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CHAPTER I. INTRODUCTION 

A. STATEMENT OF PROBLEM & SPECIFIC AIMS 

Ocular vascular compartmentalization is manifested by certain structures richly 

vascularized adjacent to normally avascular ones (e.g., the limbus next to the cornea or the 

retina next to the vitreous) and is necessary for optical transparency in the visual axis. 

Vision-threatening corneal angiogenesis can be caused by disease, aging, infection, or trauma. 

The basis of the cornea's a vascularity has long been obscure. Although the absence of 

blood vessels in the cornea was known to the ancients such as Susruta (Sharma 2001) and 

Galen (Magnus 1999) millennia ago, only in the last century were angiostatic substances 

postulated to underpin ·corneal a vascularity (Meyer & Chaffee 1940). Because of its 

avascularity and ease of accessibility the cornea has.been a proving ground for testing anti

angiogenic strategies for over 30 years (Gimbrone et al. 1974). Despi~e the cornea's 

widespread use as a readout template for anti -angiogenesis testing, the molecular foundations 

of corneal avascularity remain unclear. In the last decade, numerous anti-angiogenic 

molecules such as angiostatin, endostatin, interleukin-1 receptor antagonist, pigment 

epithelium derived factor, .and thrombospondins were identified in the cornea (Chang et al. 

2001). None of these molecules, however, is singly requisite for corneal avascularity because 

mice deficient in any of them retain normal corneal a vascularity (Wiegand et al. 2004; 

Cursiefen et al. 2004; Bugge et al. 1995; Fukai et al. 2002; Hirsch et al. 1996), supporting the 

view of multiply redundant ~echanisms of corneal avascularity. 
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This study aims to elucidate the role of sFlt-1 in the preservation of corneal 

a vascularity. This project applies RNA interference, a promising new efficient and specific 

molecular technology that targets specific mRNAs, to elucidate mechanisms of normal 

corneal avascularity. Other strategies employed include genomic and protein-based deletion 

of target molecules and cross-species protein expression profiles. We hypothesize that 

corneal avascularity is maintained at least in part by extracellular soluble VEGF receptor-] 

(sVEGFR-1, also known as and henceforth referred to as sFlt-1). 

Our specific aims are: 

1. To determine if adult corneal avascularity requires sFlt-1. 

2. To determine whether decrease in sFlt-1 is associated with human corneal neovascular 

disease. 

3. To determine whether proteolysis· of sFlt-1 occurs in the cornea after injury. 

B. LITERATURE REVIEW AND DISCUSSION OF THE RATIONALE OF THE 

PROJECT 

Structure of the Cornea 

In humans, the adult cornea is a clear structure measuring...., 12 mm horizontally 

and 10 mm vertically. From anterior to posterior, it is composed of Slayers- epithelium, 

Bowman's layer (anterior acellular stroma), stroma, Descemet's membrane (the basement 

membrane for the final layer), and endothelium. The cornea develops its structural 

configuration at approximately 4 months of gestation; by birth, the infant's eye is 80% of the 

adult size. As an avascular tissue, the cornea normally depends on the glucose diffusion from 

the aqueous humor and oxygen diffusion from the atmosphere. The peripheral cornea also 
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receives some oxygen and nutrients from the blood vessels in the limbus, the border zone 

between the cornea and conjunctiva and sclera (Chang et al. 2001). 

Angiogenesis 

Neovascularization (NV), the abnormal growth of new blood vessels, plays an important 

role in many diseases, including loss of vision from diabetes mellitus and macular 

degeneration, anq NV is a major contributor to mortality and morbidity in diseases such as 

cancer (Folkman 1990). 

Ocular neovascularization is a devastating process that can lead to blindness in a 

variety of ocular disorders, notably diabetic retinopathy, retinopathy. of prematurity (ROP), 

and exudative age-related macular degeneration (AMD) (Garber 2002). New blood vessel 

formation occurs by two main processes: vasculogenesis, where blood vessels develop from 

angioblasts during embryogenesis, and angiogenesis, where capillaries develop Jrom 

preexisting blood vessels (Kearney et al. 2004 ). Pathologic states develop when· the 

regulatory mechanisms of angiogenesis are compromised, and endothelial cells begin to 

divide abnormally as in cancer or as an indirect consequence of the body's physiologic 

response in eye disease. Ocular neovascularization can result in pathology through various 

mechanisms depending on the location. The neovessels la~k structural integrity and leak 

fluid (Giebel et al. 2005). Retinal and choroidal neovascularization cause increased vascular 

permeability which compromises the blood-retina barrier leading to edema, fluid 

accumulation, and hemorrhage (Giebel et al. 2005). Iris neovascularization or rube~sis iridis 

and the associated fibrovascular membrane cause angle-closure and subsequently 

neovascular glaucoma (Cursiefen et al. 2004). 
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Diabetic retinopathy affects over 5.3 million Americans, and is the leading cause of 

new blindness among U.S. adults 20-74 years of age (www.joslin.org/risingtide.shtml). 

Proliferative diabetic retinopathy (PDR) is a condition in which abnormal new blood vessels 

in the retina may rupture and bleed inside the eye, and is a principal cause of blindness in 
' . 

diabetics. The prevalence of PDR increases from 2% at diagnosis to 20% after 20 years of 

d~sease (Mortality and Morbidity Weekly Reports 1993). The estimated incidence of new 

PDR cases is 65,000 per year (National Center For Disease Prevention 2000). Age-related 

macular degeneration (AMD) is the leading cause of irreversible blindness among those over 

65 in the United States, Western Europe, and Japan (Klein et al. 1995) and affects over 11 

million persons in the US. More than 20% of the American population is over 55 years of 

age (US Census 2000) and at risk for AMD. Each year, over a million individuals suffer 

severe central vision loss from AMD, a figure that will inevitably increase commensurate 

with the aging population. Neovascular AMD is responsible for severe vision loss in 8?-90% 

of these patients (Macular Photocoagulation Study Group 1991). 

Angiogenesis in the Cornea 

Corneal angiogenesis plays a key role in rejection of corneal transplants, chemical bums, 

trachoma, Stevens-Johnson syndrome, and other disorders (Epstein et al. 1987). The cornea 

is normally avascular to permit visual clarity. In disease, however, neovascularization can 

occur, compromising clarity and thus vision. 

The blood supply of the anterior segment of the eye arises from the ciliary arteries, 

which are branches of the ophthalmic artery that divide and end in the pericorneal plexus in 

the limbus area (Fromer & Klintworth -1975). Corneal neovascularization (NV) involves the 

sprouting of new vessels, from capillaries of the pericorneal plexus. Two clinical entities of 
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corneal NV can be defined: stromal NV, which is associated primarily with stromal keratitis, 

and vascular pannus, which is composed of connective tissue proliferating in the superficial 

corneal periphery and associated mainly with ocular surface disorders (Chang et al. 2001). 

Corneal NV is a central feature in the pathogenesis of many blinding corneal 

disorders, and a major sight-threatening complication in corneal infections, chemical injury, 

and following keratoplasty, in which neovascularization adversely impacts corn~al transplant 

survival,(Epstein et al. 1987). Anti-angi~genic molecules have been shown to inhibit corneal 

neovascularization (Ambati et al. 2002). Thermal laser and photodynamic therapy induce 

only temporary closure of new vessels (Primbs et al.1998) and do not treat the underlying 

causes of neovascularization. 

Neovascular and infectious diseases of the cornea and other structures of the eye are a 

significant public health issue. On an annual basis, approximately, 1.4 million patients ( ..... 4% 

of the population) in the US may develop corneal NV, and 20% of diseased corneal 

specimens obtained from recipients during corneal transplantation show histopathologic 

evidence of vascularization (Lee et al. 1998). A host of inflammatory, infectious, 

degenerative, or traumatic disorders can cause corneal NV, which in tum can lead to corneal 

scarring, edema, lipidic deposition, and infla1l1Ii1ation that can cause not only blindness, but 

also worsen the prognosis of subsequent penetrating keratoplasty (PK, or corneal transplant) 

(Tsai et al. 2000). Among histopathologic diagnoses of vascularized corneal buttons after 

corneal transplant, transplant failure represented more than 30% of the removed tissue 

(Cursiefen et al. 1998). This percentage is consistent with studies that reported the poor 

prognosis of vascularized grafts (Volker-Dieben 1987). 
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Risk factors of corneal NV after corneal transplant have been assessed in patients 

without active inflammation, previous corneal NV~ or persistent epithelial defects (Dana et al. 

1995). Results from this prospective study showed a significantly higher risk of corneal NV 

when suture knots were buried in the host ·stroma, when active blepharitis was present, or 

when a large recipient bed was used. Additionally, 6 to 9 months after PK, 41% of treated 

eyes developed some level corneal NV, showing the prevalence of this complication in 

relatively low-risk corneas (although in most of these cases, the NV was mild). 

Immunologic and infectious disorders of the cornea and conjunctiva may induce the 

expression of angiogenic molecules responsible for corneal NV. Long-term follow-up of 

patients with inflammatory disorders, such as atopic keratoconjunctivitis, revealed that the 

rate of corneal NV 1nay be as high as 60% during the course of disease (Power et al. 1998). 

Among the agents that induce corneal vascularization, the herpesvirus family (mostly herpes 

simplex virus and varicella zoster virus) remains the primary cause of keratitis-induced NV 

in excised corneal tissue (Lee et al. 1998). Although it occurs mainly during inflammatory 

processes, corneal NV may occur in degenerative (including pterygium and Terrien marginal 

degeneration) and congenital (aniridia) disorders (Centifano-Fitzgerald et al. 1982; Fromer et 

al. 1975; Fromer & Klintworth 1976; Lee et al. 1998; Lopez et al. 1991; Madigan et al. 1990). 

However, even in these conditions, inflammation may be involved in the pathogenesis of 

corneal NV (Austin & Brown 1981; Gornig et al. 1998). While neovascularized corneas have 

been seldom described in such diseases, the relative lack of stromal NV underscores the idea 

that there is a complex balance between angiogenic and anti -angiogenic molecules present in 

the cornea. Therefore, this "angiogenically-privileged" site has been used to study the 

molecular basis of angiogenesis. Corneal a vascularity requires low levels of angiogenic 
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factors and high levels of anti-angiogenic factors under basal conditions (Chang et al. 2001). 

Disruption of this balance may occur in the pathogenesis of corneal NV. 

Molecular Mechanisms in Corneal Angiogenesis 

Angiogenesis occurs when the balance between angiogenic and anti-angiogenic 

factors is shifted towards angiogenic molecules (Chang et al. 2001). This is the prevailing 

paradigm of much current research in angiogenesis. Therefore, NV requires not only the 

upregulation of angiogenic factors, but also the downregulation of anti -angiogenic factors . . . 

(Folkman & Shing 1992). The cornea is used as a model to study angiogenic, and anti-

angiogenic molecules because any vessels within it, are, by definition, abnormal and 

angiogenic and because of its accessibility. 

On the molecular level, angiogenesis is a complicated pathway involving a host of 

angiogenic messengers, proteolytic enzymes, and the pre-existing vessels themselves. The 

common final pathway in angiogenesis is activation of vascular endothelial cells (Kano et al. 

2000). Several endothelial cell mitogens have been isolated '!lld studied, most notably 

· vascular endothelial growth factor (VEGF), platelet derived growth factor (PDGF), insulin-

like growth factor (IGF), basic fibroblast growth factor (bFGF), integrins, angiopoietins, 

protein kinase C (PKC), and ephrins (Shibuya & Claesson-Welsh 2006). VEGF is 

commonly considered the most prominent angiogenic factor, and some of the other 

molecules may act indirectly via VEGF (Carmeliet et al. 2001). Activated endothelial cells 

proliferate and secrete proteolytic enzymes that break through the parent vessel's basement 

membrane. Through the· compromised basement membrane, proliferating endothelial cells 
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migrate and align themselves to form a new capillary sprout. As the. sprout elongates, the 

endothelial cells continue to proliferate and arc to form a luminal tube. At this point, the new 

vessels are leaky and incompetent which ~s important-to pathogenesis. Mesenchymal cells 

are recruited to form smooth muscle cells in arterioles. A new basement membrane is 

deposited to complete the process of angiogenesis (Millauer et al. 2003; O'Reilly et al. 1994; 

Shweiki et al. 1992). Although a variety of disorders can lead to neovascularization, the 

common pathway of angiogenesis provides a ready target for therapeutic intervention that is 

effective in many etiologies (O'Reilly et al. 1997) . 

. Fibroblast growth factor 

Basic fibroblast growth factor (bFGF) is used extensively in corneal angiogenesis 

models. Basic fibroblast growth factor is a member of the fibroblast growth factor family, 

which includes 23 structurally related heparin-binding peptides that are widely expressed in 

developing and adult tissues during cellular differentiation, angiogenesis, mitogenesis, and 

wound repair (Mohan et al. 2000). There are 4 FGF receptors (FGFR-1, -2, -3, and -4). FGF-

1 is expressed in the normal corneal epithelium, and FGF-2 is up-regulated after injury and in 

a keratocyte-vascular endothelial cell coculture (Hayashi et al. 1996). Interestingly, bFGF 

binds Bowman and Descemet membranes in normal corneas and vascular basement 

membranes in neovascularized corneas (Hayashi et al. 1996). According to the degree of 

maturation of the new vessels, different intensities of binding were demonstrated in normal 

limbal and newly formed corneal vessels (Soubrane et al. 1990). This binding, probably to 
) 

heparan sulfate proteoglycans, highlights the role of the extracellular matrix (ECM) in the 

regulation of corneal angiogenesis. 
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Vascular Endothelial Growth Factor 

Vascular endothelial growth factor (VEGF) is a key mediator of angiogenesis in niany 

models (Abu-Jawdeh et al. 1996; Alori et a1.1995; Amano et al. 1998; Boocock et al. 1995; 

Carmeliet et al. 1999; Doldi et al. 1996; Dvorak et al. 1999; Kong et al. 1998; ·Miller et al. 

1994; Neufeld et al.1999; Pierce et al. 1995; Shweiki et a1.1992) including the cornea 

(Amano et al. 1998). There are several forms of VEGF- VEGF-A, B, C, D, E, and svVEGF 

(snake venom VEGF, also known as T.f.svVEGF) (Shibuya & Claesson-Welsh 2006); 

VEGF-A is the most common form ofVEGF and is. the principal form involved in 

angiogenesis (Shibuya et al. 199.9)- for the purposes of this dissertation, it will be referred to 

as VEGF. VEGF promotes vascular endothelial cell migration, proliferation, survival, and 

increase in permeability. Three receptors constitute the VEGF receptor family: VEGFR-1 

(Flt-1), VEGFR-2 (KDR/Flk-1), and VEGFR-3 (Flt-4). All have ty~osine-kinase activity 

(Neufeld et al. 1999). Neuropilins 1 and 2 serve as coreceptors for VEGF binding (Shibuya 

& Claesson-Welsh 2006). Ligand-receptor relationships of the VEGFs and cognate receptors 

are shown in Figure lA (Shibuya & Claesson-Welsh 2006). 

VEGF trancription is amplified in response to oncogenes, hypoxia, and other insults. 

The transcription factors for VEGF [hypoxia-induced factors (HIF) HIF-1 a and HIF-2a] are 

stabilized in hypoxia (Wenger & Gassman 1997; Arbiser et al. 1997). Sensitivity to hypoxia 

is a major difference between VEGF-A and other angiogenic factors (including the rest of the 

VEGF family) (Okada et al. 1998; Petit et al. 1997; O'Byme et al. 1999). Elevated plasma 

and intraocular VEGF has been associated with a poor prognosis in cancer (Yuan et al. 1996) 

and diabetic retinopathy, respectively (Lin et al. 1998). 
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Several studies have shown VEGFR,.2 [through·activation of phosphatidylinositol3-

kinase (PI-3K) and MAP kinase (Millauer et al. 1993; Thakker et al. 1999)] is the major 

signal transducer for VEGF' s stimulation of mitogenesis, chemotaxis, and cytoskeletal 

reorganization and thus the principal receptor involved in angiogenesis (Carmeliet et al. 

1999; Neufeld et al. 1999; Dimmeler et al. 2000). However, Flt-1 has 10-fold higher affinity 

to VEGF but much weaker tyrosine kinase activity compared with VEGFR-2 (Neufeld et al. 

1999; Dimmeler et al. 2000). The structure of the membrane-bound form ofFlt-1 is shown 

in Figure lB. Genetic models indicate negative regulatory role of Flt -1 during 

embryogenesis (Figure lC). While the Flt-1 knockout causes embryonic lethality, the Flt-1 

tyrosine kinase knockout has a relatively normal vascular phenotype (Shibuya & Claesson

Welsh 2006). Therefore, because the Flt-1 gene is essential to embryogenesis but its tyrosine 

kinase activity is not, we can deduce that the soluble Flt-1 receptor, sFlt-1, and its negative 

regulatory role as a decoy receptor, or trap, for VEGF is essential to embryogenesis. 

Furthermore, Carmeliet et al. (200 1) demonstrated synergy between the VEGFR 1 and 

VEGFR2 specific ligands, indicative of "cross-talk" between the receptors, allowing 

modulation of a variety ofVEQFR-dependent signals. 
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Figure lA. Schematic ofVEGF family (VEGF-A, -B, -C, -D, -E, PlGF and svVEGF) 
and their receptors, the receptor tyrosine kinases VEGFR1, VEGFR2 and VEGFR3. 
VEGFR1 occurs as a soluble form denoted sVEGFR1. Neuropilins (NRP-1 and NRP-2) 
act as co-receptors for VEGFs. The binding pattern of the VEGFs to their receptors 
and co-receptors is indicated by arrows. Binding of VEGFR1 (also denoted Flt-1) and 
VEGFR2 (also denoted Flk-1) leads to vasculogenesis, angiogenesis and affects 
vascular perme-ability, macrophage function and placenta function. Activation of 
VEGFR3 (also denoted Flt-4) regulates embryonic angiogenesis and 
lymphangiogenesis. PM= plasma membrane. Source of Fig: Shibuya & Claesson
Welsh 2006 (permission for educational purposes given by Exp. Cell. Res.). 

Figure lB. Flt-1 consists of 7 domains, and has the highest affinity to VEGF, with a 
tenfold higher binding affinity than KDR. It is a tyrosine kinase receptor with seven 
Ig-like extracellular domains and a tyrosine kinase domain with a long kinase insert. 
Domain deletion studies have shown that a subunit construct of domains 2-3 binds 
VEGF with near wild-type affinity and that domain 1 serves as a secretion signal 
sequence. Further, domain 4 is necessary for receptor homodimerization of Flt-1 and 
is believed to be necessary for the observed heterodimerization of Flt-1 and KDR. In 
the soluble form of Flt, domain 7 is replaced by a unique 31 amino-acid tail. 

Figure JC. Genetic models indicate negative regulatory role ofVEGFRl during 
embryogenesis. The different genetic models (VEGF +1+, VEGF +I- etc. are indicated 
at the top) and their effects on VEGF-A production (indicated by red circles) or 
VEGFR expression, are presented. VEGFR1 is' indicated in red and VEGFR2 in blue. 
Unfilled symbols with broken lines indicate elimination by gene targeting Source of· 
Fig: Shibuya & Claesson-Welsh 2006 (permission for educational purposes given by 
Exp. Cell. Res.). 
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During corneal NV, an up-regulation of angiogenic factors must be present, most 

likely in association with a down-regulation of anti-angiogenic molecules (Chang et al. 2001). 

Vascular endothelial growth factor is up-regulated in inflamed and vascularized corneas in 

humans and in animal models (Cursiefen et al. 2000). VEGF-A undergoes alternative 

splicing into five isoforms (VEGF115, VEGF121, VEGF 165, VEGF 189, and VEGF 206) 

(Sugihara et al. 1998). Several cell types-corneal keratocytes, T cells, epithelial cells, 

macrophages- prC?duce VEGF in hypoxia and inflammatory situations (Phillipp et al. 2000). 

