isolated using the RNeasy Mini Kit (Qiagen, Valencia,
CA), and cDNA was synthesized using the iScript cDNA Synthesis Kit (Bio-Rad
Laboratories, Hercules, CA). Relative expression of gene products, normalized to GAPDH,
was determined by using the Chromo4 Thermocycler and iQ SYBR Green Supermix (both
from Bio-Rad Laboratories). Data were analyzed using Chromo4 Opticon Monitor 3
software. Primer sequences appear in Table 2. In all graphs, bars represent mean and error
bars represent standard error of mean (n = 3 wells; * = p<0.05, ** = p<0.01, two-tailed
Student’s t-test).
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Figureb.

Graphs showing relative expression of CXCL10 and CCL20 transcript by immortalized
human retinal endothelial cells following exposure to one of the following conditions:
medium alone; TNF-a (10ng/ml); IFN-y (20ng/ml); and I1L-17 (100ng/ml). Experimental
conditions and real-time quantitative RT-PCR are described in the Figure 4 legend. Primer
sequences appear in Table 2. In both graphs, bars represent mean and error bars represent
standard error of mean (n = 3 wells; * = p<0.05, ** = p<0.01, two-tailed Student’s t-test).
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Figure6.

Graphs showing increased relative expression of VEGF g5 transcript by immortalized
human retinal endothelial cells following a 48-hour exposure to hypoxia. Endothelial cells
were cultured to confluence in modified MCDB-131 medium (Sigma-Aldrich, St. Louis,
MO) with 2% FBS (Hyclone, Logan, UT) and endothelial growth factors (EGM-2
SingleQuots supplement (Clonetics-Lonza, St. Louis, MO), omitting gentamicin,
hydrocortisone and serum), and subsequently incubated for 48 hours in 1% or room air level
oxygen. Total RNA was isolated using the RNeasy Mini Kit (Qiagen, Valencia, CA), and
cDNA was synthesized using the iScript cDNA Synthesis Kit (Bio-Rad Laboratories,
Hercules, CA). Relative expression of gene products, normalized to GAPDH, was
determined by using the Chromo4 Thermocycler and iQ SYBR Green Supermix (both from
Bio-Rad Laboratories). Data were analyzed using Chromo4 Opticon Monitor 3 software.
Primer sequences appear in Table 2. Bars represent mean and error bars represent standard
error of mean (n = 3 reactions; * = p < 0.001, two-tailed Student’s t-test).
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Figure?7.

Photomicrographs of fresh frozen retinal sections from the same human donor
immunostained with rabbit anti-human ephrin-B2 polyclonal antibody (1:50 dilution; Santa
Cruz Biotechnology, Santa Cruz, CA) diluted 1:50 or rabbit IgG similarly diluted as
negative control. Specific staining was identified by Alexa Fluor 594-labelled secondary
antibody (1:400 dilution; Invitrogen). (A) Retinal vascular channel expressing ephrin-B2;
(B) Absence of positive staining in negative control. Original Magnification: 400X; (C)
Ephrin-B2-positive arterial channel (arrowhead) adjacent to ephrin-B2-negative venous
channel (arrow).
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Primer pairs and product sizes for selected gene transcripts studied in human retinal endothelial cells.

Table 2

Gene Transcript

Primer Pair (Product Size)Reference if applicable)

Supervillin for: 5’-TGGTGTTTGATTTTGGTAGTGAA-3’

rev: 5-TAAGCGGATTGCATTCTCCA-3’ (165 bp)
ICAM-1 for: 5'-TAAGCCAAGAGGAAGGAGCA-3’

rev: 5 -CATATCATCAAGGGTTGGGG-3’ (282 bp)L
VCAM-1 for: 5’-CGTCTCATTGACTTGCAGCACC-3

rev: 5’ -GTGATCGGCTTCCCAGCCTC-3" (276 bp) 2
E-selectin for: 5"-GAGCCTTCAGTGTACCTCATC-3’

rev: 5'-GACAATTCATGTAGCCTCGCTC-3 (296 bp) 2
P-selectin for: 5"-GGATTGTTCTGACACTCGTGG-3’

rev: 5'-GAGGTTGGAGCAGTTCATCG-3’ (412 bp)
cD44 for: 5"-ACATCAGTCACAGACCTGCC-3’

rev: 3'-GCAAACTGCAAGAATCAAAGCC-3’ (471 bp)3
CXCL10 for: 5'-AAGAGATGTCTGAATCCAGAATCGAAGG-3’

rev: 5'-CCTCAGTAGAGCTTACATTATAGTGCCAG-3’ (333 bp)
CCL20 for: 5"-TGCTGTACCAAGAGTTTGCTC-3’

rev: 5’ -GATTTGCGCACACAGACAAC-3’ (226 bp)
VEGF-165 for: 5"-ATCTTCAAGCCATCCTGTGTGC-3’

rev: 5'-CAAGGCCCACAGGGATTTTC-3' (224 bp)4
GAPDH for: 5"-AGCTGAACGGGAAGCTCACTGG-3

rev: 5'-GGAGTGGGTGTCGCTGTTGAAGTC-3" (209 bp)5
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