Interestingly, the requirement of VEGF in corneal angiogenesis was shown by the inhibition 

of NV after stromal implantation of an anti-VEGF blocking antibody in a rat model (Amano 

et al. 1998). This result was confmned using a VEGF blocl9.ng peptide in a rabbit model of 

corneal injury (Binetruy-Toumaire et al. 2000). 

Strategies to inhibit VEGF include blocking antibodies to.VEGF receptors, decoy 

receptors for VEGF, anti-VEGF antibodies or aptamers, ribozymes, and VEGF antisense 

oligonucleotides (Aiello et al. 1995; Hasan et al. 2001; Robinson et al. 1996; Shen et al. 

2002). These strategies have generally been able to reduce VEGF-induced 

neovascularization by only 30-50% (Garber et al. 2002; Honda et al. 2000; Kerbel et al. 

2002; O'Reilly et al. 2002). Some have speculated that combination therapies may be 

needed (Liu et al. 1998; Namiki et al. 1995) for clinically significant effects. 

Signaling of Membrane-Bound Flt-1 · 

Flt-1 transduces signals for endothelial cell and pericyte growth and survival as well 

as for cell migration of macrophages most likely via ligand-induced autophosphorylation and 

coupling to intracellular signal transducers (Shibuya & Claesson-Welsh 2006). Several 
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tyrosine residues in the Flt-1 intracellular domain (Y1169, Y1213, Y1242, Y1327, Y1333) 

have been identified as autophosphorylation sites. Phosphorylation of Y1169 allows binding 

and activation of phospholipase C (PLC) y1 which promotes endothelial cell proliferation via 

the mitogen activated protein kinase (MAPK) pathway. Cunningham et al. (1995) reported 

binding of the p85 subunit of PI3 kinase to the activated and phosphorylated VEGFR1. 

However, it has been difficult to link activation ofFlt-1 to vigorous biological responses in 

endothelial cell line models (Shibuya & Claesson Welsh 1996). 

One other facet of Flt-1 signaling bears mention. Autiero et .al. (2003) showed that the 

patterns ofFlt-1 autophosphorylation induced by"VEGF-A and placental growth factor were 

not identical. Although the underlying mechanism of this difference remains to be identified, 

the difference in autophosphorylation suggests that the two ligands induce a distinct 

conformation of the receptor intracellular domain in the activated Flt-1 dimer, or distinct 

modes of association with accessory molecules (such as heparan sulfated proteoglycans or 

neuropilins), which may affect the availability of Flt-1 tyrosine residues as substrates for the 

kinase. 

Corneal A vascularity and sFlt-1 

The only form of Flt-1 normally present in the cornea is the soluble form, which is 

the focus of this project. It remains to be elucidated how the normal cornea remains 

avascular. Many studies have linked various factors to corneal avascularity. Pigment 

epithelium-derived factor (PEDF) has been linked to corneal avascularity (Dawson et al. 

1999; Bouck et al. 2002), but a recent study demonstrated no breach of corneal avascularity 

in PEDF knockout mice, making unclear the role of PEDF (Renard et al. 2003). Many anti

angiogenic factors are linked with downregulating or counteracting VEGF, but the 
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responsible factors remain elusive. VEGF receptor-3 (Flt-4) and thrombospondins have been 

shown to dampen inflammatory angiogenesis (Cursiefen et al. 2004; Cursiefen et al. 2006) 

but not been shown to be essential in maintenance of a vascularity. 

sFlt -1 consists of the first 6 domains of membrane-bound Fit -1 and a unique 31 amino

acid tail the purpose of which remains unknown; however, this tail is highly conserved in the 

animal kingdom for unclear reasons (Shib~ya 1999) (Figure lB). sFlt-1 has been shown to 

be anti -angiogenic in several models by acting as a decoy receptor for secreted VEGF and 

also inactivating membrane bound VEGFR-1 and 2·by heterodimerization (Chen et al. 2000; 

Goldman et al. 1998; Kendall et al. 1993; Kendall et al. 1996, Koga et al. 2003; Kong et al. 

1998; Lai et al. 2002; O'Reilly et al. 2002). sFlt-1, by inhibiting vessel formation, may play a 

key role in the pathogenesis of pre-eclampsia (Maynard et al. 2003; Sugimoto et al. 2003), a 

leading cause of maternal and fetal morbidity and mortality affecting 5% of pregnancies in 

the US (Smith 1993). 

Other Anti-Angiogenic Factors in the Cornea 

Many anti-angiogenic factors have been identified, including angiostatin, endostatin, 

thrombospondin, interleukins 4 and 13, and other proteolytic fragments ofECM components 

(arrestin, canstatin, and tumstatin) (Chang et al. 2001). The Matrix Metalloproteinases 

(MMPs) responsible for the proteolysis of plasminogen into angiostatin (MMP-2,-3,-7,-9, 

and -12) have all been detected in the cornea (Chang et al. 2001). It is evident that the role of 

MMPs in angiogenesis is to help regulate the balance between pro-angiogenic and anti

angiogenic factors. 
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Angiostatin, a 38 kDa proteolytic fragment of plasminogen, is a potent anti

angiogenic factor (O'Reilly et al. 1994). The fragment was first isolated from a Lewis lung 

carcinoma cell line and was found to inhibit vascular endothelial cell proliferation and 

migration ·(O'Reilly et al. 1994). In the eye, implantation of angiostatin and angiostatin-like 

fragments inhibits corn~al NV induced by bFGF or angiogenin (Cao et al. 1999; Shin et al. 

2000). Several lines of evidence suggest corneal production of angiostatin (Hernandez

Quintela et al. 1999) : 1) extra-hepatic synthesis of plasminogen has been shown in corneal 

epithelium (Twining et al. 1999), and 2) angiostatin has been isolated in the tear film of 

contact lens wearing patients (induced by hypoxia) (Sack et al. 1999). 

Endostatin, another anti-angiogenic factor, is a 20 kDa proteolytic fragment of 

collagen XVIII first isolated from the conditioned medium of a murine 

hemangioendothelioma cell line (O'Reilly et al. 1997). It has been shown to inhibit FGF-2-

and VEGF induced vascular endothelial cell migration and proliferation in vitro and to 

reduce tumor progression in mice. Endostatin is found in membranes lining the anterior 

portion of the eye, specifically those surrounding the aqueous humor (in both the anterior and 

posterior chambers), indicating a potential contribution to maintaining an anti ..:angiogenic 

barrier (Ohlmann et al. 2005)~ Collagen type XVIII is a nonfibrillar collagen localized 

mainly to vascular and epithelial basement membranes (Colorado et al. 2000). In the eye, 

collagen XVIII has been localized to the retina (inner limiting membrane and pigment 

epithelium), the lens capsule, and the cornea (Halfter et al. 1998; Lin et al. 2000). Cleavage 

of collagen type XVIII by pro teases (including MMPs, cathepsin L, and elastase) generates 

endostatin-like fragments with potential anti-angiogenic properties (Ferreras et al. 2000). 

Endo.statin implanted in the cornea inhibits of bFGF-induced neovascularization (Vazquez et 
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al. 1999). Additionally, local endostatin production may occur during corneal wound healing 

as the cleaving enzymes and the substrate (collagen XVIII) are present in the basement 

membrane area during this process (Fukai et al. 2002). Several anti-angiogenic factors 

derived from collagens also have been described, including re·stin, arresten, canstatin, and 

tumstatin, but their role in corneal angiogenesis has not been characterized fully (Colorado et 

al. 2000). 

Thrombospondins -1 and -2 are members of the larger thrombospondin (TSP) family, 

and both contain three type 1 repeats (Rege et al. 2005). These type 1 repeats are capable of 

interacting with the cytokine CD36, which causes apoptosis of microvascular endothelial 

cells through the Fas/FasL pathway (Rege et al. 2005). The TSPs can also induce cell-cycle 

arrest of end~thelial cells through an unknown mechanism (Filleur et al. 2003). TSP -1 and-

2 also cause degradation of MMP -2 and -9 by attracting a receptor protein known as LRP. 

(Cursifen et al. 2004) This protein causes lysosomal degradation ofMMPs -2 and -9, which 

inhibits angiogenesis by preventing endothelial cell migration through the ECM (Rege et al. 

2005). 

Pigment epithelium derived factor (PEDF) has been shown to inhibit CNV caused by 

I 

the presence ofbFGF (Dawson et al. 1999). PEDF is a potent anti-angiogenic and 

neurotrophic factor that was first identified in retinoblastoma cells and later characterized in 

pigmented epithelium of the retina, iris, and cornea (Bouck et al. 2002). Although PEDF 

belongs to the serine protease inhibitor (serpin) family, it does not have any known substrate 

(Bouck et al. 2002). Its role in corneal angiogenesis has been shown recently. When 

implanted in rat corneal stroma, blocking antibodies against PEDF produce corneal 

vascularization (Dawson et al. 1999). Additionally, removal ofPEDF from human stromal 
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extracts suppresses the inhibition of vascular endothelial cell migration induced by these 

extracts (Dawson et al. 1999). Furthermore, recombinant PEDF inhibits corneal NV induced 

by implantation ofbFGF pellets (Bouck et al. 2002). 

However, the destruction of PEDF mRNA is not sufficient for neovascularization in a 

healthy mouse model, confirming that PEDF is not the only anti -angiogenic factor with a 

functional role in the cornea (Singh et al.- ARVO E-Abstract #4491; 2005). Furthermore, 

PEDF-knockout mice have a normal corneal phenotype (Renard et al.- ARVO E- Abstract 

2888; 2003). Therefore, the findings noted above in regard to PEDF's anti-angiogenic role in 

the cornea have not been repeated and may be either questionable or due to interactions with 

other molecules, such as sFlt -1. 

RNA inteiference 

RNA interference (RNAi), which is used in our studies to selectively downregulating 

sFlt-1 by targeting its unique tail (thereby avoiding affecting the membrane-bound form of 

Flt-1), is a process common to many eukaryotes (including mammalian cells), wherein 

intracellular double stranded RNA (dsRNA) elicits the selective elimination of mRNAs with 

sequence homology to the dsRNA (Mesiter & Tuschl2004). This technique is now being 

~xploited as a powerful tool for reverse genetics, exhibiting promise for therapeutic 

intervention. Normally, dsRNA triggers a substantial interferon response with rapid clearance 

of dsRNA, but this is avoided by the use of synthetic RNAs of 21 and 22 nucleotides in 

length, known as small interfering RNA (siRNA) (Elbashir et al. 2001). These siRNAs in 

tut:n assemble to form endoribonuclease-containing complexes known as RNA-induced. 

silencing complexes (RISCs ), which are guided by unwound siRNAs to complementary 
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mRNA molecules, where, bound by homologous base-pair interactions, the RISC cleave & 

destroy cognate mRNA, thus achieving gene silencing (Elbashir et al. 2001). As an example 

of this technique's utility, siRNAs can specifically target hepatitis ·c virus in living mice 

(McCaffrey et al. 2002; Song et al. 2003)~ Recent reports (Filleur et al. 2003; Reich SJ et al. 

2003; Zhang et al. 2003) have shown siRNAs can target mouse models ofVEGF production 

in breast cancer and subretinal neovascularization, and have shown promise in inhibiting 

corneal angiogenesis (Kim et al. 2004; Singh et al. 2007). 

With respect to gene silencing approaches, RNA interference is potentially 

significantly more effective than approaches relying on antisense oligonucleotides or 

ribozymes (Majecak 2000; Shi 2003). Given its high specificity, efficiency, and versatility 

(Shi 2003; McManus 2002; Brummelkamp et al. 2002), RNA interference shows great 

promise as an investigational and therapeutic tool. 

Matrix Metalloproteinases 

Degradation of the extracellular matrix and basement membrane is one of the first 

steps in angiogenesis. This degradation causes alterations in the blood-retinal barrier, and 

leads to breakdown of the endothelial cell tight junctions. Matrix metalloproteinases 

I 

(MMPs) are a family of secreted calcium and zinc-dependent enzymes with proteolytic 

activity proven capable of degrading the components of this important endothelial barrier 

(Kvanta et al. 2000). The retinas of diabetic animals showed a significant increase in MMP 

production, especially when exposed to high levels of glucose (Giebel et al. 2005). The 

study by Giebel et al. (2005) also found that MMPs tend to degrade occludin, a specific tight 

junction protein, leading to an overall disruption of the junctional complex and blood-retina 
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barrier. Because the up-regulation and activation of proteinases represents a significant step 

in the process of neovascularization, pharmacological intervention of this pathway may be an 

alternative therapeutic approach to neovascular disorders. 

Extracellular matrix (ECM) turnover associated with wound healing is typically 

accompanied by angiogenesis in granulation tissue (Azar et al. 1996). One feature of corneal 

wound healing is the relative absence of vascular reaction. MM:fs are a group of zinc-binding 

proteolytic enzymes that participate in ECM remodeling and in angiogenesis (Woessner 

1998). MMPs are expressed as proenzymes and are activated in the ECM by a variety of 

proteinases, including other MMPs and serine proteases (O'Reilly et al. 1999). Among the 24 

MMPs already described, 8 have been identified in the cornea, including collagenase I and III 

(MMP-1 and -13), gelatinases A and B (MMP-2 and -9), stromelysin (MMP-3), matrilysin 

(MMP-7), and membrane type-MMP (MMP-14) (Lu et ~1. 1999; Azar et al. 1996; Maeda et 

al. 1998; Ye et al. 1998; Ye et al. 2000). Although MMPs are up-regulated during corneal 

angiogenesis (Mohan et al. 2000), their role in the regulation of angiogenesis may appear 

ambiguous," as the same molecule could have pro- and anti.:..angiogenic effects. For example, 

activation of MMP-2 (gelatinase A) may release anti-angiogenic fragments (Brooks et al. 

1998), may allow the production of potent angiostatic factors (O'Reilly et al. 1998), or may. 

facilitate angiogenesis (Itoh et al. 1998). The dual function of MMPs during angiogenesis 

may be explained by their ability to degrade ECM, allowing tissue invasion by MMP-bearing 

endothelial cells, and by their ability to generate or release anti -angiogenic fragments from 

precursor molecules in the extracellular matrix. 
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Medical Treatments for Corneal Neovascularization 

Topical corticosteroids have long been a mainstay for suppressing actively 

proliferating corneal vessels ~Tommila et al. 1987). The anti-angiogenic effect of steroids 

may contribute to their anti-inflammatory properties, including inhibition of inflammatory 

cell chemotactic cytokines. Steroids also directly inhibit vascular endothelial cell 

proliferation and migration (Williams 1999; Boneham & Collin 1995; McNatt et al. 1999; 

Suzuki et al. 2000). 

Prostaglandins are produced in corneal wound-healing and angiogenesis. Inhibition of 

their synthesis with either phospholipase A2 or cyclooxygenase (COX) inhibitors (steroidal 

or non-steroidal anti-inflammatory agents, respectively) significantly reduces corneal 

angiogenesis in animal models of corneal NV (Harvey et al. 1983; Furcht & Zauberman 

1998; Haynes et al. 1992). 

Non-steroidal anti-inflammatory agents are commonly used in the management of 

ocular surface disorders. Two types of COX enzymes have been found in the cornea~ the 

constitutive COX-1 and the inducible COX-2 (Yamada et al. 1999). Treatment with selective 

inhibitors has assessed their differential significance in corneal angiogenesis. Selective 

inhibition of COX-2 inhibits basal synthesis of prostaglandin E2 (PGE2) in the cornea by 

20%, and this inhibition rate rises to 80% after wounding (Yamada et al. 1999). Furthermore, 

selective COX-2 inhibition significantly inhibits corneal NV with a similar anti-angiogenic 

effect to indomethacin, a nonselective COX-1 and -2 inhibitor (Yamada et al. 1999). 

Various other molecules have shown anti-angiogenic activity in corneal NV, 

including topical application of IL-l receptor antagonist, octreotide (a long-acting 

somatostatin analogue), cyclosporine A, tacrolimus, plasminogen fragments, spironolactone, 
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thalidomide, amiloride, curcumin, and platelet-activating factor antagonist (Chang et al. 

2001). However, because medical treatment is most efficient during active NV, many 

investigators are exploring the surgicru management of corneal NV with investigations aimed 

not only at preventing the need for corneal transplants in high-risk patients by attempting to 

reverse NV, but also at lengthening the.survival rate of a corneal transplant which do become 

necessary in such high-risk patients (Tsai et .al. 2000; Kwitko et al. 1995). 

Laser & Surgical Therapy for Corneal Neovascularization 

Different techniques have been used to occlude corneal neovessels, including argon 

laser, electro-coagulation, and photodynamic therapy. Laser photocoagulation using a 577 

nm yellow dye for treating established corneal NV seems to be relatively safe in animal 

studies (Nirankari 1992; Nirankari et al. 1993) and has been subsequently tested in humans 

with clinically significant corneal NV (resistant to medical therapy) before corneal transplant 

(to prevent recurrence of corneal NV) as well as after corneal transplant (to treat corneal NV). 

Although there has been some reduction in the NV area in clinically significant corneal NV 

and after corneal transplant, the efficacy of corneal laser photocoagulation for pre- or post

operative treatment of high-risk corneal transplant remains unclear, and the technique does 

not seem to be useful in extensive corneal NV (Nirankari & Baer 1986; Baer & Foster 1992). 

Fine needle diathermy (a variation of thermal coagulation) is an interesting alternative 

to laser photocoagulation in humans (Pillai et al. 2000). This technique resulted in occlusion 

of 50 to 100% of c01;neal NV with a moderate benefit in visual acuity in 14 patients. After a 

follow-up of 6-24 months, none experienced significant side effects (Pillai et al. 2000). 
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Photodynamic therapy utilizes a photosensitizer injected into systemic circulation or 

topically administered on the ocular surface. 'This photosensitizer accumulates in new vessels 

and is activated by a laser beam to selectively occlude new vessels. (Gohto et al. 1998) This 

technique, used for subretinal NV, is under investigation in animal models of corneal NV. 

Preliminary studies have shown promising results in rabbits, in which histological studies of 

treated corneas revealed corneal NV thrombosis which led to vascular closure (Gohto et al. 

1998; Gohto et al. 2000; Gohto Yet al. 2001; Primbs 1998 et al). Further investigations ar~ 

required to assess the benefit-risk ratio of this procedure. 

Another option is rehabilitation of the eye surface with the use of conjunctival, limbal, 

or amniotic membrane transplantation to reduce angiogenic stimuli. Short case series of auto

and allograft conjunctival transplantation, in the treatment ofuni-and bilateral ocular surface 

disorders, have shown decreased corneal NV (Kwitko et al. 1995). Amniotic membrane 

transplantation has anti-angiogenic properties (Tseng et al. 1998) but this approach has not 

specifically been tested against corneal NV. Moreover, anti-angiogenic molecules and 

precursors (including thrombospondin I and collagen XVIII) have been detected in amniotic 

membranes and may play a role in their anti-angiogenic properties (Hao et al. 2000). 

The treatment of severe ocular surface disorders (corneal ulceration, 

neovascularization, and conjunctival metaplasia) may require either autograft transplantation 

from the limbus ( corneoscleral junction) from a normal fellow eye or allograft transplantation 

from cadaver tissue. Limbal transplantation has been successful in vascularized corneas 

(Kwitko et al. 1995). Normal stem cells from the grafted tissue are thought to act in both by 

treating the stem ce~l deficiency, and therefore treating the angiogenic stimulus provided by 

chronic corneal ulcerati9n, leading to reversal of corneal epithelial metaplasia (or 
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conjunctivalization) and inhibition of vascular endothelial cells (Ma et al. 1999). Although 

these techniques have shown efficiency in treating corneal NV, it is still important to treat the 

underlying cause of corneal NV with antibiotic or antiviral therapy for infectious keratitis, 

suture or contact lens removal for. iatrogenic corneal NV, lubrication and prolonged eyelid 

hygiene for meibomian gland dysfunction, avoidance of allergens in the context of atopic 

dermatitis, and systemic immunosuppression of ocular cicatricial pemphigoid, fl. poorly 

understood autoimmune disease leading to scarring of the ocular surface. 

An ideal anti -angiogenic therapy should be effective against new and old corneal 

neovessels, inexpensive, lacking in side effects, and tested in·a randomized prospective 

clinical study. Further investigations are needed to establish the role of the medical and 

surgical treatments described above. 

Rationale of Project 

This project will outline our plans to elucidate the mechanisms of corneal a vascularity. 

Understanding the mechanisms underpinning the body's physiological vascular 

demarcations, such as in the corneal-scleral junction will help investigators craft new 

angiogenic modulators. We ·will present circumstantial evidence from mouse and human 

normal and neovascularized corneas indicating a correlation between sFlt and avascularity 

(published in part in British Journal of Ophthalmology). We believe that knockdown of its . 

expression may breach the a vascularity of the cornea. To disrupt the secretion of sFlt, we 

believe it is necessary to target the unique 31 amino-acid tail, since attempting to disrupt the 

function or expression of its first 6 domains will also interfere with production of membrane

bound Flt-1 whose function is important to endothelial cells and macrophages (Shibuya et al. 
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1999; Barleon et al. 1996). Extracellular approaches (e.g., antibodies, aptamers) against the 

tail of sFlt-1 would not affect its VEGFbinding (which is principally due to domains 2 and 3 

(Wiesmann et al. 1997) (Fig~re lB)). Hence we propose to target the tail intracellularly with 

RNA interference. 

We will also present the results of our investigations causally linking corneal 

avascularity to the presence of sFlt, by using three independent strategies to knock-down 

s~t: post-transcriptional silencing using RNAi, genetic ablation using the Cre-lox system, 

and the use of antibodies to inhibit sFlt activity (published in Nature). Lastly, we will present 

our data indicating that sFlt is reduced in mouse corneal injury, a reduction associated with 

increases in matrix metalloproteinase activity. 
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Abstract 

Corneal a vascularity-the absence of blood vessels in the cornea-is required for optical clarity 

and optimal vision, and has led to the cornea being widely used for validating pro- and anti

angiogenic therapeutic strategies for many disorders. But the molecular underpinnings of the 

avascular phenotype have until now remained obscure and are all the more remarkable given 

the presence in the cornea of vascular endothelial growth factor (VEGF)-A, a potent 

stimulator of angiogenesis, and the proximity of the cornea to vascularized tissues. Here we 

show that the cornea expresses soluble VEGF receptor-1 (sVEGFR-1; also known as sflt-1) 

and that suppression of this endogenous VEGF-A trap by neutralizing antibodies, RNA . 

interference or ere-lox-mediated gene disruption abolishes corneal avascularity in mice. The 

spontaneously vascularized corneas of corn1 and Pax6+/- ntice and Pax6+/- patients with 

aniridia are deficient in sflt -1, and recombinant sflt -1 administration restores corneal 

avascularity in corn1 and Pax6+/- mice. Manatees, the only known creatures uniformly to 

have vascularized corneas, do not express sflt-1, whereas the avascular corneas of dugongs, 

also members of the order Sirenia, elephants, the closest extant terrestrial phylogenetic 

relatives of manatees, and other marine mammals (dolphins and whales) contain sflt-1, 

indicating that it has a crucial, evolutionarily conserved role. The recognition that sflt-1 is 

essential for preserving the avascular ambit of the cornea can rationally guide its use as a 

platform for angiogenic modulators, supports its use in treating neovascular diseases, and 

might provide insight into the immunological privilege of the cornea. 
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Although the absence of blood vessels in the cornea was known to the ancients such as 

Susruta (Sharma 2001) and Galen (Magnus.1999) millennia ago, only in the last century· 

were angiostatic substances postulated to underpin corneal avascularity (Meyer and Chaffee 

1940). Because of its a vascularity and ease of accessibility the cornea has been a proving 

ground for testing anti-angiogenic strategies for over 30 years (Gimbrone et al. 2001). 

Despite its widespread use as a readout template, the molecular foundations of corneal 

avascularity remain nebulous. fu the last decade numerous anti-angiogenic molecules such as 

angiostatin, endostatin, interleukin-1 receptor antagonist, pigment epithelium derived factor, 

and thrombospondins were identified in the cornea (Chang et al. 2001), leading to 

recognition of their tumor suppressive, atherosclerotic plaque growth inhibitory, or wound 

healing modulatory roles, None of these molecules, however, are singly requisite for corneal 

a vascularity because mice deficient in any of them retain 'normal corneal phenotypes 

(Wiegand et al. 2004, Cursiefen et al. 2004, Bugge et al. 1995, Fukai et al. 2002, and Hirsch 

et al. 1996), engendering the view of multiply redundant mechanisms of corneal avascularity. 

The search for angiogenesis inhibitors to treat atherosclerosis, cancer, diabetic kidney 

and retina damage, macular degeneration, and rheumatoid arthritis often relies on initial 

efficacy testing in the cornea for it is exquisitely devoid of blood vessels despite being 

surrounded_ by the highly vascular conjunctiva (Fig. 1a). The cornea is ideal for 

understanding the ability of tissues to demarcate vascular ingrowth and identifying efficacy 

of therapies against known angiogenic stimuli. 

fu our studies we found, surprisingly, that the cornea contained VEGF-A, but nearly 

all of it was bound (Fig. 1 b). To reconcile ·the paradoxical presence of this potent pro

angiogenic molecule in an avascular tissue, we hypothesized a counterbalancing expression 
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of sflt-1, an alternatively spliced secreted isoform of membrane bound flt-1 (mbflt-1), a cell 

surface receptor. sflt-llacks the transmembrane (tm) and tyrosine kinase (tk) domains and 

can act as a manacle for VEGF-A (Kendall et al. 1993). sflt-1 mRNA and protein were 

identified in the cornea (Fig. le-g, Supplementary Fig. Sl); in contrast, mbflt-1 was present 

in the conjunctiva but not detectable in the cornea (Fig. lg). sflt-1 was present extracellularly, 

consistent with its proposed function of trapping secreted VEGF-A (Supplementary Fig. S2). 

In vivo interaction between sflt-1 and VEGF-A was confirmed by immunoprecipitation and 

corroborated by immunostaining (Supplementary Fig. S3). 

To test whether sflt-1 preserved corneal avascularity in mice we employed three 

independent strategies. First we performed corneal injections of neutralizing antibody against 

flt-1 with fellow eyes receiving isotype control antibody. Eyes treated with blocking antibody 

consistently developed corneal vascularization (CV) from the limbus within 1 day, whereas 

those treated with control antibody did not (n=14, P<O.OOl) (Fig. 2a,b). Free VEGF-A was 

greater in anti-flt-1 antibody-treated corneas thari in contr~l treated corneas (Fig. 2c), 

suggesting that sequestration of VEGF-A by sflt-1 maintains corneal a vascularity. We 

confirmed this by demonstrating that concomitantly treating corneas with neutralizing anti

VEGF-A antibody, but not with isotype-control antibody, prevented CV induced by the anti

flt-1 antibody (n=8, P=0.029). Bt?cause the anti-flt-1 antibody would theoretically block 

ligand-binding of both mbflt-1 and sflt-1 (although the former is undetectable in the cornea), 

we tested this antibody inflt-1 tyrosine kinase_,_ (jlt-1 tk_1
_) mice, which are deficient in 

receptor ligation induced signaling (Hiratsuka et al. 1998). The anti-flt-1 antibody, but not 

control, induced CV inflt-1 tk_,_ eyes as well (n=8, P=0.029), indicating that the vascular 

phenotype resulted from suppression of sflt -1 function and not interference with flt -1 
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signaling. Subconjunctival injection of anti-flt-1 antibody, which eliminates the confounding 

effect of corneal trauma, also elicited CV (n=10, P=0.008; Supplementary Fig. S4). 

The second strategy was genomic deletion: we suppressed· sflt -1 by conditional ere

lox mediated gene ablation because flt-1 deletion is lethal (Fong et al. 1995). Corneal 

injection of plasmid (Stechschulte et al. 2001) encoding Cre recombinase (pCre), but not of 

pNull, induced CV inflt-l 10
xP!loxP mouse eyes (n=10; P<0.001) within 2 days (Fig. 2d,e) .. Cre 

expression was accompanied by significantly reduced sflt-1 and increased free VEGF-A (Fig. 

2f,g). N~ither plasmid induced CV in wild-type mice (n=8). To avoid injection trauma, we 

delivered a cell permeable enzymatically active Cre containing a nuclear localization 

sequence (NLS-Cre; Lin et al. 2004 and Jo et al. ?001) to the cornea by topical eye drops. 

NLS-Cre, but not NLS-~-galactosidase, induced CV inflt-11
oxP!loxP mouse eyes (n=11; 

P<0.001) within 2 days (Supplementary Fig. S5). Neither NLS-enzyme induced CV in wild

·type mice (n=8). 

The final strategy specifically knocked down sflt-1 using RNA interference (RNAi) 

via corneal injection of plasmid expressing a short hairpin RNA (shRNA) targeted against a 

sequence in the unique carboxyl-terminus region of sflt-1 (pshRNA-sflt-1). The control was 

plasmid expressing a shRNA targeted against a sequence in the unique carboxyl-terminus 

region of mbflt-1 not present in sflt-1 (pshRNA-mbflt-1). pshRNA-sflt-1, but not pshRNA

mbflt-1, substan~ially ~educed both sflt-1 mRNA and .protein, indicating that knockdown was 

through RNAi (Fig .. 3a,b), and increased free VEGF-A (Fig. 3c), corroborating the thesis that 

sflt-1 sequesters VEGF-A to maintain physiological avascularity. pshRNA-sflt-1, but not 

pshRNA-mbflt-1, consistently induced CV within 3 days after injection (n=36, P<O.OOOi) 

·(Fig. 3d-f). pshRNA-sflt-1 also induced cy in ffi.ice systemically depleted of macrophages 
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and neutrophils by clodronate liposomes and anti-Gr-1 antibody (Supplementary Fig. S6a), 

indicating that CV was not induced by .infiltration of inflammatory cells and their deli very of 

VEGF-A. Further, pshRNA-sflt-1 did not elevate VEGF-A mRNA (Supplementary Fig. S6b ). 

In addition to sflt -1, the transmembrane domain of flt -1 ( flt -1-TM) also can trap 

VEGF-A, at least in development (Hiratsuka et al. 2005).flt-1 tk_1
_ mice (n>60), which retain 

expression of sflt-1 and flt-1-TM, have avascular corneas just as wild-type mice. pshRNA

sflt-1, but not pshRNA-mbflt-1, induced CV inflt-1 tk_1
_ eyes (n=8; P=0.029) just as in wild

type eyes, indicating that sflt-1 and not flt-1-TM is required for corneal a vascularity. 

Apart from VEGF-A, sflt-1 also binds VEGF-B and placenta growth factor (PlGF). 

Expression of these alternate ligands in mouse corneas was much less than that ofVEGF-A 

(data not shown). Moreover, pshRNA-sflt-1, but'not pshRNA-mbflt-1, induced CV both in 

Vegfb_1
_ (n=8, P=0.029) and Plgf1

- (n=16; P<0.0001) mice, supporting the contention that 

CV results from desequestration of VEGF-A from sflt -1. Direct evidence for this assertion 

was obtained by demonstrating that CV induced by pshRNA-sflt-1 in wild-type mice was 

prevented by a neutralizing anti-VEGF-A antibody but not by isotype-control antibody 

(n=10; P=0.008). 

pshRNAs ·can inhibit gene expression nonspecifically via interferon (IFN)-mediated 

responses; however, pshRNA-sflt-1 induced CV in Ifnar1_1
_ and lfng_1

_ mice (n=8) just as in 

wild-type mice, indicating that CV was not attributable to IFN response effectors. To 

examine whether other off-target effects might be responsible for CV induced by pshRNA

sflt-1, we created p2shRNA-sflt-1 targeted against a different sequence in the unique 

carboxyl terminus region of sflt-1. Corneal injection ofp2shRNA-sflt-1 also induced CV in 
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wild-type mice (n=10), making it unlikely that off-target effects, which are sequence-specific 

and not target-specific, were responsible for loss of corneal avascularity. 

To confirm that CV induced by pshRNA-sflt-1 was mechanistically liriked to sflt-1 

knockdown, we developed a plasmid coding for a "hardened-target" version of sflt-1 (psflt~ 

1 *) containing seven translationally silent wobble position mutations rendering expressed 

sflt-1 refractory to pshRNA-sflt-1. psflt-1 *,but not psflt-1, prevented suppression of sflt-1 

and CV devel~pment in eyes treated with pshRNA-sflt-1 (n=10, P=0.008); this functional 

control definitively established that the angiogenic phenotype was due to RNAi-mediated 

knockdown of sflt-1. Genetic, transcriptional,' and protein-targeting suppression of sflt-1 all 

induced CV, demonstrating that sflt -1 is the preeminent molecular defender of corneal 

a vascularity. 

The cornea remains avascular even in states of hypoxia such as those induced by 

eyelid closure during sleep or coma, and a variety of ischemic and occlusive disease states .. 

We examined VEGF-A.and sflt-1levels in corneas of mice exposed to 8% 02 (comparable to 

corneal hypoxia during sleep) for 24 hours. Despite profound hypoxia, these corneas 

remained avascular (n=20). Although hypo?Cia :cari increase VE(JF-A production, free VEGF

A was not significantly elevated in hypoxic corneas (11±23% greater than non-hypoxic 

corneas; n=9; P=0.78). This was attributed to a 8~±34% increase in sflt-1 in ~ypoxic corneas 

(n=17; P=0.05), consistent with the presence of a hypoxia-responsive element in the flt-1 

gene18
• These data confer an,important protective role upon sflt-i inmaintaining corneal 

avascularity during.physiological hypoxia. In contrast, VEGF-A elevation without 

concomitant sflt -1 induction, modeled by injection of recombinant VEGF-A, was reversed by 
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recombinant sflt-1/Fc administration but not isotype control IgG/Fc (Supplementary Fig. S7), 

confirming its specificity. 

We examined the spontaneously vascularized corneas of coml and Paxr/"1
- mice 

(Smith et al. 1996 and Ramaesh et al. 2003) for the presence of sflt-1. Corneas of coml and 

Paxr/"1
- mice, unlike those of their background strains, were deficient in sflt-1 (Fig. 4a). 

While it is unknown why these mice do not express sflt-1 in the cornea, it is notable that both 

strains have abnormalities in their corneal epithelium (Ramaesh et al. 2003 and Ikeda et al. 

2003), the predominant source of sflt-1. sflt-1/Fc injection significantly reduced CV area 

(Ambati et al. 2003 and Ambati et al. 2003) in coml and Paxr/"1
- mice compared to both 

IgG/Fc treated and untreated corneas, both conferring a significant role for sflt -1 in 

maintaining corneal homeostasis and suggesting the potential to clinically rescue CV. 

Although mutations in destrin, the protein altered in coml mice, have not been reported in 

humans, Pax6 mutations are present in patients with aniridia, who also have CV (Jordan et al. 

1992). Interestingly aniridic patient corneas (n=5) were deficient in sflt-1 compared to 

normal human corneas (n=7; Fig. 4d). 

Florida manatees (Trichechus manatus latirostris) are the only organisms reported to 

uniformly have spontaneously vascularized corneas (Harper et al. 2005). We observed this 

phenotype also in the Antillean manatee (Trichechus manatus manatus; unpublishe~ data). 

Interestingly neither manatee cornea expressed sflt-1 whereas the avascular corneas of 

dugongs (Dugong dugan), which also belong to order Sirenia, and of Asian (Elephas 

maximus) and African (Loxodanta africana) elephants, the closest extant terrestrial 

phylogenetic relatives of manatees, did (Fig. 4e-g). The avascular corneas of other marine 

mammals such as dolphins (bottlenose: Tursiops truncatus; Risso's: Grampus griseus), and 
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whales (Cuvier' s beaked: Ziphius cavirostris; fin: Balaenoptera physalus; melon-headed: 

Peponocephala electra) also contained sflt-1 (Fig. 4h,i). The correlation between sflt-1 

expression and corne~tl avascularity in diverse mammals supports an evolutionarily 

conserved role for sflt-1 conferring the cloak of corneal avascularity. Unlike dolphin and 

elephant corneas (Fig. 4i), manatee corneas expressed mbflt-1 (Supplementary Fig. S8), 

suggesting a splicing switch potentially accounting for their vascularized state. The 

teleological basis of the vascularized manatee cornea is intriguing. The absence of corneal 

sflt-1 and potentially suboptimal vision might result from a non-de~eterious mutation in 

manatees as they live primarily in turbid waters. Unlike dugongs which are strictly marine, 

manatees are believed to be physiologically dependent on freshwater and CV could protect 

against, or perhaps result from, irritations of this hypotonic environment. 

The presence of numerous anti-angiogenic molec1:1les in the cornea suggests multiply 

redundant mechanisms for maintaining avascularity, which is essential for optical 

transparency and clear vision. Therefore the finding that neutralization or knockdown of sflt-

1 alone abolishes corneal a vascularity is surprising but consistent with the presence of 

VEGF-A in the normal cornea. We speculate that VEGF-A is produced and held in a 

sequestered state by the cornea as a readily available store because this exposed tissue is 

susceptible to injuries potentially requiring an angiogenic response. Alternatively it might be 

a vestigial residue of an evolutionary requirement to provide blood to the eye that later 

required biochemical compensation in the form of sflt -1 expression to support improved 

vision. 

The utilization of sflt-1 to regulate VEGF-A bioavailability is conserved in other 

systems such as cyclic vascularization (Graubert et al. 2.001) and embryonic sprouting 
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(Kearney et al. 2004 ), and disturbances in this regulation underlie preeclampsia (Levine et al. 

2004). Our findings unveil a new role for sflt-1 in evolutionary establishment of optimal 

vision resulting from and requiring optical clarity. Apart from trapping VEGF-A, sflt-1 can 

heterodimerize with mbflt-1 and VEGFR-2 (Kendall et al. 1993). Although neither mbflt-1 

nor VEGFR-2 is expressed in the normal cornea (Fig. 1g, Supplementary Fig. S9), such 

heterodimerization might modulate pathological CV. Other mechanisms of regulating VEGF

A bioavailability, such as matrix metalloproteinase-induced release, have been identified in a 

tumor angiogenesis model (Bergers et al. 2000). 

The cornea has long been used as a readout platform to assay-anti-angiogenic therapy 

in oncology, cardiovascular biology, and other fields. The recognition that sflt-1 is dominant 

in maintaining corneal av~scularity directly impacts the generalizability of this tissue in 

individual models. Our data also provide insights into the relative immunologic privilege of 

the cornea as corneal a vascularity is critical to the high success of corneal allografts (Dana 

and Streilein 1996). These findings also support the use of sflt-1 in preventing or treating 

neovascularization. Furthermore, they illuminate its potential as a therapeutic ~arget in 

conditions where inducing angiogenesis in a sflt-1-rich ·microenvironment might be 

beneficial, e.g., preeclampsia, wound healing, stroke, and heart disease. 
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Figure 1. Avascular cornea contains sflt-1. a, Photo of human eye demonstrates abrupt 
termination of blood vessels in the conjunctiva (CJ) at its border with the cornea (C), the 
limbus (* ). b, Representative non-denaturing western blot of mouse cornea reveals 
immunoreactive bands ofVEGF-A at 100-130 kDa corresponding to bound forms and 
negligible immunoreactivity at 45-50 kDa corresponding to the free form. n=5. c, sflt-1 (lane 
1) and VEGF-A (lane 3) transcripts in mouse cornea identified by representative RT-PCR. 
Lane 2 is water (template negative) control. n=5. d,e, sflt-1 mRNA detected by in situ 
hybridization in mouse corneal epithelium (epi) and stroma (str). Antisense RNA probes 
show purple-brown reactivity. Sense RNA probes show negligible reactivity. f, 
Immunolocalization (brown) of sflt-1 protein in mouse cornea. g, Representative reducing 
western blots with an antibody against the amino (N)-terminus of flt-1 that recognizes both 
mbflt-1 and sflt-1 and an antibody against the unique carboxyl terminus of sflt-1 specific 
antibody reveal that mouse cornea (1) contains primarily sflt-1 (60 kDa) while conjunctiva 
(2) contains primarily mbflt-1 (190 kDa). 
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Figure 2. Neutralizing flt-1 protein or gene expression abolishes corneal avascularity. a,b, 
Anti-flt-1 neutralizing antibody (nAb) but not isotype control IgG injection induces corneal 
vascularization (CV) in wild-type mice. n=14: c, Representative non-reducing western blot at 
1 hour after injection of nAb but not con(rol IgG shows a shift in VEGF-Afrom bound to free 
form. n=6. d,e, pCre but not pNull injection induces CV in flt-1 1

oxP!loxP tnice. n=1 0. f, 
Rep'resentative reducing western blots show that inflt-11

oxP!loxP mouse corneas, at 2 days after 
pCre injection, Cre is expressed and sflt-1 expression is reduced compared to pNull injection. 
n=6. g, Representative non-reducing western blot shows a shift in VEGF-Afrom bound to 
free form in eyes injected with pCre compared· to pNull. n=6. Corneal flat mounts show 
CD31+ (green) LYVE-1- blood vessels (a,b,d,e) at 14 days after injection. Scale bars, 900 !J.m. 
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Figure 3. s.flt-1 mRNA knockdown abolishes corneal avascularity. a-c, Real time RT-PCR 
reveals reduced sflt-1 mRNA (a) and ELISA reveals reduced sflt-1 protein (b) and increased 
free VEGF-Aprotein (c) in wild-type mouse corneas 3 days after injection ofpshRNA-sflt-1 
but not pshRNA -mbflt-1, compared to uninjected control. * P < 0. 05, Mann Whitney u·test. 
n=B-12. d-f,·pshRNA-sflt-1 but not pshRNA-mbflt-1 induces CVin wild-type mice. n=36. 
Photo of eye (d) and corneal flat mounts showing CD31+ (green) LYVE-1- blood vessels at 
14 days after injection(e,f). Scale bars, 500 p,m. 
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Figure 4. Spontaneously vascularized corneas lacking sjlt-1 are rescued by sflt-1 
administration. a, Representative reducing western blots reveal deficiency of sflt-1 in 
corneas of corn] and Pax6+!- mice compared to background strain All and Pax6+!+ mice. 
n=l0-12. b,c, sflt-1/Fc administration inhibits CVin corn] and Pax6+!- mice compared to 
IgGl/Fc (by 87±2% in cornl; n=12; P=O.Ol; by 85±3% in Pax6+1

-; n=lO; P=0.03) and to 
control untreated mice (by 87±2% in cornl; n=12; P=O.Ol; by 84±3% in Pax6+1

-; n=lO; 
P=0.03 ). Significance by Bonferroni corrected Mann Whitney U test. (b). Representative flat 
mounts show CD31+ (green) LYVE-1- corneal blood vessels (c). d, Immunostaining reveals 
deficiency ofsflt-1 (brown) in cornea of a 32-year-oldwoman (top) with aniridia-associated 
vascularization, revealed by vascular cell adhesion molecule-] (VCAM-1) staining (red) 
compared to the avascular cornea (lack ofVCAM-1 staining) of a 38-year-old man without 
aniridia (bottom). e-i, Marked deficiency of sflt-1 (reddish brown) staining in cornea of 
Antillean manatee (e) compared to dugong (j), African elephant (g) and beaked whale (h). 
Nuclear counterstain is blue (d-h). i, Representative reducing west~rn blots with an antibody 
against the amino (N) terminus offlt-1 reveal presence of sflt-1 (60 kDa) and absence of 
mbflt-1 (190 kDa) in corneas of bottlenose dolphin (1) and Asian elephant (2) n=4. Scale 
bars, 200 Jlm. 
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Supplementary Figure Sl 
Specificity ofsflt-1 immunolocalization. a,b, sflt-1 staining (brown) in mouse cornea was 
inhibited by the immunizing peptide (a) but not by an unrelated, negative-control peptide (b). 
No staining was observed when anti-sflt-1 antibody was replaced with isotype control IgG 
(c) or when it was omitted (d). Cell nuclei stain blue. 
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Supplementary Figure S2 
sflt-1 is present extracellularly in vivo and. in vitro. a, The pattern of sflt-1 immunostaining 
(green) is diffuse and -extends beyond cell borders in the supeificiallayers of mouse corneal 
epithelium, and appears extern.al to cytoplasm and in intercellular spaces in the deeper 
layers. Cell nuclei stained blue by DAP/. b, ELISA demonstrates that mouse ·corneal 
epithelial cells constitutively secrete sflt-1. *P < 0.05 Bonferroni corrected Mann Whitney U 

-test compared to previous time point. n=6. 
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Supplementary Figure S3 
VEGF-Aproduced by the cornea interacts with sjlt-1. a,b, VEGF-A mRNA was detected by 
in situ hybridization in mouse cornea. Antisense RNA probes showed red reactivity in the 
epithelium. Sense RNA probes showed negligible reactivity. c, Representative Western blot of 
two independent mo.use cornea samples immunoprecipitated with anti-VEGF-A antibody and 
immunoblotted with a biotinylated antibody against the amino (N)-terminus offlt-1 that 
recognizes both mbjlt-1 andsflt-1 reveals that VEGF-A interacts with sflt-1 (60 kDa). 
Subsequent immunoblot with a biotinylated anti-VEGF-A antibody confirms the pull-dowrJ of 
VEGF-A by the immunoprecipitating antibody. d-g, Immunoreactivity of sflt~I (green, d) and 
VEGF-A (red, e) colocalize in the mouse cornea (merge of green and red channels appears 
yellow, f). g, Cell nuclei stained blue by DAPI. · 
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Supplementary Figure S4 
sjlt-1 blockade without corneal trauma abolishes corneal avascularity. Representative flat 
mounts show that subconjunctival injection (10 Jig) of neutralizing anti-flt-1 antibody (a) but 
not isotype control IgG (b) elicits invasion of CD31 + (green) LYVE-1- blood vessels into 
cornea of wild-type mice 10 days after injection. n=1 0. 
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Supplementary Figure SS 
Topical enzymatically active Cre recombinase abolishes corneal avascularity in flt-l 10

xPnoxP 

mice. NLS-Cre but not NLS-f3-galactosidase induces Cre expression (brown) in the cornea 
within 1 hour of eye drop application as demonstrated by immunolocalization in cell nuclei 
stained red (a,b), and by representative reducing western blot (c). Representative cornea/flat 
mounts show CD31+ (green) LYVE-1- blood vessels inflt-11

oxP!loxP mouse corneas 14 days 
after treatment with NLS-Cre eye drops (d)"but not NLS-fJ-galilctosidase (e). No corneal · 
vascularization occurs in wild-type mice after topical NLS-Cre (j) or NLS-/3-galactosidase 
(g). n=4 (a,b), n=6(c); n=B-11 (d-g). · 
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Supplementary Figure S6 
Corneal vascularization induced by sflt-1 knockdown does not require inflammatory cell 
invasion and is not induced by VEGF -A synthesis. a,b, Representative flat mounts 
demonstrate that pshRNA-sflt-1 indf!-ced 9D31+ (green) LYVE-1- blood vessels 10 days after 
injection in mice systemically depleted of macrophages and neutrophils by clodronate 
liposomes and anti-Gr-1 antibody (a) and not by macrophage and neutrophil.depletion alone 
(b)~ n=5. c, pshRNA-sflt-1 did not elevate VEGF-A mRNA levels compared to pshRNA-mbflt-
1 or control uninjected corneas. Individual VEGF -A isoform levels measured by real time 
RT-PCR 2 days after injection were divided by GAPDH levels and normalized to control 
levels. No pairwise differences were statistically significant by Bonferroni corrected Mann 
Whitney U test. n=12.. · 
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Supplementary Figure S7 
Exogenous VEGF-A induces corneal vascularization by overwhelming endogenous sjlt-1. 
a, Recombinant mouse VEGF-A164 injection induces CV in. a dose-dependent manner and is 
blocked by co-administration (5 j.Lg) of recombinant sflt-1/Fc but' not isotype control IgG1-Fc. 
Area ofCV 10 days_after injection measured by morphometric analysis ofCD31+ LYVE-1-
blood vessel coverage of cornea. Statistically significant differences are displayed. n=6. b, 
ELISA of corneal sflt-1 levels 3 days after injection were not significant different between 
PBS- and VEGF-A -injected eyes. Significance by Bonferroni corrected Mann Whitney U test. 
n=B. 
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Supplementary Figure S8 
Manatee cornea contains mbflt-L mbflt-1 staining (blue) in the manatee cornea was 
inhibited by the immunizing peptide (a) but not by an unrelated, negative-control peptide (b). 
Nuclei stained red. Scale bars, 200 Jlln. 
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Figure S8 
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Supplementary Figure S9 
Normal cornea does not express VEGFR-2. Representative reducing Western blot shows 
VEGFR-2 in mouse lung homogenates (L) but not mouse cornea lysates (C). Equal loading 
was confirmed by detection.ofGAPDH. n=lO. 
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Figure S9 
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Supplementary Figure Sl 0 
Naked plasmids transfect mouse corneas in vivo. (a,b) Representative flow cytometry data 
reveal that greater than 70% of corneal cells express GFP 1 day after injection of pGFP (b) 
compared to pNull (a). (c,d) Xgal staining of flat mounts confirms that approximately 75% of 
corneal cells express {3-galactosidase (blue) 1 day after injection ofplacZ (c) compared to 
pNull (d). n=6. 
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Supplementary Methods 

Animals. A/J, C57Bl/6J, com], /fng-1
-, Vegfb_1

_ (The Jackson Laboratory; gift ofD.A. 

Greenberg, Buck Institute for Age Research), and Balb/c mice (Harlan Laboratories) were 

used. Ifnarl_1
_ (gift ofH.W. Virgin, Washington University) Paxr!1

-, Paxr!1+, and Plgf1
-

mice have been previously described (Muller et al. 1994, Quinn et al. 1996, and Carmeliet et 

al. 2001).flt-l10
xP!loxP mice, generated arid characterized by Genentech, will be described 

elsewhere. Dolphin, dugong, elephant, human, manatee, and whale eyes were collected in 

accordance with applicable regulations. Experiments were approved by institutional review 

boards and conformed to the Association for Research in Vision and Ophthalmology 

Statement on Animal Research. 

Hypoxia~ Hypoxia was induced by placing C57Bl/6J mice into 8% Oz PEGASS chambers 

(Columbus Instruments) for 24 hours. 

Vectors. siRNA expression cassettes (SECs) were developed by in vitro amplification by 

PCR. Multiple sequences were screened to identify the best targets for mbflt-1 

(AAACAACCACAAAAUACAACA) andsflt-1 (#1: AAUGAUUGUACCACACAAAGU; 

#2: UCUCGGAUCUCCAAAUUUA), which were ligated into the pSEC Neo vector. 

l 

Plasmids were prepared (Plasmid Mini Prep kit, Eppendorf) and sequenced to confirm the in-

frame sequence of the inserts. psflt-1 * was generated by site directed mutagenesis 

(Stratagene) of 2278-AAIGAITGIACCACACAAAGI in psflt-1 (gift of V .L. Bautch, 

University of North Carolina) to AACGACTGCACAACICAGAGC. 

Immunohistochemistry. Deparaffinized sections were incubated with serum-free protein 

block (Dako or Biogenex). Endogenous peroxidase and alkaline phosphatase were quenched 

with HzOz and levamisole (Vector Laboratories). lmmunolocalization was performed with 
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rabbit antibody against the unique carboxyl-terminus of sflt-1 (1: 1 000; Orecchia et al. 2003), 

rabbit antibody against the unique carboxyl-termin:us ofmbflt-1 (1:1000; clone.C-17, Santa 

Cruz Biotechnology), goat antibody against mouse VEGF-A (1 :200; R&D Systems), goat 

. ·. antibody against.human vascular cell adhesion·molecule~l (1:160; Santa Cruz· 
. . . . 

Biotechnology), rabbit antibody against Cre recoinbinase (1 :5,000; EMD/Novagen) using 

biotin-streptavidin-horseradish peroxidase, alkaline phosphatase, or immunofluorescent 

methods using FITC- and PE-conjugated secondary antibodies (Vector Laboratories). 

Counterstain was obtained with Mayer's hematoxylin (Lillie's Modified, Dako ), Nuclear 

FastRed (Vector Laboratones), or DAPI (1 :25,000; Molecular Probes). Specificity was· 

assessed by staining with control isotype non-immune IgG, omitdng pri~ary antibody, or 

pre-adsorbing the ·primary antibody with a ten-fold molar excess of the immunizing peptide. 

In situ hybridization. In situ hybridization was carried out on formaldehyde fixed 

"cryosections as previously described (Witta et al. 2000). Digoxigenin (DIG)-labeled sense 

and anti-sense riboprobes were transcribed from mousesflt-1 and VEGF-A cDNAs using the 

DIG RNA-labeling kit (Boehringer-Mannheim). The sflt-1 probe corresponded to.the 

divergence site of sflt-1 as previously reported (He et al. 1999): DIG-labeled probes were 

hybridized, slides were washed under high-stringency conditions, incubated with alkaline 

phosphatase-conjugated anti-DIG antibody (1 :2000; Boehringer-Mannheim), and stained 

with NBT/BCIP (Boehringer-Mannheim). 

Imaging. In vivo images were captured by CCD camera (Nikon) under a dissecting 

microscope. Blood vessels were defined by positive labeling with FITC-conjugated rat . . 

antibody against mouse CD31 (1:333; BD Pharmingen) and negative labeling with rabbit 
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antibody against mouse LYVE-1 (1:333; Abeam) on corneal flat mounts as previously 

reported (Ambati, Anand et al. 2003 and Ambati, Joussen et al. 2003). 

Injections. Neutralizing goat antibody (10 f,ig) against mouse flt-1 (R&D Systems), isotype 

control goat IgG (10 ~g;Jackso"ri Immunoresearch), shRNAs (4 J.Lg) against mbflt-1 or sflt-1, 

psflt -1 ( 4 J.Lg), psflt -1 * ( 4 J.Lg), pCre ( 4 J.Lg; gift of R.K. Nordeen, University of Colorado), 

pNull (4J.Lg), rmVEGF-A164 (20-500 ng; R&D Systems), sflt-1/Fc (5 J.Lg; R&D Systems), or 

isotype control IgG1/Fc (5 J.Lg; Jackson Immunoresearch) were injected (2 Jll) into the cornea 

with a 33 gauge needle as previously reported (Stechschulte et al. 2001). Corneal transfection 

efficiency by naked plasmid ofpGFP (gift of X. Li, University of Kentucky) or placZ (gift of 

B.T. Spear, University of Kentucky) exceeded 70% as gauged by flow cytometry and Xgal 

staining (Suppletnentary Figure S 1 0). Tail vein injection of clodronate liposomes (200 ~-tl) 

and intraperitoneal injection of anti-Gr-1 antibody (200 !Jg; eBioscience) were performed on 

each of the two days before_ and immediately after corneal injection.ofpshRNA.sflt-1 

injection to deplete peripheral monocytes/macrophages and neutrophils. 

Topical eye drops. Cell permeable enzymatically active Cre recombinase .(Jo et al. 2001 and 

Hrel et al. 2003) (NLS-·cre) or NLS-~-galactosidase (gift of D.J. Forbes, University of 

California at San Diego; Harel et al. 2003), both containing a 6-His tag and an SV40 derived 

nuclear localization signal, were dissolved in PBS (0.6 mg/ml) and dropped on to the surface 

of the cornea at the rate of 1 J..Lllmin for 5 min. 

Rescue experiments. Recombinant sflt-1/Fc or control isotype IgGt-Fc were injected (5 J.Lg 

/2 J.Ll) into the corneas of fellow eyes of corn] (at 2 and 3 weeks of age) and Pax~1- (at 6 and 

7 weeks of age) mice and morphometric measurements of vascularized area on ·corneal flat 

mounts were performed, as previously reported7
'
8

, at 4 (cornl) and 8 (Pax~1-) weeks of age. · 
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Protein expression. Enzyme-linked immunosor~ent assays (ELISAs) were used according to 

the manufacturer's instructions to quantify sflt-1 (Quantikine, R&D Systems) and free 

VEGF-A (RELIDA, RELlA Tech GmbH). Measurements were normalized to total protein 

(Bio-Rad). As previously described (Nozaki et al. 2006); iinmunoblotiing w·as performed 

with rabbit antibody against the amino-terminus of flt-1 (1 :1,000; Angiobio), rabbit 

antibodies against the unique carboxyl-terminus of sflt-1 (1:100; Hiratsuka et al. 1998) or 

1:1,000; Orecchia et al. 2003), goat antibody against mouse VEGF-A (1:1,000; R&D 

Systems), rabbit antibody against mouse VEGFR-2 (1:1,000; clone T014; Feng et al. 2000), 

or rabbit antibody against Cre recombinase (1:10,000), and loading was assessed with rabbit 

antibody against human GAPDH (1 :2,000; Abeam). Mouse cornea lysates were 

immunoprecipitated with goat antibody against mouse ·vEGF-A (2 J.lg/ml, R&D Systems) 

immobilized to protein G-agarose, subjected to SDS-P AGE, and immunoblotted with 

biotinylated goat antibody against the amino-terminus of mouse flt-1 (1:1,000, R&D ' 

Systems). 

Gene expression. Total mouse cornea RNA was prepared (RNAqueous, Ambion) and eDNA 

was synthesized by reverse transcription (raqMan, Applied Biosystems) and analyzed by 

real-time quantitative polymerase chain reaction (ABI 7000, Applied Biosystems). The 

primers for sflt-1 were: forward 5'-AGGTGAGCACTGCGGCA-3', reverse 5'-

. ATGAGTCCTTTAATGTTTGAC-3'. The primers for VEGF-A were described in ref. 16. FAM (6-

carboxyfluorescein)-labeled probes (Maxim Biotech) were used as target hybridization 

probes. sflt-1 and Vegfa expression were quantified ~d nprmalized to glyceraldehyde-3-

phosphate dehydrogenase (Gapdh) or 18S rRNA levels by polymerase chain reaction with 
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reverse transcription (RT-PCR) using TaqMan gene expression assays (Applied 

Biosystems ). 

Cell culture. Cultured mouse corneal epithelial cells (gift of J.Y. Niederkorn, tiT 

Southwestern Medical Center) were maintained iri EMEM sripplenierited with. 10% FCS~ 1% · · 

glutamine, and antibiotics at 37 ac under 5% C02. Secreted sflt-1levels in the supernatant 

were measured by ELISA (R&D Systems) at 0, 8 and24 h after serum starvation. 

Statistics. Differences in incidence of CV and mean levels of protein, mRNA, and CV area 
. ~ ' ' ~ \ . . . 

were compared ~ith. two~ tailed Fisher's exact test atld Marin Whitney y test with Bonferroni 

correction for multiple comparisons, respectively. P values< 0.05 were considered 

significant. Data are presented as mean±s.e.m. 
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Abstract 

Purpose: Pathological neovascularization within the normally avascular cornea is a serious 

event that can interfere with normal vision. Upregulation of vascular endothelial growth . 

factor (VEGF) has been associated with neovascularization in the eye, suggesting that 

maintaining low levels of VEGF is important for corneal a vascularity and intact vision. This 

study aims to determine the expression profile and possible contribution of s VEGFR -1 to the 

corneal avascular barrier. 

Deszgn: Experimental case series investigating VEGF and sPit levels in normal and 

neovascularized human corneas. 

Participants: Four normal human corneas, five human corneas with alkali bums, three 

human corneas with aniridia, one with ocular cicatricial pemphigoid and two with interstitial 

keratitis were examined. 

Methods: Western Blot analysis and immunohistochemistry were performed to determine 

sPit and VEGF levels in normal and neovascularized human corneas. Immunoprecipitation 

was utilized to demonstrate sPit-VEGF binding. 

Results: Normal human corneas strongly express sPit in the corneal epithelium and weakly 

in the corn~al stroma close to. the limbus. VEGF is bou~d by sPit in the normal human 

cornea. Neovascularized human corneas have greatly reduced expression of sPit a~d 

significantly less VEGF bound by sPit.-

Conclusions: sPit is highly expressed in the human cornea and normally sequesters VEGF. 
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Introduction 

It has long been unclear how the normal cornea remains avascular. Many studies have linked 

various anti -angiogenic factors to corneal a vascularity such as angiostatin, endostatin, 

throinbospondin, interleukins 4 ·aJ:?,d 13, a~d other proteolytic fragments of extracellular 

matrix components (Epstein et al. 1987). VEGF has been determined to be a key mediator of 

angiogenesis in many models,.including the cornea (Lai et al. 2001). Many anti-angiogenic 

factors are linked with downregulating or counteracting VEGF, but the responsible factors 

remain elusive (Stechschulte et al. 1975). 

We have recently shown that sFlt is essential to corneal a vascularity in a variety of animal 

models (Ambati et al. in press). Our present study investigates sFlt and its presence in the 

normal and diseased states in humans to further characterize its potential role in anti

angiogenesis. sFlt has been shown to be anti -angiogenic in several models by acting as a 

decoy receptor for secreted VEGF and also inactivating membrane bound VEGF receptors 1 

and 2 by heterodimerization (Ambati et al. in press, Kong et al. 1998, O'Rielly 2002, and 

Shimpo et al. 2000). 

sFlt consists of the first 6 domains of membrane-bou~d VEGF receptor 1 and a unique 31 

amino-acid tail, the purpose of which remains unknown but which is highly conserved in the 

animal kingdom (Kendall and Thomas 1996). sFlt, which lacks the membrane-proximal 

immunoglobulin-like domain, the transmembrane spanning region, and the intracellular 

tyrosine-kinase domain, is generated by alternative splicing (Barleon et al. 1996). 

Herein we describe- our observations that sFlt is highly expressed in the cornea and normally 

sequesters VEGF in a consecutive series of corneal specimens from normal corneas and 

patients with neovascular corneal disease. 
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Methods 

All experiments and procedures involving were conducted in accordance with the 

Declaration of Helsinki and approved by the Institutional. Hunian Assurance Coriunittee. ·We 

have analyzed human corneas using techniques of immunohistochemistry, 

immunoprecipitation and Western blotting. From the Georgia Eye Bank, four normal human 

comeoscleral specimens ( normallimbris & sclera derived after use of central cornea for 

transplantation) and 3 normal central corneas (derived after use of limbus for limbal stem cell 

transplant tissue) were used. A consecutive series of five patients with alkali bums, three 

patients with aniridia, two patients with remote history of interstitial keratitis, and one with 

ocul~ cicatricial pemphigoid were also examined; all of these had corneal neovascularization 

involving more than 2 quadrants of the cornea (the patients with prior IK had regressed, or 

"ghost" neovessels). 

Immunohistochemistry 

Human corneal specimens were placed in neutral buffered formalin and then paraffinized. 

Four micron sections were cut from paraffin blocks and mounted on treated slides 

(Superfrost plus, VWR Scientific Products, Suwanee, GA). Slides were air dried overnight, 

then placed in a 60°C oven for 30 minutes. Slides were then deparaffinized in two changes of 

xylene for 7 minutes and run through two changes of absolute ethanol for 2 minutes each, 2 

changes of 95% ethanol for 2 minutes, 80% ethanol for 2 minutes, 70% ethanol for two 

minutes, and finally with distilled water. Slides were pretreated if required for primary 

antibody with Target Retrival Solution (pH 6.0) (Dako, Carpinteria, CA) using a steamer 

(Black and Decker rice steamer) and then rinsed in distilled water. Endogenous peroxidase 
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was quenched with 0.3% H202 in distilled water for 5 minutes followed by distilled water for 

2 minutes. Slides were then incubated in Power Block (Biogenex, San Ramon, CA), rinsed in 

distilled water, and placed in lX PBS for 5 minutes. Slides were then incubated. with primary 

antibody (rabbit anti-C-terniinal.of sFlt, provided by Dr. A. Orecchia, IDI, Italy) and VCAM 

antibody (Santa Cruz Biotechnology, Santa Cruz, CA) in a 1:1000 concentration for 2 hours 

at room temperature and followed by two changes of 1X PBS. Incubation with s'econdary 

biotin-labelled affinity isolated goat anti-rabbit immunoglobulins (LSAB2- HRP kit, Dako) 

followed for 10 minutes and the slides ~ere again rinsed in two changes of 1X PBS. Slides 

were then incubated in Streptavidin-HRP (LSAB2, Dako) for 10 minutes artd rinsed in two 

changes of 1X PBS. Bound antibody was detected with PAB substrate kit (Dako-DAB 

substrate kit for peroxidase-HRP). Slides were then counterstained with hematoxylin 

(Richard-Allan Scientific, Kalamazoo, Ml) . 

. Cornea~ Microscopy 

Images of human cornea were captured using a Spot 1.3 Cooled Color Digital camera (Spot 

Diagnostic Instrume~ts, Inc., Ml) attached to an Olympus AX 70 True Research System 

microscope (Olympus America, Inc., Melville, NY) controlled by Spot 3.4 software. General 

morphology images were captured with 20X magnification; endothelial and stromal images 

were captured at 40X and 1 OOX oil immersion magnification. All images required 9 .a

voltage bright field. The images were fed into a Sony Trinitron MultiScan 500PS computer 

(Dell Computer Corporation, Round Rock, TX) and saved as joint photographic experts 

group (.jpeg) files. 

Immunoprecipitation & Western Blot 

82 



Hull1:an corneas were harvested, freeze-fractured with a mortar and pestle, and placed in 200 
./., 

' ', . . -

ul RIPA buffer (Tris-HCl, NaCl, NP.,.4Q; Na~deoxycholate, and protease inhibitors). After a 
. . 

_one-hour incubation in RIPA buffer, tissue-samples were sonicated-a~ ice four times at 15 

- second intervals at leyel4 intensity".· fuimurioprecipitation "of corrie"al "cells with anti -sFlt . 

antibody (provided by Dr. Orecchia) began with pipetting 50 ul of corneal cells into a 1.5 mL 

Eppendorf tube (Fisher Scientific) and adding 50 ul of sterile PBS to the tube. Anti-sFlt 

antibody was added to the tube in a 1 :200 concentration and the resulting ririxture was 

incubated overnight at 4 oc on a refrigerated shaker. The following day, 400 ul of agarose 

beads-were placed in a separate Eppendorftube and washed with an equal amount of PBS. 

To wash, the beads and PBS were inverted several times and spin pulsed in a mini-

centrifuge. After removing the supernatant, another 400 ul of PBS was added to the beads 

and the procedure was repeated. After three washes, the agarose beads were finally 

resuspended in 40 ul of PBS. The washed bead mixture was aliquoted into the Eppendorf 

tube containing human corneal cells and incubated overnight at 4 oc on a refrigerated shaker. 

The following day, the beads were collected and washed using the aforementioned 

procedure. The beads. were resuspended in a 50 ul1:19 mixture of2-mercaptoethanol 

(BME):Laemmli buffer. After boiling the beads for 5 minutes and submerging them in ice for 

5 minutes immediately thereafter, the beads were centrifuged at 4°C, 10,000 rpm, for 10 

minutes. The supernatant was collected and loaded into 6% SDS-P AGE gels. After 

transferring these gels, nitrocellulose paper (NCP) membranes were probed for VEGF 

protein. NCP membranes were blocked for 1 hour at room temperature with 10% milk in 

PBS and then·incubated overnight at 4°C in a concentration of 1:1000 VEGF primary 

antibody (BD Bioscience/Pharmingen, San Diego, CA). The appropriate secondary antibody 
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· concentration of 1 :5000 (BD Bioscience/Pharmingen, San Diego, CA) was used to incubate 

the membranes for 2 hours at room temperature. After washing with PBS-Tween 20, the 

membranes were developed on film (Kodai<: BioMax Light Film; Kodak, USA) using a 

cheririhimiriescence kit.(ECL; Pierce, Rockford, IL). 

Results 

Demographic data of the patients are listed in Table 1. All normal tissue was rated as good

plus or excellent by the eye bank. Normal human corneas express sFlt strongly in the corneal 

epithelium. There is also we* expression by stromal keratocytes; this expression is 

preferentially exhibited closer to the limbus. No endothelial expression of sFlt was observed. 

The presence of vasculature (VCAM positivity) i~ mainly observed in the sclera sparing the 

cornea. Representative images of normal human corneas are shown in Figures 1 and 2. 

The levels of sFlt expression vary according to the corneal-scleral region examined. Western 

blot demonstrates that the limbal and central corneal regions have higher levels of sFlt 

compared to the scleral region. Also, after immunoprecipitation of the human cornea with 

anti-sFlt antibody and subsequent Western blotting for VEGF, we were able to show that 

VEGF is bound by sFlt in the normal human cornea. Representative images of western blots 

of normal human corneas are shown in Figures 2-4. The slight variation in band size for the 

sFlt-+ bands in Figure 3 may represent variable differences in glycosylation of sFlt in the 

microenvironments of the cornea, sclera, and limbus. 

In specimens of neovascularized human corneas (for example - from alkali burn or aniridia), 

sAt expression is greatly reduced as was demonstrated by Western blotting (Figure 5) and 
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immunostaining techniques (Figure 6-7). VCAM staining confirms the presence of blood 

vessels in neovascularized specimens (Figure 7). 

As noted above, immunoprecipitation in the normal human cornea demonstrates VEGF 

binding. In the neovascularized cornea, significantly less VEGF is bound by sPit . 

(representative image shown in Figure 8. 

In the patients with a remote history of interstitial keratitis, a condition in which the cornea 

undergoes neovascularization in the teenage years with spontaneous resolution leaving ghost 

vessels, immunohistochemistry s~ows sPit expression in the corneal epithelium, and ghost 

vessels in the cqrneal stroma (confirmed by collagen IV positivity and VCAM negativity) 

(representative photograph shown in Fig. 9). 

Discussion 

Our findings in a series of corneal specimens that sPit is expressed highly in normal corneal 

tissue with a preferential gradient are consistent with a limbal anti-angiogenic barrier. 

Further, sPit appears to be decreased in conditions of corneal neovascularizatio~, and 

immunoprecipitation studies reveal desequestration of VEGF correlated with decreased sFlt 

in such conditions. Intriguingly, restoration of corneal epithelial sFlt expression is associated 

with regression of neovessels into ghost vessels in the condition of intersitital keratitis. 

VEGF receptor 1 is a transmembrane receptor that binds VEGF with high affinity, initiating 

intracellular signaling. Alternative splicing ofVEGF receptor 1 mRNA results in the 

production of a soluble form of VEGF receptor, i.e., sFlt. This soluble receptor is an 

endogenous inhibitor of VEGF signaling that acts by sequestering VEGF and possibly by 

forming dimers with full-length VEGF receptor 1 resulting in dominant-negative effects 

(Bainbridge et al. 1999). 
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This endogenous inhibitor of angiogenesis has proven to be an effective therapeutic tool 

when administered exogenously,.as it has been shown effective in the experimental treatment 

of several neovascular diseases including arthritis (He et al 1999), retinal neovascularization 

.. (Afuwape ·et al2003 arid Rota: et al. 2004)," and· cancer of the thyroid ·and paricreas (Gehlbach 

et al. 2003, Ye et al. 2004, and Hoshida et al. 2002). In each of these instances, sFlt is linked 

to significant decreases in pathologic neovascularization, with Rota et al showing a 97.5% 

decrease in pathologic retinal neovascularization without affecting pre-existing retinal 

vessels. 

In summary, we show that sFlt is present in the normal human cornea and is found in higher 

quantities throughout the epithelium and in the stroma close to the limbus. We also show 

that VEGF that is normally sequestered by sFlt in the cornea is released in the presence of 

lower sFlt levels in neovascularized human·corneas. This comports with our recent 

observations of the critical role of sFlt in the evolutionary basis of corneal a vascularity 

(Ambati et al. in press), and the findings herein provide a powerful human correlate. Future 

studies will need to conclusively determine if sFlt is critical for a vascularity by development 

of knockout animal models. These studies are underway. 
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Table 1: Demographics of Patients 

Age Race Gender Diagnosis 
35 B F Alkali bum 
52 B F Alkali bum 
75 w 

-. .. . 
F 

... 
bCP 

42 w M Aniridia 
37 w M Alkali bum 
26 w M Alkali bum 
65 B M Interstitial keratitis 
19 w F Aniridia 
42 w M Alkali bum 
23 w F Aniridia 
58 w M Interstitial keratitis 
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Figure 1. sFlt staining of the normal human cornea. A and B: Normal human cornea 
shows heavy, brown sFlt staining in corneal epithelium and lighter staining in stromal 
keratocytes. C and D: Negative controls using nonspecific IgG show no staining. (A and C 
magnification = 20X, B and D magnification = 40X). 

• .... · ·. .. · .... · ·. . .... · .. 
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Figure 2. The normal human limbus is shown. A: Staining for sFlt only with corneal 
epithelial and weak stromal staining. B: Double immunostaining for sFlt (brown) and 
vascular cell adhesion molecule (VCAM-1) (red). VCAM-1. staining indicates blood vessels 
in the sclera (S) approaching the limbus but sparing the cornea (C). Negative controls using 
nonspecific IgG not shown. 
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Figure 3. Western blot demonstrating relative expression of sFlt in the human cornea and 
sclera. In humans, sFlt is highly expressed in the limbal cornea (lcine 1 ), considerably 
expressed in the central cornea (lane 2), and expressed to a lesser degree in the sclera (lane 
3 ); M is marker. Beta actin serves as internal control. 
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Figure 4. Western blot illustrating binding ofVEGF by sFlt .. A human cornea was subjected 
to immunoprecipitation with anti-sFlt antibody and then a Western blot for VEGF was 
performed. Lane 1: VEGF (46 kDA) is bound to sFlt. M = marker. 
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Figure 5. Relative expression of sFlt in normal vs. neovascularized human cornea. Lane 1: 
sFlt expression in the normal human cornea. Lane 2: Diminished human corneal sFlt 
Expression in the neovascularized cornea. Beta actin serves as internal control. 

96 



Figure 5. 

1 2 

sF It 65kDA 

Beta actin 42kDA 

97 



Figure 6. A representative image showing decreased expression of sFlt in a neovascularized 
cornea from alkali burn. A: In a patient with neovascularized cornea (see vessel in stroma) 
from alkali burn. B: sFlt staining is diminished in the corneal epithelium relative to normal 
(seen in Fig. 1 ). Negative controls using nonspecific IgG not shown. Magnification = 40X. 
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Figure 7. A representative image demonstrating decreased expression of sFlt in 
neovascularized cornea from aniridia. In a patient with neovascularized cornea from 
aniridia, VCAM staining (red) is prominent in stroma in vessels, but minimal sFlt staining 
(brown) is present in corneal epithelium (A: 1 OX; B: 20X). Negative controls using 
nonspecific IgG not shown. Magnification = 40X. 
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Figure 8. Western blot showing comparison of VEGF levels in normal vs. neovascularized 
cornea. Lane 1- Western blot for VEGF after immunoprecipitation of normal human 
corneal lysate for sFlt shows considerable binding of VEGF. Lane 2 - Neovascularized 
human cornea (patient with ocular cicatricial pemphigoid), there is less VEGF 
binding. Lane 3 -Marker- VEGF is at 25 kDA. 
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Figure 9. Representative image of corneal specimen from patient with remote history of 
interstitial keratitis. sFlt expression is strongly present in corneal epithelium (red staining). 
Ghost vessels (collagen IV+ (brown), VCAM negative) are present in the corneal stroma 
(black arrows). Magnification = 40X. 
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Figure 9. 
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Erratum for BJO article 

Figure 4 & 8 were erroneous submissions; the correct figures are now presented. Lane 1 and 

the marker lane of Figure 8 duplicate those of Figure 4. This resulted from the fact that, 

during the editing process, we were asked to provide 2 separate.fig.ures demonstrating, firstly, 

that sFlt binds VEGF in normal human cornea (Figure 4), and·secondly, that in 

neovascularized specimens, binding of sFlt to VEGF is absent relative to normal (Figure 8). 

This does not alter the conclusions that sFlt binds VEGF and that there is reduced binding in 

the disease state. Also, the molecular weight in Fig. 8 in the original paper was mislabeled as 

25kD rather than 46 kD. Although the gel was run under reducing conditions, for reasons 

unclear to the field, the migration of VEGF species extracted from tissues, even under 

reducing conditions, is known to be anomalous as it often migrates arou1_1d 46 kD, suggesting 

a secondary/tertiary structure of the VEGF dimer that is resistant to complete reduction as 

noted by other investigators (Kallapur et al. 2004; Tee & Jaffe 2001; Jingjing et al. 2000). 

Figure 5 erroneously duplicated b~nds in Figure 3. We now show the correct Western 

blots demonstrating absent sFlt in neovascularized human corneas compared to normal 

corneas. 

It should also be noted that the original Fig. 7B is a reproduction of Fig. 4d in an 

earlier paper of ours (Ambati et al. Nature 2006;443:993-7), which was Ref. 4 in our paper. 

In this paper, we showed it as an example of reduced sFlt expression in a condition 

associated with corneal neovascularization in humans. In the earlier paper we showed it as an 

example of Pax6 mutations in aniridia being associated with decreased sFlt in humans. We 

now ~how other examples of aniridic human corneas with low levels of sFlt expression, 

reinforcing our conclusion that aniridic corneal neovascularization is associated with low sFlt 
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levels. Nonetheless, the published guideline of both Nature and BJO accord with reuse of ari 

earlier figure. 

We regret the oversights that ledto these errors of assembly and.editing. Alth.ough 

these niistakes do not alter the conclusions of the article, we wish to inform· other scientists of 

!hese problems and provide an accurate representation of our work. 
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Corrected Figure 4. Western blot illustrating binding ofVEGF by sFlt. A human cornea 
was subjected to immunoprecipitation with anti-sFlt antibody and then a Western blot for 
VEGF was peiformed. VEGF ( 46 kDA) is bound to sFlt. 

108 



Corrected Figure 4 

46kD 
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Corrected Figure 5. Relative expression of sFlt (top row) in normal vs. neovascularized 
human corneas. Lane 1-2: sFlt expression in normal human corneas. Lane 3-6: Absent 
human corneal sFlt Expression in neovascularized corneas (lane 3- cornea which sustained 
alkali burn; lane 4- cornea with interstitial keratitis; lane 5- cornea with ocular cicatric.ial 
pemphigoid; lane 6- cornea post-alkali burn). 

Beta actin (lower row) serves as internal controL 
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Corrected Figure 5 

2 3 4 5 6 

sFit; 65 kD 

Beta-actin; 42 KD 
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Corrected Figure 8. Western blot showing comparison of VEGF levels in normal vs. 
neovascularized cornea. Lane 1 - Western blot for VEGF after immunoprecipitation of a 
normal human corneal lysate for sFlt shows considerable binding ofVEGF. Lane 2 -
Neovascularized human cornea (patient with ocular cicatricial pemphigoid), there is no 
VEGF binding observed. 
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Corrected Figure 8. 

1 2 
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Alternflte Photomicrographs for Fig. 7B. Photomicrographs (left -lOX; right -JOOX) of a 
human' aniridic corneal specimen stained with anti-sFlt-1 (brown) and anti-VCAM (red). 
Subnormal sFlt-1 expression is observed in corneal epithelium (on right) whill! VCAM 
staining is present in corneal neovessels (seen in corneal s,troma). 
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Alternate Photomicrographs for Fig. 7B 
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CHAPTER III. UNPUBLISHED RESEARCH 

In this'chapter, we preserifour unpublished da:ta with respect-to sFlt~1 expression profile in 

the cornea, use of siRNAs against target proteins in the ocular· surface, and evidence of 

proteolysis of sFlt-1 by matrix metalioproteinases upregulated in corneal injury. Our 

hypotheses are: 

. . . 

• sFlt-1 is expressed in the corneal extracellular fraction and binds VEGF 

• plasmids expressing siRNAs can successfully downregulate target genes in the cornea 

• a model of silver nitrate-induced corneal injury will decrease sFlt-1; likely through 

proteolysis 

Significant sFlt~ 1 expression in the cornea (Figure 2) 

To establish how much sFlt-1 is present in the cornea, we digested uninjured BALB/c 

mouse corneas with keratanase and collagenase (these enzymes will digest the primary 

constituents of the corneal extracellular matrix and allow the separation of cellular frol!l 

extracelllular fractions), and performed centrifugation to separate the cellular compartment 

from the extracellular compartment. ELISA for sFlt -1 on the supernatant, normalized to total 

protein, demonstrated a concentration of approximately 24,42±0.93 pg/J..lg of total protein 

(29 .31 ng/mL) (ng/mL values were determined by volumetric calculations after 

determination oftota,lprotein in a cornea and volume of a cornea). We confirmed that no· 

intracellular contents were sampled in the supernatant by demonstrating the absence of~-

actin (an intracellular protein) by Western blotting. ELISA on BALB/C mouse corneas 



dissolved in RIPA buffer (which lyses cells) showed a sFlt-1 concentration of26.53±1.1 

pg/J..Lg of total protein (31.84 ng/rnL). Confirmation of separation of cellular from 

extracellular fractions was demonstrated by detecting ~-actin with Western blotting in the 

former. While these findings are not conclusive, they are consistent wJth an anti-angiogenic 

role for sFlt, as the ED50 for sFlt-1 in inhibiting HUVEC mitogenesis is 3.5 ng/rnL (Chen et 

al. 2000), while sFlt-1 serum concentrations in pre-eclamptic patients are 7.62-7.79 ng/rnL 

(Koga et al. 2003). 
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Figure 2. 
A: ELISA for sFlt-1 was peiformed on whole corneal lysate or extracellular compartment 
(derived by keratanase-collagenase digestion with centrifugation. Both whole corneal and 
extracellular corneal sFlt-1 concentrations are well above the ED50 for inhibiting vascular 
endothelial cell mitogenesis. 
B: Western blotting for beta-actin of whole corneal and extracellular corneal fractions was 
peiformed. j3-actin is in whole cornea (WC) but not in extracellular fraction (EC), 
confirming the validity of our protocol in isolating the extracellular fraction. M =marker 
lane. 
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sFlt-1 normally sequesters VEGF in cornea (Figure 3) 

To determine whether sFlt-1 and VEGF normally interact in the cornea and whether 

such inter~ction is diminished in conditions of human corneal neovascularization, we 

performed nonreducing gel electrophoresis followed by Western blotting for VEGF of mouse 

corneas (please refer to nonreducing gels for sFlt .:.1 in normal cornea seen in Figure 8, which 

is included in section relating to effects of siRNA knockdown of sFlt-1 in the cornea). In the 

normal cornea, VEGF is present at -120 kDa, consistent with a VEGF dimer (normally -45 

kDa) being bound by sFlt-1 (normally -65-70 kDa) (published in Ambati Bet al. (2006) 

Nature. 443: 993-7). This observation is consistent with our hypothesis that sFlt-1 acts to 

sequester VEGF physiologically, and that VEGF is unbound during NV. 

siRNA Design and synthesis of siRNA Expression Cassettes (SECs) 

To target soluble Flt-1 without affecting membrane-bound Flt-1, we generated siRNA 

sequences targeted the unique 3' 96-nucleotide portion of mouse and human sFlt-1 using the 

Ambion siRNA TargetFinder1M program. We selected 3 sequences (A, B, C -listed in· 

Table 1) for each target molecule for testing based on low G-C content, high homology 

between mouse and human sequences, and lqw probability of off-target interference by 

BLAST analysis of mouse and human genomes~ We then synthesized siRNA expression 

cassettes (SECs) (for each test sequence, a positive control (siRNA against GADPH), and a 

negative control (nonspecific siRNA sequence with no target gene based on BLAST analysis, 

provided by Ambion) using manufacturer's instructions with the Ambion SEC kit. 
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Fig. 3. Western blot for VEGF in mouse cornea after non reducing gel electrophoresis 
indicates VEGF is pr_esent at 120 kDa, consistent with VEGF being bound to· sFlt-1. 
(nonreducing gels for sFlt-1 are shown in Fig. 8 J (publishe,d in Ambati B et al. (2006) 
Nature. 443: 993-7) 

h 
'I 
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Table 1- siRNA sequences·against sFlt-1 unique sequence 

siRNA Human Mouse 

expression 

cassette target 

sequence 

A AAAGGCTGTTTTCTCTCGGAT AAAGGCCATTTTCTCTCGGAT 

B AAAAGCACAAGGAATGATTGT AAAAGCAGGAGGAATGATTGT 

c AATGATTGTACCACACAAAGT AATGATTGTACCACACAAAGT 

123 



siRNA expression cassette (SEC) C can inhibit sFlt-1 protein secretion in HUVEC (Figure 4) 

To screen which of these siRNAs could inhibit sFlt-1 expression in vitro, we then 

transfected HUVEC cells (ATCC; Manassas, VA) at 50% confluency with siRNA expression 

cassettes against sFlt-1 (targeting the 3 separate sequences listed in Table 1 (previous page), 

with high homology for mouse and human sFlt-1 targeting the unique C-terminal sequence) 

and a siRNA against GADPH. These cells were incubated for 5 days. Culture medium was 

collected at 1, 3, and 5 days for sFlt-1 expression by ELISA (R&D) (experiments done in 

triplicate). We found that that the SEC expressing siRNA.sFlt-1 sequence C (defined in 

Table 1 (previous page)) suppressed sFlt-1 expression by 64.0±12.5% (p=0.037) at 5 days; 

differences at day 1 and day 3 were not statistically significant. 

pSEC.siRNA.sFlt-1 downregulates unique C-terminal sequence and VEGF-binding domains 

of Flt, and'decreases sFlt-1 concentration & staining (Figure 5-6) 

To determine if RNA' interference inhibits sFlt-1 expression in vivo, we inserted the 

SEC of siRNA.sFlt-1 sequence C (listed in Table 1) into the pSEC vector. Intrastromal 

delivery of pSEC.siRNA.sFlt-1 into the cornea knocked down expression of the unique c

terminal 96 nucleotide sequence of sFlt-1 within 2 days. Furthermore, expression of do.mains 

2-3, the VEGF-binding domains of sFlt-1 was qualitatively suppressed. 

Extracellular sFlt-1 concentration (performed by assessing supernatant after keratanase

collagenase digestion) in mouse corneas 2 days after injection with plasmids expressing 

siRNA.sFlt-1 vs. control was 16.70 ± 2.35 ng/mL vs. 34.52 ng/mL ± 7.07 ng/mL (p=0.044). 

Three days after injection of plasmid expressing siRNA against sFlt-1, we harvested 

mouse corneas for immunohisto~hemical staining. Expression of sFlt-1 in the cornea was 
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qualitatively reduced (~ig. 6) (Fig.6A was published in Ambati Bet al. (2006) Nature 443: 

993-7). 
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Figure 4. sFlt-1 secretion over 5 days .by HUVEC in vitro is decreased by siRNA expression 
cassette (SEC) C (from Table 1) targeting sFlt-1 (p=0.037). SEC A and SEC B had no 
s~gnificant effect at any timepoint. 
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Figure 5. pSEC.siRNA.sFlt-1 suppresses sFlt-1 expression in mouse cornea. 
A. Lane 1 is marker, lane 2 shows suppression of unique tail of sFlt-1 by siRNA targeting 
unique tail, and lane 3 is control ( siRNA targeting nonspecific sequence). 
B. Lane 1 shows suppression ofmRNA ofVEGF binding domains (553bp) ofsFlt-1 by 
siRNA targeting unique tail, while lane 2 is control ( siRNA targeting nonspecific 
sequence),' 18sRNA (315bp) is unaffected. 
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Fig. 6. Panel A shows normal mouse cornea with sFit-1 staining (brown) in corneal 
epithelium and light staining in keratocytes ( 40X) (published in Ambati B et al. 
(2006) Nature. 443: 993-7). Panel B shows mouse corneal epithelium after injection 
of plasmid expressing siRNA against sFlt-1 (60X). Reduced staining for sFlt-1 (less 
brown) is present relative to normal after injection ofpSEC.siRNA.sFlt-1, especially 
in .corneal epithelium (arrows point to epithelium).' 

r·. 

. \ 
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A. Normal mouse cornea B. pSEC.siRNA.sFlt-1 treated cornea 

Figure 6 
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Thus, our in vivo experiments using intracorneal injections of pSEC.siRNA.sFlt 

demonst~ated .that this plasmid:· 

• Downreguhtted mRNA expression of both the unique tail and VEGF:.binding domains.·. 

of sPit, indicating successful inhibition of the entire sFlt-1 transcript. 

• Reduced protein expression of sFlt-1 as demonstrated by ELISA and 

immunohistochemical staining. 

siRNA.sFlt-1 decreases VEGF bound to sFlt-1 and elevates free VEGF in cornea (Figs. 7-9) 

To determine the impact of RNAi-knockdown of sFlt, each mouse cornea was injected 

with 2 J.tg of a plasmid expressing sFlt-L-specific siRNA or with control plasmid, and then 

harvested 6 days .later. We then performed immunoprecipitation (see specific methods) with 

anti -sFlt -1 antibody followed by Western blot for VEGF to assess sequestration of VEGF by 

sFlt-1 (Figure 7). In this experiment, 3 pairs of mouse corneas were used (3 eyes for plasmid 

expressing siRNA targeting sFlt-1 and 3 for control plasmid). It should be noted that in 2 of 

the 3 control eyes, no free VEGF was observed, and in 1 of the 3 control eyes, a robust 

amount of VEGF was observed. Further experimentation would be needed to clarify this 

unexpected incongruity. 

We also performed non-reducing gel electrophoresis followed by Western blotting for 

sFlt-1 and VEGF to assess presence of sFlt-1-VEGF complexes (Figure 8), followed by 

ELISA for free VEGF (Figure 9). Injection ofpSEC.siRNA.sFlt-1 into the cornea decreased 

the sPit -1-bound:free ratio of VEGF, decreased the amount of sPit -1-VEGF complex in the 
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cornea, and increased the concentration of free VEGF (corneas harvested at 3 and 6 days for 

ELISA). 

Rescue·of sFlt-1 expression by translationally silent mutant 

To determine whether sFlt-1 expression can be rescued in the face of siRNA 

interference, we generated a translationally silent mutant of sFlt-1 by substituting nucleotides 

61- 81 of this 96 nucleotide sequence (or 2278-2298 of the sFlt-1 gene (as sFlt-1 =1st 6 

domains of Flt-1 +unique tail in lieu of domain 7 of FLT) which normally codes for: 

,AAT GAT TGT ACC ACA CAA AGT (amino acids= NDCTTQS) 

Our alternate sequence, based on changing the last letter of each codon to render the 

sequence resistant to siRNA attack yet translate into the same amino acid sequence, to be 

substituted for this is: 

AAC GAC TGC ACA ACT CAG AGC 

. . 
Cotransfection of plasmid expressing this mutant sFlt-1 along with our plasmid expressing 

siRNA against normal sFlt-1 resulted in preservation of corneal sFlt-1 expression (Figure 

10). 
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Figure 7. siRNA knockdown of sFlt-1 frees VEGF from physiological sFlt-1 
sequestration. 

Mouse corneas were subjected to inimunoprecipitation by antibody to sFlt-1 unique tail, 
ihen underwent reducing gel electrophoresis Western blot for VEGF (band visible at 46 
kDa). · M = marker lane . ·Lane 1 = control cornea ( 1 SN = s·upernatant from this specimen; 
1/P=immunoprecipitatefrom this specimen). Lane 2=cornea treated with 
pSEC.siRNA.sFlt-1 (2SN = supernatant from this specimen; 2/P = immunoprecipitate 
from this specimen). 
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Figure 8. This figure shows that siRNA knockdown of sFlt-1 reduces co localization of 
sFlt-1 and VEGF normally present in the cornea. Nonreducing gel electrophoresis of 
mouse corneas (control or siRNA.sFlt-1.injected) was peiformed. Band at 110 kDa 
colocalizingfor sFlt-1 (panel A) and VEGF (panel B) on Western blot (gel was stripped· 
after probing for sFlt-1 to probe for VEGF) is present in control animals (injected with 
nonspecific siRNA expressing plasmid) (left lane of each) but is minimally present in 
pSEC.siRNA.sFlt-1 injected cornea (right lane of each). 
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Fig. 9. After injection with pSEC.siRNA.sFlt-1 but not with Jnjection with 
pSEC.siRNA.mFlt-1,free VEGF concentration increases in the mouse cornea, evidenced 
by both ELISA (enzyme-linked immunosorbent assay) (A) and Western blot (WB) (B) 
(beta-actin equivalent in all lanes (not shown)). Bars seen on ELISA graph are standard 
deviation (n=5 corneas per group). Western blot is done with nonreducing conditions (at 
baseline; VEGF colocalizes with sFlt-1 band (seen in Fig. 8); after treatment with· 
pSEC.siRNA.sFlt-1, VEGF becomes free; 46 kD is consistent with the molecular weight of 
the VEGF dimer. 
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Fig. 10. Co-injection ofplasmids expressing siRNA.sFlt-1 and translationally silent 
mutant of sFlt-1 theoretically resistant to that siRNA shows expression by RT-PCR of 
unique tail of sFlt-1 at 2 days, 3 days, 5 days, and 8 days after injection. 
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siRNA against PEDF and Flt domain 7 knock down PEDF and domain 7 but do not breach. 

co meal avascularity. (Figure 11-12) 

· We used 3 controls to demonstrate that it was specifically siRNA interference of sFlt-1 

which was responsible for disrupting corneal a vascularity: plasmids expressing siRNAs .. 

against nonspecific sequence target, domain 7 of Fit (present on the membrane form but not 

the soluble form), and PEDF (previously proposed as an anti-angiogenic factor in the 

cornea). The latter two (target sequences presented in Table 2) successfully knocked down 

PEDF and Flt-1 domain. 7 expression (Figure 11A-B). The Fit domain 7 siRNA reduced 

Flt-1 domain 2-3 expression in the sclera (consistent with the presence of membrane-bound 

Flt-1 in the sclera). but was not successful in knocking down expression of Fit domains 2 and 

3 (Fig. 11C), indicating that corneal sFlt-1 expression w:as still preserved. 

Intrastromal injection of each of these did not disrupt corneal a vascularity (Figure 12) 

when delivered in the same manner and dose as the plasmid expressing siRNA against sFlt-1, 

Also, cotransfection of plasmid expressing this mutant sPit -1 along with our plasmid 

expressing siRNA against normal sFlt-1 resulted in preservation of corneal avascularity 

(Figure 12). 
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Table 2: Control siRNA target sequences 

siRNAs against Human & Mouse Identical Target Sequence 

PEDF GATTGCCCAGCTGCCCTTG 

Flt-1 Domain 7 AAACAACCACAAAATACAACA 

• 
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Figure 11. 

A. Plasmid ~ncoding siRNA against PEDF successfully inhibited PEDF expression 
at 2 days,. 5 days, and 8 days after intrastromal injection in the cornea by 
qualitative observation. Control lane shows PEDF expression in uninjected cornea. 

B. RT-PCRfor Flt-1 domain 7 (210 bp). A plasmid-encoding siRNA against Flt-1 
domain 7 was injected into the liinbus where it spreads to both cornea and limbus 
(lane 1- injected cornea (IC.); lane 3- injected sclera (IS). Control shows absence of. 
domain 7 in uninjected normal cornea (NC) (lane 2) and significant expression in 
uninjected normal sclera (NS) (lane 4). 

C. RT-PCRfor VEGF binding domains 2-3 of Flt-1. A plasmid encoding siRNA 
against Flt-1 domain 7 was injected into the limbus where it spreads to both cornea 
and limbus (lane 1- injected cornea (IC) showing continued presence of domains 2-
3, presumably from sFlt-1); lane 3- injected sclera (IS). Control shows presence of 
domains 2-3 in uninjected normal cornea (NC in lane 2 (presumably from sFlt-1) 
and uninject normal sclera (NS) in the lan.e 4 (presumably from membrane-bound 
Flt-1). . 

144 



,._ 315 bp 188 RNA 

..,_ 185bp PEDF 

Marker Ctrl 2d 5d 8d 

Figure JJA 

1 2 3 4 

+-- 31Sbp 18sRNA , 
~ +-- 210bp .Flt-1 domain 7 

IC NC IS NS 

Figure llB 

1 2 3 4 
.- .5.53bp Flt-1 domains 2-3 

.... --- .-31.5bp 18sRNA 

IC NC IS NS 

Figure JJC 

145 



Fig. 12. Corneal avascularity is not affected by intrastromal injection of plasmids into 
Balb/C mouse corneas expressing siRNA.sFlt-1 co-transfected with plasmid expressing 
translationally silent mutant of sFlt-1 (A), siRNA against domain 7 of Flt-1 (B), siRNA 
against PEDF (C), or negative control siRNA (D). All corneas have normal phenotypes. 
Images from live animals taken 10 days after injection. 

146 



A B c D 

Figure 12 

147 



sFlt-1 mRNA and protein are reduced by silver nitrate cautery 

To determine the effect of corneal injury on sFlt-1, C57Bl/6 mice underwent limbal 

cautery with silver nitrate sticks, an established model for inducing corneal neovess<?ls 

(Yoshida et al. 2003) without destroying the corneal epithelium (the primary source of sFlt-1 

as seen in Figure 6) .. Corneas were harvested 7 days later and separated into vascular and 

non-vascular sections. RT-PCR (experiment repeated in triplicate) for sFlt-1 mRNA was 

performed and we found that the vascularized corneal sections had reduced sFlt-1 relative to 

the housekeeping gene 18sRNA by 37% on average. Seiniquantitative densitometry of sFlt-1. 

mRNA was 285.0 ± 80.2 (arbitrary units) in vascularized corneal sections vs. 435.5 ± 160.2 

(p=0.037) in nonvascularized sections, while that for 18sRNA was 603.6 ± 102.3 for 

vascularized sections vs. 582.1 ± 91.4 (p=0.63) (Figure 13). ELISA of corneal extracts 

showed a reduction of sFlt-1 protein expression: normal corneal sFlt-1 protein was 26.53±1.1 

pg/J.lg of total protein, while 3 days after silver nitrate injury, corneal sFlt-1 protein was 

5.24±0.5 pg/J.lg of total protein (n=5; p=0.012). The greater decrease in protein expression 

relative to mRNA expression in silver nitrate treated mice indicates that sFlt-1 protein 

turnover is likely enhanced after silver nitrate cautery. · 

Silver nitrate cautery increases active MMP-2 and MMP-9 

To assess if silver nitrate injury-induced NV increases matrix metalloproteinase 

expression in vivo, C57Bl/6 mice underwent limbal cautery with silver nitrate sticks. Corneas 

were harvested 7 days later and compared with uninjured, nonvascular corneas of mock

treated animals. Gel electrophoresis was performed and MMP-9 and MMP-2levels were 

dete~mined via semiquantitative densitometry of stained gels. Relative to normal corneas, 
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vascularized corneas had increased MMP-9 (366.0 ± 80.2 vs. 86.4 ± 26.0 (arbitrary units); 

p<0.001) and activated MMP-2 (212.9 ± 100.9 vs. 31.4 ± 12.6; p<0.001) levels relative to 

nonvascularized, uninjured come~s, but reduced proMMP-2levels (301.6 ± 133.5 vs. 510.3 ± 
. . 

.. . ·. ·. . ' . . . .. ·. . . ' . . . . ·. . 

195.2; p=0.018) (Figure 14A-B). Control"zymography performed in the presence.ofEDTA 

reveals no digestion of the gel by matrix metalloproteinases (Figure 14C). 

sFlt-1 is degraded in vitro by MMP-9 but not MMP-2 

To determine whether sAt-1 can undergo proteolytic degradation by MMPs, 

recombinant human sAt-1 (Calbiochem; unglycosylated -50 kDa) was incubated for 30 and 

60 minutes with MMP-9 or active MMP-2. In the presence of calcium chloride [calcium 

being required for enzyme activity (N otari et al. 2005)] but not in the presence of EDT A (a 

calcium chelator), sAt-1 wa~ degraded 91.8% by MMP-9 but not by active MMP-2 (Fig. 

15A-B) after 1 hour of incubation. 

149 



Fig. 13. A. Vascularized corneal sections (V) induced by silver nitrate cautery have 
37% less sFlt-1 mRNA by semiquantitave densitometry (p=0.037) than nonvascular 
corneal sectiQns (N). M= marker lane. B. sFlt-1 protein is decreased by over 80% as 
measured by ELISA of injured corneas after silver nitrate cautery relative to uninjured 
corneas (p=0.012). 
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Figure 14. Silver nitrate cautery increases active MMP-2 and MMP-9 

A. Representative images ofzymography gels showing that vascularized corneal 
sections (Vs1 and 2) induced by silver nitrate cautery) have "higher MMP-9 and 
active MMP2 ( acMMP2) and less inactive MMP2 (proMMP2) relative to control 
nonvascular sections (Cntl and Cnt2) and normal (Nt). Semiquantitative 
densitometry readings (arbitrary units) of this representqtive zymogram are 
presented underneath the figure .. 

B. Silver nitrate ca£ltery induces elevation in MMP-9 and active MMP-2 (acMMP-2) 
expression in the cornea and decreases proMMP-2. n = 8 for each group. 

C. This subfigure shows only that control zymography peiformed in the presence of 
EDTA reveals no digestion of the gel by matrix metalloproteinases Zymography of 
corneal homogenates after silver nitrate cautery (lanes 1-2: vascularized sections (Vs); 
lanes 3-4: nonvascularized sections (Non-Vs); lane 5-6: normal corneas) peiformed in the 
presence of EDTA. reveals absence of MMf-2 and MMP-9 activity. Normal corneas 
(lanes 5-6) serve as negative controls. Positive activity shown in Fig. 14A when EDTA is 
not present. 
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Figure 15. sFlt-1 is degraded in vitro by MMP-9 but not MMP-2 

A. sFlt-1 degradation by MMP-9. sFlt-1 was incubated with saline (60min), 2 ng of 
MMP-9 (remaining lanes) and EDTA (2nd and 3rd lanes; EDTA is an MMP inhibitor) 
or calcium chloride (4th and 5th lanes; CaCl2 enables MMP activity)for 30 or 60 
minutes. At 1 hr, MMP-9 degrades sFlt-1 in the presence of calcium. Positive control 
shown in Fig. 14A where MMP-9 digests gel. Representative gel is shown (experiment 
repeated in triplicate). Semiquantitative densitometry read~ngs (arbitrary units): lane 
1 -1253; lane 2 -1289; lane 3 -1276; lane 4 -1007; lane 5-103. 

B. sFlt-1 is not degraded by active MMP-2. sFlt-1 was incubated with saline (60min), 
2 ng of active MMP-2 (remaining lanes) and EDTA (2nd and 3rd lanes; EDTA is an 
MMP inactivator) or calcium chloride (4th and 5th lanes; CaCl2 enables MMP activity) 
for 30 or 60 minutes. Positive control shown in Fig. 14A where MMP-2 digests gel. 
Representative gel is shown (experiment repeated in triplicate). Semiquantitative 
densitometry readings (arbitrary units): lane 1- 902;· lane 2- 892; lane 3- 986; lane 
4- 921; lane 5-933. 
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CHAPTER IV. DISCUSSION 

At-1 is a transmembrane receptor that binds VEGF with high affinity, initiating 

intracellular signaling. Alternative splicing ofAt-1 mRNA results in the production of a 

soluble form, i.e., sA~ -1. This soluble receptor is ari endogenous inhibitor of VEGF 

signaling that acts by sequestering VEGF and possibly by forming dimers with full-length 

At-1 resulting in dominant-negative effects (Bainbridge et al. 2002). 

·This endogenous inhibitor of angiogenesis has proven to be an effective therapeutic 

tool when administered exogenously, for example in the experimental treatment of several 

neovascular diseases including arthritis, retinal neovascularization (Afuwape et al. 2003; 

Rota et al. 2004 ), and cancer of the thyroid and pancreas (Gehlbach et al. 2003; Ye et al. 

2004 ). In each of these instances, sAt is linked to significant decreases in pathologic 

neovascularization,_ wit~ Rota et al. showing a 97.5% decrease in pathologic retinal 

neovascularization without affecting pre-existing retinal vessels. 
. . 

- . . . 

This project sought to determine the_role of sAt-1 in corneal av~sctilarity. We first 

explored ~he rior~al expression profile of this molecule in mouse and hu~an corneas and 

whether it interacted with VEGF in the cornea. Our preli~nary experiments provided 

circumstantial evidence for our hypothesis that sFlt-1 mediates corneal avascularity: 

• high expression of sAt-1 in normal human and mouse corneal epithelium a:nd to a lesser 

degree in corneal keratocytes 

• a preferential gradient of sAt-1 in peripherallimbal cornea relative to sclera which would 

theoretically contribute to the limbal avascular barrier 
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• .Further, we· have found that sFlt-1 normally sequest<~rs VEGF in the cornea. 

We proceeded to develop an siRNA to downregulate expression of sFlt-1 by RNA 

interference by targeting its unique C-terminal tail, specifically using a ~~get sequence that is 

uniquely identical in the mouse and human gene. Transcriptional (Hsnrptiori of this tail also 

downregulated the mRNA transcript of dom_ain:s 2-3 of sFlt, its VEGF-binding domains, 

demonstrating knockdown ·of this gene. Delivery of a naked plasmid .into the mouse cornea: 

• decreased sFlt-1 concentration by 50% 

• nearly tripled free VEGF concentration (and decreased VEGF sequestered by sFLT) 

·• breached corneal avascularity. 

This effect was-reversed by delivery of a plasmid expressing a translationally silent 

mutant of sFlt-1. Further, corneal avascularity was not affected by an siRNA that 

downregulates pigment epithelial derived factor (previously reported to have been possibly 

involved in corneal avascularity), the 7th domain of Flt-1 (which is present in the membrane 

bound but not the soluble fonn), or a negative control siRNA. Geneti<;;, transcriptional, and 

protein-targeting suppression of sFlt -1 all induced corneal neovascularization, demonstrating 

that sFlt -1 is the preeminent molecular defender of corneal a vascularity. Furthermore, 

significant comparative evolutionary data indicates the link between corneal sFlt-1 and 

avascularity. Florida manatees are the only organisms reported to uniformly have 

(spontaneously) vascularized corneas (Harper et al. 2005). Interestingly manatee corneas did 

not express sFlt-1 whereas the avascular corneas of dugongs, which also belong to order 

Sirenia, and of. Asian and African elephants, the closest extant terrestrial phylogenetic 

relatives of manatees. The avascular corneas of other marine mammals, such as bottlenose 

dolphins and fin whales, also contained sFlt -1. The correlation between sFlt -1 expression and 
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corneal avascularity in diverse mammals supports an evolutionarily conserved role for sFlt-1 

in maintaining corneal a vascularity. ·Unlike dolphin and elephant corneas, manatee corneas 

expressed membrane-bound Flt-1, suggesting a splicing switch that could account for their . · 

vasc~larized state. The teleological basis of the vascularized manatee cornea is intriguing: .. 

The absence of corneal sFlt-1 and potentially suboptimal vision might result from a non-

deleterious mutation in manatees as they live primarily in turbid waters. Unlike dugongs 

which are strictly marine, manatees are believed to be physiologically dependent on 

freshwater and comeaLneovascularization could protect against, or perhaps result from, 

irritations of this hypotonic. environment. 

Our review of human specimens (Ambati et al. 2007) from normal and diseased 

human corneas found that sFlt-1 is spatially __ and temporally correlated with maintenance of 
. . . 

human physiologic-·cO:tneal avascularity. Normal human corneas showed higher expression 

of sFlt-1 in the corneal periphery (limbus) corneal epithelium relative to the central cornea 

and corneal stroma. We found VEGf is· bound to sFlt-1 in normal .human corneas, 

Neovascularized human corneas (e.g.,· alkali bum, aniridia, ocular cicatricial pemphigoid) 
. . 

had greatly red~ced expression of sFl_!_:~d. desequestration of VEGF from sFlt (assessed by 

immunoprecipitation). Intriguingly, patients with interstitial ~eratitis who had corneal 

neovascularization in childhood which resolved in adulthood had ghost vessels (regressed 

blood vessel structures without blood) with associated restored sFlt-1 expression in the 

corneal epithelium. This evidence provides strong human corroboration of the animal studies 

indicating that sFlt-1 is essential for corneal avascularity (Ambati et al. 2006). 

T~ese findings in a series of corneal specimens that sFlt-1 is expressed highly in 

normal corneal tissue with a preferential gradient are consistent with a limbal anti -angiogenic 
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barrier. Further, sFlt-1 appears to be decreased in cond!tions ofcotne.al neovascularization, 

and immunoprecipitation studies reveal desequestration of VEGF correlated with decreased 

sFlt-1 in such conditions. However, it should be noted that we observed somewhat different 

results from our immunohistochemistry vs. Western blot analyses of neovascularized human 

corneas: in our immunohistochemistical specimens, subnormal sFlt-1 expression ~as 

observed, whereas our Western blots data on neovascularized human corneas showed absent 

sFlt-1 expression. We do not have a conclusive explanation for this ~iscrepancy. There are 

several potential possibilities and confounding variables. By its nature, human specimen data 

can be· confounded by variable clinical histories (duration of corneal injury; different 

treatments or length of treatments; age, gender, race). It is possible that the human corneas 

sent for immunohistochemistry simply had more sFlt-1 expression than the set of corneas 

which underwent Western blot; due to intrinsic limitations on the availabilitiy of human 

tissue, this cannot be explored without many more human patient samples. 

Taken together, these data indicate that sFlt-1 is associated with corneal avascularity 

in mice and humans. In summary, we show that sFlt-1 is present in the normal human cornea 

and is found in higher quantities throughout the epithelium and in the stroma close to the 

limbus. We also show that VEGF that is normally sequestered by sFlt-1 in the cornea is 

released when sFlt -1 levels are decreased in neovascularized human corneas. This 

corresponds with our observations of the critical role of sFlt-1 in the evolutionary basis of 

corneal a vascularity (Ambati et al. 2006), and the findings provide a powerful human . 

correlate. Future studies using knockout animal models will be needed to conclusively 

determine if sFlt-1 is critical for a vascularity of knockout anim':l-1 models. 
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Corneal avascularity is requisite for optical c~arity and makes the cornea an ideal 

tissue for validating pro- and anti -angiogenic therapeutic strategies. But the molecular basis 

of the cornea's vascular demarcation has remained obscure and are more remarkable given 

the presence of VEGF-A, a potent stimulator of angiogenesis, and the cornea's proximity to 

vascularized tissues. Many anti-angiogenic molecules are present in the cornea, as shown by 

knockout models, yet none is singly required for avascularity. This led to the prevailing 

paradigm that corneal avascular privilege rested on multiply redundant mechanisms. 

We showed that the cornea expresses sFlt-1, and that suppression of this endogenous 

VEGF-A trap in mice by neutralizing antibodies- or ·Cre-lox-mediated gene disruption 

(including by delivery of topical Cre recombinase) abolishes corneal avascularity. This is a 

robust model as a similar effect was induced by RNA interference, the effect of which was 

reversed in a sFlt-1 rescue experiment by a translationally silent mutant of sFlt-1 resistant to 

the siRNA targeting sFlt-1 (Ambati et al. 2.006). The role of sFlt-1 in maintaining corneal 

avascularity was further demonstrated by our data showing that the spontaneously 

vascularized corneas of corn1 and Pax6+/- mice and Pax6+/- patients with aniridia are all 

deficient in sFlt-1, and that recombinant sFlt-1 restores corneal avascularity in corn1 and 

Pax6+/- mice. 

In our investigation of sFlt-1 reduction in the setting of silver nitrate corneal injury, 

we found that sFlt-1 mRNA was reduced by 37% but protein was reduced by 80%. This 

pointed towards mechanisms of increased protein turnover. Prior research indicated that sFlt

i had potential MMP cleavage sites (Jani et al. 2006), and we determined that MMP-9 and 

active MMP-2 were upregulated after silver nitrate corneal injury. In vitro, we found that 

MMP-9, but not active ·MMP-2, could degrade sFlt-1. Therefore, our findings on sFlt-1 
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reduction in corneal injury and elevation of MMPs in association with that indicate a possible 

role for proteolysis ofsFlt-1 as a mechanism in mediating the breach of corneal avascularity. 

Confirming that MMPs degrade sFlt-1 in vitr<? buttresses this possibility. The· upregulation of 

MMP-9 and active MMP-2 ·after· silver nitrate "inJury (which was· selected ·as it indu~es 

neovascularization without removing the corneal epithelium, the prime source of sFlt-1) 

suggests a potential role for these enzymes in inducing corneal angiogenesis. Future work 

should explore this mechanism by determining whether i~bition of MMPs · can preserve 

sFlt-1 and corneal avascularityinthe face of corneal injury. Another potential experiment is 

to induce overexpression of these MMPs in the otherwise uninjured cornea to determine if 

sFlt -1 is then reduced. 

The presence of numerous anti-angiogenic molecules in the cornea suggests multiply 

redundant mechanisms for maintaining avascularity, which is essential for optical 

transparency and clear vision. Therefore, the finding that neutralization or knockdown-of 

sFlt-1 alone abolishes corneal avascularity is surprising but consistent with the presence of 

VEGF-A in the normal cornea. We speculate that VEGF-A is produced and held in a 

sequestered state by the cornea as a readily available store because this exposed tissue is 

susceptible to injuries potentially requiring an angiogenic response. Alternatively it might be 

a vestigial residue of an evolutionary requirement to provide blood to the eye that later 

required biochemical compensation in the form of sFlt~ 1 expression to support improved 

vision. 

The utilization of sFlt-1 to-regulate VEGF-A bioavailability is conserved in other 

systems such as cyclic vascularization (Graubert et al. 2001) and embryonic sprouting 

(Kearney et al. 2004 ), and distu.rbances in this regulation underlie ·preeclampsia (Levine et al. 
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2004). Our findings unveil a new role for sFlt-1 in evolutionary establishment of optimal 

vision resulting from and requiring optical clarity. Apart from trapping VEGF, sFlt-1 can 

heterodimerize with membrane-bound Flt-1 and VEGFR-2 (Kendall et al. 1993). Although 

neither membrane-bound Flt-1 nor VEGFR-2 is expressed in the normal cornea, such 

heterodimerization might modulate pathological corneal neovascularization. Other 

mechanisms of regulating VEGF-A bioavailability, such as matrix metalloproteinase-induced 

release, have been identified in a tumor angiogenesis model (Bergers et al. 2000) . 

. The cornea has long been used as· a readout platform to assay anti-angiogenic therapy 

in oncology, cardiovascular biology, and other fields. Our data also provide insights into the 

relative immunologic privilege of the cornea as corneal avascularity is critical to the high 

success of corneal allografts (Dana & Streilein 2000). These findings also support the use of 

sFlt-1 in preventing or treating neovascularization. 

The recognition that sFlt-1 is essential for the avascular ambit of the cornea guides its 

use as a platform for angiogenic modulators and should prompt a re-evaluation of the 

cornea's use as a general purpose model tissue for angiogenesis assays. The findings support 

the use of sFlt -1 in treating neovascular diseases and may provide insight into corneal 

immunological privilege. sFlt -1 is illuminated as a therapeutic target where inducing 

angiogenesis in an sFlt-1-rich microenvironment might be beneficial, e.g., pre-eclampsia, 

wound healing, stroke, and heart disease. 

This project also illuminates the potential contribution of sFlt-1 to vascular 

demarcations elsewhere in the body (e.g, heart valves, cartilage) where vascular tissues are 

separated from avascular structures. Future directions include assessing whether sFlt-1 plays 

a similar role in these tissues as in the cornea. 
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VEGF is pathogenic in conditions involving angiogenic dysfunction. sFlt-1 is found 

in the serum of healthy pregnant females. These levels are severely elevated in essentially all 

cases of malignant preeclampsia (Koga et aL 2003). Maynard et al. (2003) demonstrated that 

intravenous administration of sFlt-1 protein in normal pregnant mice led to hypertension, 

proteinuria and signs of renal failure, mimicking clinical preeclampsia. Therefore, increased 

sFlt -1 levels appear to be causally related to preeclampsia. Since sFlt -1 is expressed in the 

trophoblast layer in the placenta, and since VEGF regulates angiogenesis at both maternal 

and fetal sides of the placenta, sFlt -1 may play a role in· establishing a delimiting barrier 

against VEGF between the maternal and fetal blood vessel networks. But if sFlt-1 is 

abnormally overexpressed (for unknown reasons in preeclampsia), it will trap VEGF-A and 

its related ligands in the kidney, leading to apoptotic death or dysfunction of endothelial cells 

in the glomeruli, further inducing proteinuria on· the maternal side. It is important to 

determine the causes of the elevated expression of sFlt -1 in the trophoblast of preeclampsia 

patients, to develop more efficient treatment, for the sake of both the mother and fetus. 

The regulation of sFlt-1 gene expression will also be a promising avenue of research. 

The control of post -transcriptional alternative splicing of Flt -1 into its soluble or membrane 

forms is not well understood. Ascertaining the mechanisms of this key molecular control will 

allow investigators to control a critical "angiogenic switch." Potential control mechanisms 

include cis-acting elements on the gene, trans-acting factors interacting with the splicing site 

(intron 13 of the Flt genome), or other as yet unknown mechanisms. 

Another important avenue to pursue is the development of a cornea-specific sFlt-1 

knockout mouse. Topical enzymatically active Cre recombinase abolishes corneal 

avascularity in flt-l 10
xP!toxP mice (~bati et al. 2006); this opens up novel experimental 
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models employing topicai genetic ablation of targeted -genes in the cornea. But to extend the 
- -- - -

results of this project, performing a selective genetic ablation of s~t-1 in the cornea will be 

valuable. The Flt-1 knocko-ut results in_ em~ryoni_c l~t?_ality (Shihuya & Claesson-Welsh 
- ' . . 

2006) while kriockout of the f1t tyrosine kinase (Murakami et- aL 2006) results in a fairly 

normal phenotype,· except for some· deficits in-macrophage function. This indicates that sFlt -1 

is essential t~ _embryonic development. ·ne~eloping a knockout _mouse . with selective 

abtation of sFlt-1 in the cornea will require liJJ.king-the ge11e to a coniea-specific marker, such 

as K12. 

It has become evident during the last decade _that all three VEGF receptors as well as 

- their main ligands, VEGF-A and VEGF-C, are critical targets for developing new drugs to 

suppress a range of diseases, particularly ·malignancies. Following the successful 

development of anti-VEGF-A neutralizing antibody by Genentech, Inc., pharmaceutical_ 

companies (South San Francisco, California) and academic research institutes over the world 

have initiated efforts to develop various regulators/inhibitors of the VEGFRs. Alternatively 

VEGFR activity may be suppressed by immunizing affected individuals with VEGFR-

derived peptides as immunogens. Thus, the demonstrations that treatment with VEGF-

neutralizing antibodies is of clinical benefit to colorectal, kidney, and breast cancers 

(Caprioni & Fornarini 2007; Garcia & Rini 2007; Traina et al. 2007)points to the importance 

of continued dissection of VEGFR signaling pathways, to allow further development of 

improved VEGFR inhibitors. 
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CHAPTER V. CONCLUSION 

. . . 
- . 

The search for angiogenesis inhibitors to treat atherosclerosis, cancer, diabetic kidney 

and retina damage, macuiar degeneration, and rheumatoid arthritis often re~ies on initial 

efficacy testing in the cornea for it is exquisitely d~void of blood vessels despite being 

surrounded by the highly vascular conjunctiva. Th:e cornea is ideal for understanding the 

\ 

ability of tissues to prevent and demarcate vascular ingrowth and identifying efficacy of 

therapies against known angiogenic stimuli. 
. . 

It has been speculated that corneal a vascularity is ~aintained by a preponderance of 

anti -angiogenic substances i~ the cornea. Many anti -angiogenic substances have been 

demonstrated in the cornea, and a· current paradigm is that the "angiogenic balance" of the 

cornea is normally tilted against vascularization. FGF-2 and VEGF-A are the principal 

angiogenic factors nor~ally present in the cornea, \.vhile pigment epithelium derived factor, 

thrombospondin 1 and 2, endostatin, angiostatin, and 16kDa prolactin are previously 

esta]?lished anti-angiogenic factors (Chang et al. 2001). 

Our investig·ations demonstrated- high amounts of sFlt--1 in the mouse ~d human 
. . . . . 

corriea. sFlt-1 is generated from alternative splicing with the membrane-bound Flt-1 

transcript and shares the first 6 domains but has a unique 3' tail encoding for a 31 amino 

acidC-terminal sequence which is highly conserved among mammals. Indeed, comparative 

evolutionary data across a number of mammals indicate a link between sFlt -1 and corneal 

avascularity (Ambati et al. ~006). 
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We have provided strong evidence that knockdown of sFlt-1 by RNA interference, 
. . 

Cre-lox genetic ablation, or antibody suppression breaches corneal a vascularity. Our results 

have· shown that RNAi against sFlt-1 deseqttesters and increases free VEGF concentration in 
. . 

" . . . 

the cornea~ ·all effect that is reversed by a· plasmid expressiort" of a tran~lationally silent mutant 

of sFlt-1. Our studies~ also suggest that decreases in sFlt-1 observed during corneal 

neovascularization may be due in part to proteolytic degradation, most likely by MMP~9. 

In summary, we have found compelling evidence that sFlt-1 (soluble vascular 

endothelial growth factor receptor-I) is likely a prime mediator of corneal avascularity, 

which is essential to visual clarity. Furthermore, we have provided results showing a close 

association between decreases insFlt-1 and corneal neovascularizatio:Q in different corneal 

diseases (Ambati et al. 2007). It must be noted that the results from our human corneal data 

are correlative and suggestive, not conclusive. This line of inquiry will impact not only 

corneal disease but also conditions where sFlt-1 is pathogenic, e.g., pre-eclampsia, systemic 

lupus erythematosus. Further, our development of a siRNA against sFlt may be valuable to 

promote angiogenesis in stroke and heart disease. Moreover, understanding the cornea's 

normal avascularity has important .implications for anti-angiogenic testing. 
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Figure 16. 
Schematic Diagram of Principal Findings of this Project: sFlt-1 preserves corneal avascularity; in 
corneal injury, sFlt-1 can be degraded by MMP-9 and vessels enter the cornea. 
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CHAPTER VII. APPENDIX 

Specific Methods 

Cell Cultures and Hypoxia: HUVECs (CRL-1730; ATCC, Manassas, VA) were grown on 

1% gelatin-coated plates in modified Kaighn's F12K medium (ATCC) with 10% fetal bovine. 

serum (FBS), 0.03 mg/ml endothelial cell growth supplement (Sigma), and 50 U/ml heparin 

(all from Sigma). Corneal keratocytes (gift of Dr. F. Yu, Kresge Eye Institute) were grown 

on culture-plates precoated with 0.01 mg/ml fibronectin, 0.01 mg bovine serum albumin 

(both from Sigma), and 0.03 mg/ml Vitrogen 100 (Cohesion, Palo Alto, CA) in keratinocyte-

serum free medium (ATCC) with 5 ng/ml human recombinant endothelial growth factor, 

0.'05 mg/ml bovine pituitary extract (both from Gibco), 0.005 mg/ml insulin, and 500 ng/ml 
0 • 

hydrocortisone (Sigma). Secreted sFlt-1levels in the supernatant were meas;ured by ELISA 

(R&D Systems) at 0, 8 and 24 h after serum starvation. Cell experiments were performed 

after passage 3 at 50% confluency. 

Animals. AIJ, C57Bl/6J, cornl, /fng-1
-, (The Jackson Laboratory; gift ofD.A. Greenberg, 

Buck Institute for Age Research), and Balb/c mice (Harlan Laboratories). were used. PlGF-1-, 

VEGFb-1-, Ifnarl_,_ and Pax~'- mice were gifted from Dr. J. Ambati (University of 

Kentucky).flt-lloxP!loxP mice, generated and characteri~eg by Genentech were a gift of Dr. N. 

Ferrara. Flt-tk -1- mice were a gift of Dr. M. Shibuya. Dolphin, dugong, elephant, human, 

manatee, and whale eyes were collected in accordance with applicable regulations. 

Experiments were approved by institutional review boards an~ conformed to the Associat~on 

for Research in Vision and Ophthalmology Statement on Animal Research. 
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Corneal Neovascularization Induction. Labeling. & Quantification: As described (Ambati et 

al. 2002), topical proparacaine and2 J.LL of 0.15 M NaOH is applied to one cornea of each 

mouse. Corneal and limbal epithelia W€re remove~ using a Tooke corneal knife (Katena, 

Denville," NJ)" 1n a rotary motion..· Erythromycin ointment is then "instilled~ 

Immunohistochemical staining for vascular endothelial cells is performed on corneal 

flat mounts. Fresh corneas were dissected, rinsed in PBS for 30 minutes, and fixed in 100% 

acetone (Sigma) for 20 minutes. After washing in PBS, nonspecific binding is blocked with 

0.1 M PBS, 2% albumin (Sigma) for 1 hour at room temperature. Incubation with FITC-

coupled monoclonal anti-mouse CD31 antibody (BD Pharmingen) at a concentration of 
I 

1:500 in 0.1 M PBS, 2% albumin at 4°C overnight was followed by subsequent washes in 

PBS at room temperature.· Corneas were mounted with an antifading agent (Gelmount; 

Biomeda). L YVE-1 staining is performed to quantitate lymphangiogenesis which is 

subtracted from the angiogenesis quantitative estimate. 

Digital quantification of corneal neovascularization has been described (Proia et al. 

1988). Corneal vasculature is imaged by a CD-330 charge-coupled device (CCD) camera 

attached to a fluorescent microscope. Images were analyzed using LSM -5 Image Examiner 

(Zeiss; Germany), resolved at 624 x 480 pixels, and converted to· tagged information file 

format (TIFF) files. Neovascularization is quantified by setting a threshold fluorescence 

above which only vessels were captured. Masked an~ysis of the entire mounted cornea is 

analyzed to minimize sampling bias. Total corneal area is outlined using the innermost vessel 

of the limbal arcade as the border. Total area of neovascularization is then normalized to total 

corneal area. 
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Corneal Intrastromal1njection:·Effective transfectio~ of plasmid-delivery to the cornea has 
. . ·, . . . . : - . 

been described (Ambati et al. 2002). A 30 gauge needle rucks, corneal stroma; a 33 gauge 

·needle on a Hamilton syringe passes through the nick to the center and injects 1.0 J.tg plasmid · · 

. . .. 

-- in2 J!L .of solution (or 2 J!L 'of PBS).· Neutr~lizing goat antibody (10 J.tg) against inouse flt~t" 

(R&D Systems), isotype control goat lgG (10 Jlg; Jackson hnmunoresearch), siRNAs (4 Jlg) _ 

against mbflt-1 or sflt-1, psAt-1 (4Jlg), psflt-1 * (4 Jlg); pCre (4Jlg; gift ofR.K·. Nordeen, 
' . 

University of Colorado), pNull (4Jlg), rmVEGF-A164 (20-500 ng; R&D Systems), sflt-1/Fc · 

(5 Jlg; R&D Systems), or isotype control IgG1/Fc (5 Jlg; Jackson lmmunoresearch) were 
. . 

injected (2 J.!l) into the. cornea-with a 33 gauge rieedle._ 

Zymography: Corneas were harvested from mice and placed in 120til RIPA buffer (Upstate, 

Lake Placid, New York). They were then broken with liquid nitrogen and sonicated on ice 

three times at level four intensity. Samples were then frozen overnight at -80°C. To the 

frozen samples, 70J.tl of SDS-based RIP A was added. Sand was added to each sample, and 

the samples were homogenized three times 1 minute. Samples were centrifuged at. 1 O,OOOg 

for 15 minutes. The supernatants of the samples were collected in different tubes. Then, 40Jll 

of SDS-based RIP A was added to the samples and they were then homogenized and 

_ centrifuged again. The supernatants were collected in the same tubes as.the first supernatants. 

A BCA protein assay (Pierce, Rockford, lllinois) was performed on each sample, and the 

samples were subjected to SDS-PAGE. Gels were stained for one hour with Coomassie Blue, 

then destained for 15 minutes. 

Silver Nitrate Cautl!ry: Two J.tl ofproparacaine were added to each eye. A silver nitrate-stick 

was applied to the eye where the cornea meets the limbus for 1 second. Topical ophthalmic 

antibiotic ointment was added to the contact site. 
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Methods and Parameters for siRNA Development: Delivery and propagation of siRNA in 
.. . 

cells is accomplished employing siRNA expression cassettes (SECs). Transfection 

efficiency in vitro can be monitored by labeling SECs with Cy3 fluorescent label 
. . . . . ' ' . 

· (Aniersham;: Amhio~ Silencer siRNA Labeling Kit),· while transfection in vivo can be 

confirmed by incorporating GFP in plasmids directing siRNA production. siRNA 

expression cassettes (SECs) were developed by in vitro amplification by PCR. Multiple 

sequences· wete screened to identify the best targets for mbflt-1· 

(AAACAACCACAAAAUACAACA) and sAt-1 (#l: AAUGA~UGUACCACACAAAGU; 

#2: UCUCGGAUCUCCJ\AAUUUA), which were ligated into the pSEC Neo vector. 

Plasmids were prepared (Plasmid Mini Prep kit, Eppendorf) and sequenced to ·confrrm the in- . 

frame sequence of the inserts. psflt-1 *was generated by site directed mutagenesis 
. . 

(Stratagene) of2278-AAIGAITGIACCACACAAAGI in psAt-1 (gift-ofV.L. Bautch,· . . 

. . . . . ' 
University of North Carolina) to AACGACTGCACAACICAGAGC. 

Site-directed Mutagenesis: sAt variants were obtained by PCR technique using appropriate 

template and appropriate primers (available upon request) .. For each mutant, PCR was 

performed using a couple of complementary primers mapping the region encoding the amino 

acid to be mutated to alanine and bearing the specific nucleotide modification (QuikChange 

mutagenesis kit, Stratagene ). For the preparation of the variant with the double mutation, 

primers carrying both mutations were utilize~. Then the methylated template DNA is 

digested with 10 units ofDpnl for 60 min at 37 °C. The amplified DNA is purified and.used 

to transform ~ompetent bacteria. In all cases, the plasmids were sequenced in both directions 

by the dideoxynucleotide method using SP6 and T7. standard primers 
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- - . . . 

Immunohistochemistry. Deparaffinized sections were incubated with serum-free protein 

block (Dako or Biogenex). Endogenous peroxidase and alkaline phosphatase were quenched 
- . . - . 

with H20z and levamisole (Vector Laboratocles) .. Immunolocalizati~n was perfonited ~ith · 
. . - . . . - - ' - . . . -

rabbit antibody against the ·unique carboxyl ~terminus of sFlt ~ 1 (1:1 OOO),rabbit antibody · . 

against the unique carboxyl-terminus ofmbflt-1 (1:1000; clone C-17, Santa Cruz 

Biotechnology),.goat antibody against mouse·VEGF-A (1 :200; R&D Systems), goat antibody 

against human vascular cell adhesion molecide-l (1:100; Sarita Cruz Biotechnology), rabbif . 

. antibody against Cre recombinase (1 :5,000; EMD/Novagen) using biotin-streptavidin-

horseradish peroxidase, alkaline phosphatase, or immunofluorescent methods using FITC-
. . . 

arid PE-conjugated secondary antibodies (V~ctor Laboratories). Counterstain was obtained . 

with Mayer's hematoxylin (Lillie's Modified, Dako), Nuclear FastRed (Vector Laboratories), 

or DAPI (1 :25,000; M~lecular Probes). Specificity was assessed by staining with control 

isotype non-immune IgG, omitting·primary antibody, or pre-adsorbing the primary antibody. 

with a ten-fold molar excess of the iinrnunizing peptide. 

Imaging. In viyo images were captured by CCD camera (Nikon) undet a dissecting 

microscope. Blood vessels were defined by positive labeling with FITC-conjugated rat 

antibody against mouse CD31 (1:333; BD Pharmingen) and negative labeling with rabbit 

antibody against mouse LYVE-1 (1:333; Abeam) on corneal flat mounts as previousiy 

reported 131,132. 

Topical Eye Drops. Cell perme.able enzymatically active Cre recombinase10
•
11 (NLS-Cre) or 

NLS-~-galactosidase (gift of D.J. Forbes, University of California at San Diego; ref. 12), 
: . . - .. 

both containing a 6-His tag and an SV40 derived nuclear locallzation signal, were dissolved 
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in PBS (0.6 mg/ml) and dropped on to the surface of the cornea at the rate· of 1 JJ]/min for 5 

min. 

Rescue Experiments. Recombinant sFlt~1/Fc or control isotype IgG1-Fc-we~e injected (5 _flg 
. . 

. -/2 fll) into.thecomea·s of fellow eyes ofcdrnl (at· 2 and 3 week-s of age) and.Pax~1~ (at6 and 

7 weeks of age) mice and morphometric measurements of vascularized area on corneal flat 

-mounts were performed, as previously r~ported_(Ambat~et-al. 2002), at 4 (cornl) and 8. 

(Pax~(-) weeks of age. 

Protein E_xpression. Enzynie-lillked imm_unosorbent assays (ELISAs) were-used according to 

the manufacturer's instructions to'quantify sFlt-1 (Quantikif)_e,_ R&D Systems)'and free-

' . 

VEGF-A (RELIDA,_ ~ELlA Tech GmbH). Measurements were-normalized to total protein 

(Bio-Rad). As previously described (Ambati et_ al. 2006), immunoblotting was performed 

with rabbit antibody against the amino-terminus of Flt-1 (1: 1 ,000; Angiobio ), rabbit 

antibodies against the t1nique carboxyl-terminus- ofsFlt-1 (1 :100; ref. 14 or 1 :1,000; ref. 4), 

goat antibody against mouse VEGF-A (1 :1,000; R&D Systems), rabbit antibody against 

mous~ VEGFR-2 (1:1_,000; clone T014; ref. 15), or rabbit antibody a~ainst Cre recombinase 

(1:10,000), and loading was assessed wit~ rabbit antibody against human GAPDH (1.:2,000; 

Abeam). Mouse cornea lysates were immunoprec!pitated with goat antibody against mouse 

VEGF-A (2 f.lg/ml, R&D Systems) immobilized to protein G-:-agarose, subjected to SDS-· 

PAGE, and immunoblotted with biotinylateq goat antibody against the amino-terminus of 

mouse flt-1 (1:1,000, R&D Systems)._ 

Cell Suspension: Mouse corneas were harvested and and incubated in 0.5% dispase II in PBS 

for 30 minutes~ Epithelium is removed and then incubated with 0.2% trypsin and 1 mM 
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. . EDT A. Cells. were dispersed, washed, and suspended in FCS. Cytospin is performed and · 

cells were sent for imniunostaining. 

Gene Expression. RNA is isolated using Qiageri RNA isolation kits. eDNA is made using 1 

. ' - - -

J.LgRNA using reverse transcriptase and ·oligo· dT primers (sequences pro"vided to IDT for 

synthesis). Target RNA is amplified 35 cycles in 50 J.LL reaction mixture in a thermal ~ycler 
. . . . 

(Eppendorf). Products were run in a 2% agarose gel. Total mouse cornea RNA was prepared. 

(RNAqueous, Ambion) and eDNA was synthesized by reverse transcription (TaqMan, 
. . . 

Applied Biosystenis) and analyzed by real-time quantitative polymerase chain reaction (ABI 

7000, Applied Biosystems). Theprimers for sFlt-1 wer~: forward 5'-AGGTGAGCACTGCGGCA-

3', reverse 5'.-ATGAGTCCTTTAATGTTTGAc-3'. The primers for VEGF-A were described in ref. 

16. FAM (6-carboxyfluorescein)-labeled probes (Maxim Biotech) were used as target 

hybridization probes. sFlt-1 and· Vegf A expression were quantified and normalized to . 

glyceraldehyde-3-phosphate dehydrogenase (Gapdh) or 18S rRNA levels by polymerase· 

chain reaction with reverse transcription (RT -PCR) using TaqMan gene. expression assays 

(Applied Biosystems). · 

. . 

Immunoprecipitation.•Immunoprecipitation of corneal samplesfj.rst involved freeze-

fracturing with a mortar and pestle, and placement in.200 p1 RIPA buffer (Tris-HCl; NaCl, 

NP-40, Na-deoxycholate, and protea·se-inhibit<?rs). After incubation in RIPA b~ffer for 1 hour, 

1 samples were sonicated on ice four times at 15 second intervals at level4 intensity. 

Immunoprecipitation of samples with anti ~sFL T antibody ( epitope specific for domains 2 and 

3; Santa Cruz, CA) began with pipetting 50 -Ill of cqmeal cells into a 1.5 mL Eppendorf tube 

(Fisher Scientific) and adding 50 p1 of sterile PBS to the tube. Anti-sFLT antibody was added 

to the tube in a 1 :200 concentration and the resulting mixture was incubated overnight at 4 oc 
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on a refrigerated shaker. The following day, 400 ~of agarose beads were placed in a 

separate Eppendorftube and washed with an equal amount of PBS. To wash, the beads and 

PBS were inverted several times and _spin pulsed in a mini-centrifuge: After removing the 

supernatant, another 400 J.!l of PBS was added to the beads and the· prOcedure was repeated. 

After three washes, the agarose beads were ·finally resuspended in 40 ~ of PBS. The washed 

bead mixture was aliquoted into the Eppendorf tube containing corneal cells and incubated 

overnight at 4°C on arefrigerat~d shaker. The following day, the beads were collected and 

washed using the aforementioned procedure. The beads were resuspended in a 50 J.!l 1: 19 

mixture of 2-mercaptoethanol (BME):Laemmli buffer. After boiling the beads for 5 minutes 

and submerging them in ice for 5 minutes immediately thereafter, the beads were centrifuged 

at 4°C, 10,000 rpm, for 10 minutes. The supernatant was collected and loaded into 6% SDS

PAGE gels for Western blotting 

Western Blotting: Cell or whole corneallysates were collected and loaded into 6% SDS

PAGE gels. After transferring these gels 9 NCP membranes were probed for target proteins. 

NCP membranes were blocked for 1 hour at room temperature with 10% milk in PBS and 

then incubated for 2 hours in a dilution of 1:1000 appropriate primary antibody: 10% milk. 

The appropriate secondary antibody dilution of 1 :5000 is used to incubate the membranes for 

2 hours at room temperature. After washing with PBS-Tween 20, the membranes were 

developed on film (Kodak BioMax Light Film; Kodak, USA) using a chemiluminescence kit 

· (ECL; Pierce, Rockford, IL). The marker ladder used was MagicMark (Invitrogen, Carlsbad, 

CA). 

Proteolysis: Two micrograms of Recombinant human sFl.t-1 (Calbiochem) was incubated 

with 2 ng of MMP-9 and active MMP-2 (R&D Systems) for either 30 and 60 minutes in the 
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presence of 10 inM calcium chloride with or without 20 mM EDT A. To stop the reaction, 

Laeriunli buffer is added, samples frozen, and SDA-PAGE & Western blotting is. performed. 

Statistics. Differences. in incidence of corneal neovascularization and m~~ levels of protein, 

mRNA, and.·corneal neovascularization area were compared ·with two-tailed Fisher's exact 

test and Mann Whitney U test with Bonferroni correction for multiple comparisons, 

respectively. P values< 0.05 were considered significant. Data were presented as 

mean±s.e.m. 
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